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ABSTRACT

ABSTRACT

As a consequence of the increased electrification of modern society, there is a greater
need to ensure the reliability and durability of electrical contacts. This not only gives
rise to more stringent performance requirements, but also places significant pressure on
the demand for specific materials. Silver and copper are remarkable electrical
conductors; however, these materials are not without shortcomings. In this regard,
carbon nanostructures could play a pivotal role in enhancing their performance. This
work focuses on the development, optimization, and characterization of carbon-
containing electrical contact materials. In broad terms, the work can be divided into two
areas: carbon nanostructure-based coatings for static connectors and carbon nanotube

(CNT)-reinforced metal matrix composites for switching electrodes.

Thorough characterization of nanocarbon-based coatings has demonstrated that
carbon black and CNT coatings show the most promising results based on their low
impact on electrical conductivity and high wear protection, with the latter exhibiting
superhydrophobic wetting behavior - thus potentially providing atmospheric
protection. CNT-reinforced composites, on the other hand, present exceptional contact
elasticity and reproducibility while reducing material requirements. Furthermore, the
reinforcement phase improves electrode performance during switching, reducing
unstable arcing, arc mobility, and molten pool duration without amorphization of the
CNT.
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ZUSAMMENFASSUNG

ZUSAMMENFASSUNG

Die Elektrifizierung der modernen Gesellschaft fithrt dazu, dass die Zuverlassigkeit
und Langlebigkeit von elektrischen Kontakten immer wichtiger werden. Fiir einige
Materialien fiihrt dies neben einem erheblichen Anstieg der Nachfrage auch zu
erhohten Anforderungen. Insbesondere Silber und Kupfer sind zwar bemerkenswerte
elektrische Leiter, haben aber auch Nachteile. In dieser Hinsicht konnten
Nanokohlenstoffe eine wichtige Rolle spielen. Diese Arbeit konzentriert sich deshalb
auf Design, Optimierung und Charakterisierung von kohlenstoffhaltigen elektrischen
Kontaktmaterialien. Die Arbeit ldsst sich in zwei Bereiche unterteilen: Nanokohlenstoff-
Beschichtungen fiir Steckverbinder und, mit Kohlenstoff-Nanorohren (CNT) verstarkte
Metallmatrix-Kompositwerkstoffe fiir Schaltelektroden.

Die Charakterisierung von Nanokohlenstoff-Beschichtungen zeigt, dass carbon
black- und CNT-Beschichtungen aufgrund ihrer geringen Auswirkungen auf die
elektrische Leitfahigkeit und ihres hohen Verschleifischutzes die vielversprechendsten
Ergebnisse liefern. CNT-verstarkte Kompositwerkstoffe hingegen weisen eine
auflergewohnliche Kontaktelastizitit und Reproduzierbarkeit auf und reduzieren
gleichzeitig den Materialbedarf. Dartiiber hinaus verbessert die verstarkende Phase die
Elektrodenleistung wahrend des Schaltens, indem sie die Lichtbogenentwicklung und
-mobilitdit sowie die Dauer des Schmelzbades verringert, ohne dass die CNTs

amorphisieren.
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ABBREVIATIONS & SYMBOLS

Abbreviation  Definition

AM Additive manufacturing

BEV Battery electric vehicles

CA Contact angle

CB Carbon black

CLSM Confocal laser scanning microscopy
CNC Carbon nanocones

CND Carbon nanodiamonds

CNH Carbon nanohorns

CNO Carbon nano-onions

CNP Carbon nanoparticles

CNT Carbon nanotubes

CO Carbon onions

CoF Coefficient of friction

CS Current sweep

DC Direct current

ECR Electrical contact resistance
EDS Energy dispersive X-ray spectroscopy
EPD Electrophoretic deposition

EV Electric vehicles

FIB Focused ion beam

GF Graphite flakes

GNP Graphene nanoplatelets

GO Graphene oxide

GW Greenwood-Williamson model
HCT Hertzian contact theory
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HDT
HEV
HMMC
HR-TEM
HIP
HUP
ICEV
IMP
j[€
LOM
MMC
ODT
OLC
PFAS
PM
PFPE
PTFE
rGO
RMS
SEM
SPS
XRD

Hexadecanethiol

Hybrid electric vehicles

Hybrid metal matrix composites
High resolution transmission electron microscopy
Hot isostatic pressing

Hot uniaxial pressing

Internal combustion engine vehicles
Intermetallic phases

Jackson-Green model

Light optical microscopy

Metal matrix composites
Octadecanethiol

Onion-like carbon

Per- and polyfluoroalkyl substances
Powder metallurgy
Perfluoropolyether
Polytetrafluoroethylene

Reduced graphene oxide

Root mean square

Scanning electron microscopy
Spark plasma sintering

X-ray diffraction
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Symbol Definition

° Degrees

2a a-spot diameter [m]

A Cross section area [m]

Ac Critical area [m?]

a Radius of circular Hertzian contact [m]
at.% Atomic percentage

a Holm radius [m]

C Critical yield stress coefficient

deont Thickness of contaminant film [m]

0 Total Hertzian contact deformation [m]
ec Charge of an electron [C]

E Electric field [V/m]

Em Elastic modulus [Pa]

En* Reduced elastic modulus [Pa]

n Areal asperity density

Me Cleanliness factor (1 for clean surfaces)
F Normal load [N]

F Distributed load along a linear trajectory (Hertz line contact) [N]
H Material hardness [Pa]

I Electrical current [A]

min Minimum arc current [A]

i Current density [A/m?]

k Constant

L Length [m]

Mo Spectral moment: mean square variance
mz Spectral moment: mean square slope

ma Spectral moment: mean square curvature
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Me

e

We

P

Ta

F)Cont

pd

Pm

Pr

prf

pt
Sq
Sy

Oa

Xii

Mass of an electron [g]

n factor (exponent number for slope analysis)
Electron density [electron/m?]

Critical interference [m]

Critical load [N]

Maximum Hertzian contact pressure [Pa]
Median Hertzian contact pressure [Pa]

Plasticity index

Joule heating [W]

Electrical resistance [Q)]

Bulk resistance [Q)]

Constriction resistance [Q)]

Film resistance [(]]

Spreading resistance [(2]

Total resistance [Q]

Combined contact radius [m]

Radius of individual hemispherical asperity [m]
Electrical resistivity [(Qm]

Electrical resistivity of contaminant films [(Om]
Electrical resistivity due to deformation [(Qm]
Electrical resistivity due to the incorporation of foreign atoms [(Om]
Electrical resistivity of a pure material [(QQm]
Electrical resistivity of measurement probe [(Qm]
Electrical resistivity of plating material [(Qm]
Total electrical resistivity [(Qm]

RMS roughness [m]

Yield strength (based on the von Mises yield criterion) [Pa]
Electrical conductivity [S/m]

Standard deviation of asperity height [m]
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Os Standard deviation of surface height [m]
T Temperature [K]

To Ambient temperature [K]

Tb Boiling temperature [K]

T. Contact temperature [K]

Tn Melting temperature [K]

Te Mean free time [s]

14 Electric potential or voltage [V]

Ve Voltage drop between switching electrodes [V]
v Poisson’s ratio

Vd Electron’s drift velocity [m/s]

wt.% Weight percentage

Note: all units are shown in the international system of units without multiple or submultiple prefixes. The units used may differ
from those shown in this table.
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MOTIVATION & INTRODUCTION

1. MOTIVATION & INTRODUCTION

The earliest known record of electricity is from ancient Egyptian texts dating back to
2750 B.C. These texts describe how the Egyptians were literally shocked by interacting
with certain fish. The Thunderers of the Nile — or Malapterurus electricus — were a source of
great wonder and intrigue to this ancient civilization, who regarded them as the
“protectors” of all other fish [1]. It took over two millennia from the first recordings of
electricity until the ancient Greek philosopher Thales of Miletus (circa 600 B.C.)
observed that he could generate static electricity by rubbing items on amber, thus lifting
lightweight objects such as feathers [2]. In the year 1600 A.D., a further two millennia
after Thales discovered the electrostatic phenomenon, the English physician and
physicist William Gilbert named the force exerted when items are rubbed together
electricus — which translates to of amber from Latin — from the Greek term elekron
(Aextpov) [2]. A few years after Gilbert coined the term electricus, the English scientist
Thomas Browne translated it into the word we still use to this day, electricity. The 18t
and 19t century saw a plethora of pioneering experiments, inventions, and innovations,
including the Watt steam engine, Volta’s battery, and Faraday’s electric dynamo power
generator [3-5]. It was also during this period (1730) that Stephen Gray demonstrated
that electrostatic charge can be transmitted, being among the first to experiment with

electrical conduction [6].

Technological innovation and development have brought about numerous
improvements in quality of life, and electrification is no exception. Increased energy
consumption is strongly linked to this indicator [7], with global statistics highlighting
an increased global demand for electricity. In 2022 and 2023, there was a 2.4% and 2.2%
increase in global demand, respectively, with forecasts predicting an average annual
growth of 3.4% through 2026 [8]. Access to electricity plays a crucial role in the standard
of living of humanity, encompassing both essentials (such as healthcare and education)
and mundane activities (such as entertainment and climate control) [9]. Moreover,
interruptions in energy supply in a society that is extremely reliant on it leads to a
number of adverse consequences, including health risks (e.g.,, carbon monoxide
poisoning), higher carbon emissions, economic and financial losses, increased
insecurity, and so forth; consequences which primarily affect at-risk populations [10].
This is particularly evident in developing nations, where access to reliable and clean
sources of energy is a significant challenge. The United Nations has recognized the
importance of energy access by including it in its Sustainable Development Goals for
2030 (7* goal) [11].



CHAPTER 1

This highlights the significance of dependable, efficient, and sustainable electrical
systems. The increased electrification not only results in a heightened demand for
electrical components but also necessitates that these components be more durable and
robust. Energy generation, electric mobility, and consumer electronics are among the
primary drivers of elevated demand for electrical contact materials. For instance, electric
vehicles (EVs) and low-carbon power generation technologies require a broader range
of minerals and significantly larger quantities compared to conventional internal
combustion engine vehicles (ICEVs) [12]. Green energy transition, in particular, is
expected to significantly drive up the demand for copper from 28.3 million tons in 2020
to 40.9 million tons in 2040, according to research from CRU Group commissioned by
the International Copper Association [13]. These trends have resulted in a transition

from fuel-intensive to material-intensive energy systems.

One of the most significant aspects of the green transition is the electrification of
transportation. Consequently, e-mobility is a particularly pertinent area of interest. The
global stock of EVs, including both battery electric vehicles (BEVs) and hybrid electric
vehicles (HEVs), has experienced a notable increase in recent years. In 2018, the global
EV stock was approximately 5 million vehicles [14]. By 2023, this has increased to over

40 million, as shown in Figure 1a [15]. In the 1990s, the cost of a vehicle’s on-board

a) Global electric car stock b)

w0 2020-2023 80 ) Cu requirements in power generation

35

Amount of copper (kg)

Electric car stack (million)

&
& > & &

L " L B Source: Electric 5 - kngW Source: The Role of Critical Minerals in
d) Source: Global EV Outlook 2022 - IEA, 2023 Copper Development Association Inc, 2024 Clean Energy Transition - [EA, 2021
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Figure 1: a) Global stock of electric vehicles between 2020 and 2023. Copper requirements in b) different passenger
vehicle types and c) in power generation. d) [llustration of electrical systems in a BEVs and charging infrastructure.
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MOTIVATION & INTRODUCTION

electronics represented 15% of the total vehicle cost, this figure had increased to 40% in
2019 [16]. It is reasonable to presuppose that this number will continue to grow as EVs
become more prevalent and developments in further automation and self-driving fleets
become more commonplace. Current trends already show the increased demand for
conductive materials, with HEVs requiring twice as much and BEVs up to four times as
much compared to ICEVs (as shown in Figure 1b). Similar trends are true in green
energy generation, where renewable energy sources require exorbitant amounts of

copper compared to conventional methods [12], as exhibited in Figure 1c.

The expansion of the electrical infrastructure is accompanied by an increased
demand for contact materials. Conductive metals, such as silver and copper, are
employed in a plethora of automotive applications, including wiring, switches, relays,
conductive pastes, printed circuit boards, circuit-breakers, fuses, charging
infrastructure, battery technology, and so forth [17-19], as illustrated in Figure 1d.
Consequently, the development of lightweight, low-cost, energy and material efficient,
durable, and eco-friendly electrical contacts is of the utmost importance. Considering

each of these aspects individually:

o Lightweight: EVs have fewer moving parts compared to ICEVs and electric motors
are lighter than internal combustion engines. However, EVs are generally heavier
due to the significant weight of the battery packs. The weight of an EV is therefore
linked to its range. The necessity for larger batteries to accommodate for longer
ranges results in a substantial increase in the weight of the EV. Heavier vehicles
raise concerns in a number of areas, including their performance, efficiency, effect
on infrastructure, and safety. The weight of copper in ICEVs is estimated to be
23 kg. In a hybrid, plug-in hybrid, and battery EVs, these values increase to 40 kg,
60 kg, and 83 kg, respectively [18]. The number of connectors and electrical
contacts in passenger vehicles is in the hundreds and thousands, respectively
[20,21], with the number of these components expected to increase in line with the
trend towards greater electrification. Consequently, even minor reductions in the
weight of electrical contact materials can have a significant impact on the overall

weight of a vehicle.

e Low-cost: silver is the metal with the highest conductivity [22]. However, this
precious metal is considerably more costly than copper [23]. Therefore, it is of great
importance to either reduce the quantity of silver required for specific applications

or to extend the applicability of copper-based electrical contact materials.

o Energy efficiency: is a key consideration in certain applications, where in addition

to minimal resistivity, the contact materials must be wear-resistant or chemically

3



CHAPTER 1

stable. In these applications, noble metals such as silver and gold can be utilized;
however, due to the costs associated, other metals such as copper can be used in
combination with surface modifications. While certain techniques, such as
protective coatings, metallic platings, and self-assembled monolayers may come
at the cost of conductivity [24-31], improving the corrosion and wear resistance
while minimizing resistivity gains is paramount. Furthermore, reducing the

energy input required for component fabrication is highly advantageous [32].

e Material efficiency: in addition to lower energy consumption, material efficiency is
closely linked to dematerialization. In this regard, it is of great interest to minimize
the amount and variety of materials required to manufacture a component with
the same — or improved — performance [32]. This results in a reduction in the
quantity of virgin minerals required, while also facilitating a circular approach

once the components reach their end-of-life [33,34].

e Durable: the concept of durability is inextricably linked to the principles of
dematerialization and circular economy. Prolonging the duty life of components
is a key objective in this regard. The enhanced durability of components results in
a reduction in downtime, labor costs, replacement parts, among other expenses.
The use of durable components not only reduces the frequency of replacements
but also aligns with the principles of consumer-centricity, thereby enhancing the

satisfaction and brand loyalty of the users.

o Ecofriendly: one of the most crucial aspects of sustainable electrical contact
materials is the elimination of harmful substances. As previously stated, certain
materials necessitate additional chemical treatments, coatings, reinforcing, and so
forth. It is of utmost importance that additional techniques employed to minimize
degradation do not harm the environment, those in contact, or present and future
ecosystems. A prominent example is the substitution of harmful compounds, such
as cadmium oxide in relay and contactor electrodes. Similarly, the use of per- and
polyfluoroalkyl substances (PFAS) are currently being restricted due to their well-
documented ecotoxicity [35,36].

Advanced contact materials have the potential to significantly enhance sustainability
and operability, while also markedly improving quality of life, safety, and operational
reliability. The automotive industry relies heavily on manual insertion of plugs during
assembly. Many of these connections are in challenging-to-reach locations and require
elevated insertion forces. The ZVEI (Verband der Elektro- und Digitalindustrie, or German
Electro and Digital Industry Association) has reported that the primary cause of

systematic failure in electrical contacts is the undesired disconnection of the contacts,

4



MOTIVATION & INTRODUCTION

whereas the primary cause of accidental failure in electrical contacts is related to fretting
wear [37]. Within the first 12 months of use, undesired disconnection and fretting wear
account for 50% and 10.3% of failure, respectively, while within the first 36 months,
these figures reach 58% and 8%. Systems that incorporate conductive lubricants can not
only reduce wear, but also reduce insertion forces without compromising the all-

important contact area required for proper electrical conductivity.

The failure of electrical components in automotive, aviation, and medical
applications can have life-threatening consequences. The ADAC (Allgemeiner Deutscher
Automobil-Club, or General German Automobile Club), reported that 10.5% of passenger
vehicle breakdowns in 2023 were due to the failure of electrical systems, generators,
lighting, and starter motors [38]. Furthermore, the primary cause of vehicle breakdowns
was identified as battery-related issues, accounting for 44.1% of the causes.
Additionally, 22.8% of incidents were attributed to motor, motor management, and
sensor failures. Modern passenger vehicles and drivers are becoming increasingly
reliant on the proper functioning of sensors — e.g., lane-changing sensors, cruise control
distance sensor, and other advanced driver-assistance systems. This over-reliance
significantly increases the necessity for the sensors and connectors to be trustworthy in
order to ensure the safety of all road users. To further illustrate the severity of reliability
in electrical components, it is necessary to discuss circuit breakers. These fundamental
components are ubiquitous in both industrial and domestic settings, serving as essential
safety devices for electrical systems. Circuit breakers are designed to protect devices
from overcurrent, which could potentially lead to fires. However, ground fault circuit
interrupters and residual current devices are fundamental to protecting humans from
dangerous electrical discharges. Although electrical discharges from alternating
currents are significantly more dangerous than direct current (DC) [39,40], the higher
voltages used in EV battery packs and solar photovoltaic installations, for example, can
be dangerous if safety measures are not implemented. If the switching component of
these life-saving devices fails — due to the welding of the electrodes for example — it
could cause severe harm or even death. Consequently, the design and characterization
of electrical contact materials and components must be approached with utmost

seriousness.

Accordingly, this work is focused on incorporating carbon nanoparticles into silver-
and copper-based electrical contact materials (in the form of protective coatings and as
reinforcement phases) with the objective of enhancing the contact materials” durability,
applicability, and reliability. Design criteria, such as impact on conductivity,
sustainability, industrial viability, user safety, etc., were kept at the forefront when

selecting manufacturing techniques, processes, and materials/substances requirements.
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THEORETICAL FRAMEWORK

2. THEORETICAL FRAMEWORK

This section is focused on the theoretical framework and development of concepts
related to electrical contacts and electrical contact materials. For a brief description of
basic electrical concepts, refer to APPENDIX A, Section A.1.

2.1. Electrical contacts

2.1.1. Fundamental theory

The functionality of electrical systems is contingent upon the efficacy and operational
reliability of their electrical contacts. These components are designed to enable the flow
of electrical current between different components. However, the efficiency and
reliability of electrical contacts is considerably influenced by the selection of materials.
Common metals employed in the fabrication of electrical contacts and their resistivity
at 20 °C are shown in Table 1. This choice is vital, since other physical properties and
material characteristics need to be taken into account when designing an electrical
contact. Copper and its alloys are extensively used in a multitude of industrial and
domestic applications due to their excellent conductivity, good mechanical properties,
and relatively low cost [41]. Silver offers superior conductivity with improved anti-
corrosive characteristics; however, this precious metal is significantly more expensive
than copper. Therefore, silver is utilized in high-performance applications. Similarly,
gold is exclusively employed in instances where corrosion resistance is of utmost
importance due to the associated costs, as well as its higher resistivity compared to
copper and silver. To overcome certain shortcomings of pure metallic conductors, it is
standard practice to alloy, reinforce, process, or coat/plate the metals. Through alloying
and reinforcements, metallic conductors can be made stronger, more ductile, wear,
weld, or corrosion resistant. Likewise, post processing techniques seek to improve the
mechanical properties (such as ductility, toughness, or strength) of the conductors,
whereas coatings and platings primarily seek to maximize contact area, improve wear

resistance, or corrosion resistance.

Table 1 - Electrical resistivity at 20 °C of commonly used metals [22].

Metal Resistivity (x10) /Qm
Aluminum 2.65
Copper 1.65
Gold 2.19
Nickel 6.84
Platinum 10.6
Silver 1.59
Tin 11.6
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Electrical resistance is not a material property, but rather a system characteristic.
Factors that can influence electrical resistance are electrode geometry, applied load,
surface finish, the presence of contaminants, etc. [22,42]. On a microscopic scale, all
surfaces, regardless of how smooth they might appear to the naked eye, possess a
certain roughness. This roughness is a result of topographic features, which can be
brought upon due to processing techniques employed in the manufacturing process.
Even mirror polished surfaces retain topographic minima and maxima. These features
have a significant influence on the conduction of electrical current since the effective
conduction paths between two microscopically rough surfaces are the sites where the
topographic features of one surface meet the topographic features of the other surface.
In other words, when two surfaces are pressed onto one another, there is an apparent
contact area, which is the projected area of the smaller surface on the larger surface, and
a real contact area, which is made up of the active conduction area, the quasi-metallic
contacts (when insulating films are present), and the load bearing area. This
phenomenon can be visualized by the illustration in Figure 2a. The real contact area
between the two surfaces where the current flows through is the sum of all the
individual sites where topographic features touch. Each of these sites are known as
a-spots [22], and are schematically represented in Figure 2b. As this figure shows, the
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Figure 2: a) Schematic representation of two contacting surfaces. b) Top-down view of the apparent, load-bearing,
quasi-metallic, and real contact area between two surfaces at different loads. ¢) Schematic representation of the
current's constriction at a-spots and d) spreading resistance at an a-spot between two bulk conductors (top) and
between two thin films (bottom). e) Visualization of constriction and spreading of the current due to differences in
the film and bulk materials’ resistivity. Subfigure a) was reused and adapted with permission from Gwidon W.
Stachowiak and Andrew W. Batchelor, Engineering Tribology 24 Edition, 2000, Butterworth-Heinemann, page 461,
Figure 10.12 [43]. Subfigure c), d), and e) were reused and adapted with permission from Paul G. Slade, Electrical
Contacts: Principles and Applications 2" Edition, 2017, Taylor & Francis Group, page 5, Figure 1.1, page 19, Figure 1.15,
and page 24, Figure 1.19, respectively [22].
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real contact area (in red) is dependent on the normal load that is applied between the
two surfaces. The light gray region highlights the quasi-metallic contacts established
between the metal and the insulating film (e.g., oxide layers), whereas the dark gray
region in the contact is the load-bearing area where conduction does not take place.
Furthermore, the light blue area is the projected area of the two surfaces. Other
parameters, apart from normal load, that can increase or decrease the size or number of
a-spots are material hardness, roughness, and the presence of contaminant films. For
example, harder materials do not easily deform; therefore, considerably higher normal
loads are required to deform asperities and consequently increase the size of the a-spots.

The interface between electrodes is a critical region where electrons scatter. At the
interface, the electrical circuit is microscopically open and closed in different regions,
since not the entirety of the surface is in electrical contact. Therefore, the current flowing
through a conductor, upon reaching the contacting region between two electrodes, is
constricted and flows only through the a-spots — as shown in Figure 2c. Due to the
reduction in the effective conduction area, the electrical resistance increases [22]. This is
known as the constriction resistance R. and was defined by Ragnar Holm as the quotient
between the material’s resistivity and the contact diameter [44]. The constriction
resistance is shown in Equation1, where a is known as the Holm radius and
corresponds to the summation of the radius of each a-spot under the assumption of
circular a-spots. Using Holm’s radius, an equivalent circular real contact surface can be
modeled to determine the constriction resistance of two rough surfaces in contact.
Although Equation 1 appears relatively simple, defining Holm’s radius is not trivial
since determining the radius of each individual a-spot is extremely complex. Therefore,
the constriction resistance can be calculated using the materials” hardness H and the
applied load F — as shown in Equation 1. 7. is an empirical factor that describes the
cleanliness of the interface, taking a value of 1 for clean surfaces. Prior to and after
constriction, in an isotropic conductor, the current spreads in the conductors. This is
known as the spreading resistance Rs or the resistance of the bulk materials (visualized
in Figure 2d) and can be approximated using Holm’s equation shown in Equation 2
[44]. This is an ideal resistance which occurs directly under the contact interface [45].

RC _ i = ncT[H Equation 1
2a 4F
p
Rs — E Equation 2
Rt — Rc + Rf + Rb Equation 3
R, = Pp + Ppy nemwH + pcontdcontH Equation 4

2 4F F
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When surfaces in contact possess thin film, the current flowing through the a-spots
undergoes localized constriction and spreading, known as the film resistance Ry -
Figure 2e. The behavior of the current depends on the resistivity of the film. If the
resistivity of the film pgm is higher than that of the bulk pwux, the current initially
constricts followed by its spreading when flowing through the bulk. Conversely, if the
resistivity of the bulk is higher than that of the film, the current spreads in both cases,
however to a higher degree while flowing through the film. A prime example of the
former is tin-plated copper, whereas the latter is the case in silver-plated copper.
Therefore, the total electrical resistance R: between two contacting surfaces can be
defined as the sum of the constriction, film, and bulk resistances — R, R;, and Ry,
respectively — as presented in Equation 3 [22]. In this case, the constriction resistance of
the film can be determined similarly to Equation 1. The origin of the film resistance is
not only associated with platings, but also with corrosion films, organic films, or other
contaminant sources. Therefore, the resistance associated to these contamination films
must also be taken into consideration. Accordingly, the total resistance of two contacting
surfaces can be determined via Equation 4, where p; is the resistivity of the material
contacting the plated surface, prris the resistivity of the plating material, pcont and deont
are the resistivity and thickness of the contaminant film [22]. The first term in Equation 4
represents the electrical resistance that arises from the contact between a perfectly clean
plated material and probe, whereas the second term represents the electrical resistance
originating from contaminant films. Furthermore, in the presence of contaminant,
corrosion, or insulating films, the a-spots from Figure 2b are further divided into the
quasi-metallic contact and the metallic contact [42], which are also considered in the
second term in Equation 4.

Observing Equation 4, it is clear that the cleanliness of the contacting surfaces can
have a significant impact on the total resistance of the system, particularly since the
resistivity of these films are generally considerably higher than those of pure metals
[22]. Consequently, minimizing contaminant films (e.g., organic contaminants) and/or
insulating films (e.g., oxide films) is of utmost importance. From an engineering
perspective, Equation 4 is of significant importance. It presents the criteria for the
proper design of an electrical contact. The numerator of the first term (excluding the
cleanliness factor) is comprised of the materials’ resistivity and other materials’
characteristics. However, as shown in Table 1, material choice is generally limited since
resistivity and other application-based requirements (such as chemical inertness, wear
resistance, etc.) must be met. The denominators are solely governed by design choices
and affect the degree to which the surfaces deform. Consequently, the designed load
influences the real contact area and constriction resistance. Nonetheless, there are
practical limitations to this selection. It is evident that higher normal loads will favor
lower resistance values. However, opting for high loads is not always feasible since this
will significantly increase the insertion and retraction forces required, in addition to

10



THEORETICAL FRAMEWORK

affecting wear rates. Lastly, the second term’s numerator and the cleanliness factor can
be manipulated through superficial treatments (e.g., laser texturing, passivation,
plating, etc.). This design criterion can significantly influence the overall performance
of the electrical connector and yields the most freedom to tailor the system for specific
applications.

2.1.2. Slope analysis — dominant resistance & deformation mechanisms

Apart from the normal load F, all parameters in Equation 4 can be considered
constant. Therefore, for a given contact, Equation 4 can be simplified into Equation 5,
where k is a constant value that encompasses all resistivities, cleanliness factor, hardness
values, and contaminant thickness, and n is an exponent. The latter can be
experimentally calculated by performing a linear fitting of the load-dependent ECR
curves when plotted in a double logarithmic axis, where the slope of the fitted curve
corresponds to the n factor.

The significance of this n factor cannot be understated, since determining its value
indicates not only the predominant resistance but also the predominant deformation
mechanism for a specific loading range in the contacting system under consideration
[22,44,46]. When the n factor takes values of -1/3 or -2/3, elastic deformation is
predominant in the system, whereas plastic deformation is predominant when n takes
a value of -1/2 or -1. Moreover, constriction resistance dominates the system when n
takes a value of -1/3 or -1/2, whereas film resistance is the predominant source of
resistance when n takes a value of -2/3 or -1. However, it should be noted that this
analysis is strictly theoretical in nature. In practice, exponent deviations are to be
expected since the method considers that the contacting bodies are flat, smooth, and
clean. Furthermore, this methodology supposes that only one of the contacting bodies
undergoes deformation, while only taking into consideration the loading phase of load-
dependent ECR. In practice these assumptions cannot be guaranteed, thereby leading
to n values that do not match with the theoretical values. Nonetheless, this methodology
enables a quick and straightforward prediction of the predominant mechanisms at play
in the system. An exemplary analysis is shown in Figure 3. In this example, a tin-plated
copper electrode was contacted against a hemispherical hard-gold coated counter
electrode and the load-dependent ECR between 1 N and 15 N was measured. As the
shaded areas highlight, three distinct regions are discernable. Due to the
aforementioned shortcomings, the slope values deviate from the theoretical values.
Nonetheless, in the loading range between 1 N and 5 N (regions A and B), the n factor
takes values that approach -1, whereas between 5 N and 15 N -1/3 (region C). In other
words, the slope analysis indicates that film resistance and plastic deformation
dominate the system below 5 N and that constriction resistance and elastic deformation
dominate the system above 5 N. In this example, the hardness of the counter electrode
is significantly higher than that of the tin-plated copper electrode. However, the n factor
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Figure 3: Exemplary slope analysis for a tin-plated copper electrode against a hemispherical hard gold coated counter
electrode. The shaded areas highlight the different slopes and loading ranges. The slope of regions A and B
approach -1, which corresponds to predominantly film resistance and plastic deformation, whereas the slope of
region C approaches -1/3, which corresponds to predominantly constriction resistance and elastic deformation.

deviations can be attributed to the roughness present on both surfaces, in addition to
the potential presence of contaminant films and hemispherical geometry of the counter
electrode.

The simplification presented in Equation 5 enables a quick approximation of the
resistance as a function of material properties and normal load applied. This
approximation was initially deduced by Holm to estimate the constriction resistance
between two contacting spheres and an n factor equal to -1/3 [44]. The equation was
subsequently generalized to incorporate film resistance when the n factor takes a value
of -1 [22], as well as the predominant deformation mechanism [46]. As can be observed
in the example presented in Figure 3, the n factor takes a value lower than -1 in regions
A and B, which significantly deviates from the theoretical values for film resistance. As
reported by Leidner et al. [47], n factor values below -1 can be attributed to, in part, the
fact that the theoretical methodology was developed using Hertzian contact theory
(HCT) which does not consider plastic deformation. Moreover, Leidner et al. discuss the
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discontinuity of the contacting surfaces due to topographic features (contact between
a-spots), the interaction between individual a-spots, localized stress concentration at the
a-spots leading to their plastic deformation, the fact that the real contact area is
significantly smaller than the apparent contact area, as well as the use of coatings and/or
platings [47]; all components which contribute to the further deviation of the n factor.

2.1.3. Contact physics between real surfaces

A real surface, in the context of this theoretical framework, is a non-ideal surface. In
other words, real surfaces are neither smooth nor undeformable. Although a mirror-
polished surface — on a macroscopic level — may appear to be devoid of topographic
features, this is certainly not the case on a microscopic level. These topographic features
are responsible for generating the surfaces’ roughness and can be qualitatively and
quantitatively characterized through different parameters — e.g., the arithmetic
roughness, root mean square (RMS) roughness, maximum height, skewness, among
others [48]. It is the peaks —i.e., the topographic maxima — that initially establish the
conduction paths through which the current flows (a-spots). Subsequently, as the
contacting load increases, the asperities begin to deform thereby increasing the
contacting area and thus reducing the constriction resistance. In this regard, the
dimensions of the asperities play a crucial role in the contact mechanics between rough
surfaces. On the one hand, larger asperities have a larger area for initial conduction;
however, larger asperities require higher normal loads to reach plasticity. Smaller
asperities, on the other hand, reach the onset of plasticity with significantly lower
normal loads, thus flattening out and decreasing the current’s constriction. Nonetheless,
the initial contact sites are much smaller. The degree to which asperities deform, and
the loads required to reach plasticity, will inevitably depend on the contacting materials’
properties and characteristics — e.g., modulus of elasticity (Ex), Poisson’s ratio (v),
hardness (H), etc. All these interlinking conditions considerably complicate the analysis
of real contacting surfaces.

In 1881, Heinrich Hertz published his work “On the contact of elastic solids”
(translated from the original German title: , Uber die Beriihrung fester elastischer Korper”)
[49], where he analyzed the frictionless, elastic contact between non-conforming, ideal
surfaces [50,51]. Hertz’s model is applicable for point contacts (e.g., contact between two
spheres, sphere-on-flat, or between two perpendicular cylinders) and line contacts (e.g.,
contact between two parallel cylinders). This theory enables a relatively straightforward
way to determine the contact area between the two surfaces, the maximum and median
contact pressure (known as Hertzian contact pressure), and the total (elastic)
deformation that the bodies have endured at the specific load.

Although HCT is highly regarded, it presents several limitations due to the
assumptions considered —i.e., only applicable for elastic deformation, localized contact
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areas ignoring multi-point contacts, and neglects friction. Consequently, other
mathematical models have been developed to overcome these shortcomings.
Greenwood and Williamson expanded upon HCT by stochastically modelling the
contact between rough surfaces [52,53]. Due to the presence of superficial roughness,
the Greenwood-Williamson (GW) models the contact between multiple
sphere-on-plane contacts. To simplify the model, the GW methodology considers one
of the contacting surfaces to be perfectly smooth, whereas the other surface possesses a
roughness equivalent to the real roughness of both contacting surfaces. Therefore, in the
sphere-on-plane model, each sphere represents an asperity of the equivalent rough
surfaces and the plane a perfectly smooth surface. Further assumptions for this model
include: i) a random asperity distribution that can be modeled by a Gaussian
distribution; ii) independently of asperity height, at their summit the radius of curvature
is constant for all asperities; iii) asperities are mechanically independent; iv) only the
asperities deform —i.e., elastic spheres against a rigid plane contact.

The GW model provides information on the elastic contact between rough surfaces;
however, it does not provide sufficiently accurate information on the elasto-plastic
regime. For such cases, complementary models should be employed, such as the
Kogut-Etsion  [54],  Chang-Etsion-Bogy [65], Zhao-Maietta-Chang [56],
Shankar-Mayuram [57], Lin-Lin [58], among other models [59]. The Jackson-Green
model (JG) incorporates several spherical contact formulations, in addition to the fact
that it is not dependent on limiting assumptions such as the hardness of the materials
[60,61]. This model enables the calculation of the critical interference (w:), critical
individual asperity contact force (Pc), and critical area of contact (Ac) in an elasto-plastic
deformation regime. The contact condition itself is indicated by the plasticity index (¢).
Plasticity index values below 0.6 indicate that the system deforms purely elastically,
whereas plasticity index values above 1 indicate that the system is in a plastic regime
[60,61], with GW highlighting that for real surfaces the plasticity index ranges from 0.1
to 100 [52]. Accordingly, plasticity index values between 0.6 and 1 suggest the onset of
plasticity in the system. The main considerations, assumptions, and equations for the
GW and JG models are expanded upon in greater detail in ARTICLE V.

2.2. Wear & degradation of electrical contacts

The degradation of electrical contacts can be classified in several ways depending on
the mechanisms at play. This section elaborates on the wear mechanisms on static
electrical contacts, ways to minimize and/or prevent wear, atmospheric parameters that
can degrade contact materials, and electro-erosion in switching contacts. Important
tribological concepts are herein introduced, focusing specifically on those that are more
relevant to electrical systems.
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2.2.1. Wear in static connectors

Static connectors — such as plug-and-socket connectors — are designed to interconnect
different components, thus enabling the conduction of current through the systems,
typically consisting of a pin (also known as plug, jack, prong, or male terminal) and a
socket (also known as receptacle, slot, rider, or female terminal) [22]. Other types of
static connectors include flat-on-flat or round-on-flat pairs, busbar connectors, terminal
block connectors, among others. These types of connectors are denominated as “static”
since they are meant to remain in place upon connection with few disconnections and
reconnections. However, wear still takes place during the insertion process, during
maintenance, due to unforeseen disconnections, or as a consequence of vibrations,
thermal cycling, etc. Several factors influence the extent of wear in static electrical
contacts, including contact design (i.e., contact force, roughness, housing), material

choice, and environmental conditions.

Wear is one of the three principal branches of tribology, along with friction and
lubrication [43,50]. It is a phenomenon that arises from the interactions between
contacting surfaces in relative motion to one another. Wear is generally an undesirable
consequence of the tribological system which affects the durability of components due
to the progressive removal of material. As wear intensifies, it entails other negative side
effects, such as loss in efficiency, increased heat generation, reduction in contact area,
etc. Irrespective of the wear mechanism at play, the strategy to minimize wear is the
effective separation of the contacting surfaces through surface treatments or lubrication

—1i.e., liquid lubrication, greases, soft metal plating films, or solid lubrication.

Reducing wear in electrical contact is quite an undertaking, since we run into a bit of
a paradox. On the one hand, to reduce friction and wear it is crucial to minimize the
contact area. On the other hand, based on Holm’s equation, a reduction in the contact
area — and therefore a reduction of the a-spots — implies a reduction in the effective
conduction area, which in turn increases the electrical resistance [22,44]. This dichotomy
forces us to choose between prolonging the duty life of a connector by reducing wear
and sacrificing conductivity or improving electrical performance and efficiency at the

cost of increased degradation.

There are different types of wear, which depend on the mechanisms at play. The
types and severity of wear depends on the materials in contact, characteristics of the
contacting system, and operational conditions [43,50]. In general, the main types of wear
in electrical systems can be classified as adhesive, abrasive, fretting, fatigue, corrosive,

and erosive wear. Adhesive and abrasive wear are the primary wear mechanisms
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caused by sliding motions. Fretting wear, on the other hand, is not caused by linear

motion but rather by short oscillatory motions [22,43,50].
2.2.2. Adhesive wear

Adhesive wear occurs due to the interatomic interactions between the asperities in
contact, creating localized adhesion caused by the contact load, temperature, pressure,
or a combination thereof [62]. The formation of these localized micro-welds are —in part
— responsible for the frictional forces that arise during relative motion. The adhesion of
the contacting asperities is not intrinsically detrimental to the surface. However, as the
surfaces sperate or move relative to one another, the localized adhesion points break —
schematically represented in Figure 4a and b. This leads to the deterioration of the
weaker surface, where material is chipped off, and material transfers towards the
stronger surface through the adhered material. Adhesive wear is characterized by its
high wear rates and considerable fluctuations that it produces in the coefficient of
friction, which can severely damage the contacting surfaces or raising the coefficient of
friction to a point where the motion does not take place (known as friction seizure) [43].
Furthermore, adhesive wear may also lead to the formation of debris particles from one
or both surfaces. The debris particles may adhere onto the contacting surfaces or may
remain loose. This is particularly troubling in electrical contacts, since these fine
particles are prone to corrosion, which are generally poor conductors or insulations,

thus worsening the electrical conductivity between the surfaces [22].
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Figure 4. Schematic representation of a) static and b) dynamic adhesive wear, ¢) two-body and d) three-body abrasive
wear. e) Schematic of different types of micro-cutting, micro-plowing, and micro-cracking (from left to right). The
arrows indicate the direction in which each body is moving, whereas the dots indicate that the body is moving out
of plane. Subfigures a) and e) were reused and adapted with permission from Gwidon W. Stachowiak and Andrew
W. Batchelor, Engineering Tribology 2" Edition, 2000, Butterworth-Heinemann, pages 484, Figure 11.1 and page 534,
Figure 12.2, respectively [43].
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Proper material selection is crucial to minimize adhesive wear, since material
characteristics — such as hardness, ductility and chemical compatibility — play a pivotal
role in the degree to which two asperities adhere [50]. Soft and ductile metals are more
easily plastically deformed, which increases the area of contact between the surfaces.
This is beneficial for electrical conductivity, but it also increases the potential for the
surfaces to bond and adhere. Adhesion is stronger when the contacting bodies are the
same metals, or metals with similar crystalline structure. However, dissimilar metals
can also form strong adhesive bonds, the only requirement is that the two surfaces are
in sufficient proximity in order to enable the free electrons to bond both solids [43].
Therefore, to reduce the likelihood of adhesion, the contact area should be relatively
small, thus reducing the interatomic interactions between the surfaces. This is usually
achieved by selecting hard materials, materials that do not easily deform (high elastic
moduli), or materials with low chemical reactivity. Furthermore, oxide and passivation
layers also tend to minimize adhesion by reducing chemical reactivity between the
contacting surfaces [43,50]. For this reason, adhesive wear is more significant in vacuum
conditions, since these layers do not naturally form. However, for electrical applications,
material choice is limited due to the electrical requirements and oxide layers are
generally detrimental towards their conductive properties. Moreover, minimizing
contact area to reduce adhesive wear goes against Holm’s equation for proper
conduction of electricity. Therefore, alternative methods to reduce adhesive wear must

be developed.

Other factors that influence adhesive wear include roughness, contact force, sliding
speed, frictional forces, lubrication, and environmental conditions [22]. Nevertheless,
the principle remains the same, minimizing interatomic interactions reduces the
chances of adhesion, whereas conditions that promote these interactions will increase
adhesive wear. The presence of oxide films is a factor that is of particular interest. Oxide
films are generally non-conductive, which negatively impacts the conductivity of the
contact. Therefore, it is generally sought after to remove the oxide films in order to
improve electrical conductivity. Although the oxide films reduce chemical reactivity
and consequently hinder adhesion, the removal of the oxide film caused by the sliding
motion could lead to the formation of wear debris, which could promote severe abrasive
wear while also enabling adhesive wear between the “clean” surfaces [22,42]. Likewise,
other superficial contaminants (such as dust particles or organic contaminants) can
effectively separate the two surfaces and consequently reduce the likelihood of
adhesion, although it comes at the cost of increased electrical resistance and likelihood

of abrasive wear.
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2.2.3. Abrasive wear

Abrasive wear occurs when a hard body is pressed against a body of lower or equal
hardness. The hard asperities indent onto the softer surface on account of the contact
force, and as the surfaces move relative to one another material from the softer body is
displaced or removed [22,43,50,62]. This type of wear can be classified into two
subsections: two-body (Figure 4c) and three-body (Figure 4d) abrasive wear, with two-
body abrasive wear generally resulting in more severely damaged surfaces. The former
consists of a hard surface (asperity) displacing or removing material from a softer
surface, whereas the latter involves the displacement or removal of material due to the
presence of particles trapped between the contacting surfaces. These particles may
originate either from external contaminants or due to wear debris stemming from
detached or cracked asperities. Depending on the characteristics of the abrasive body,
the mechanisms behind abrasive wear can be classified as micro-plowing (groove
formed by displacing material), micro-cutting (removal of ductile material by the hard
wedge), and micro-cracking (wear particles crack brittle material, which propagate
resulting in the fragmentation of the material) — see Figure 4e [63]. As previously
discussed for adhesive wear, abrasive wear can be minimized by proper material choice
(e.g., selecting materials with similar hardness values), by contact design (contact force,

sliding distance, etc.), or by effectively separating the contact through lubrication.

2.2.4. Fretting wear

Fretting wear, fretting corrosion, and fretting fatigue all refer to superficial damage
incurred on contacting surfaces due to short-amplitude, oscillatory relative motion
between the contacting bodies — schematically shown in Figure 5 [22,42,44]. Although
the line between reciprocating sliding wear and fretting is not clearly defined, it is
generally accepted that fretting is the wear mechanism for sliding distances of up to
125 um, with experimental evidence proving that amplitudes as small as 100 nm are
enough to damage the surfaces [64]. These minor displacements — which can be caused
by external vibrations, differences in thermal expansion -coefficients, external
mechanical perturbations, load relaxation, among others — degrade the contacting
surfaces through conventional wear mechanisms (i.e., adhesive and abrasive wear). In
addition, fretting wear degrades passivation and lubrications films, which in turn
promotes corrosion of the contacting surfaces — hence the denomination of “fretting
corrosion”. Despite fretting’s relatively small area of influence, it is a serious
phenomenon which can severely affect the efficiency, reliability, and durability of
electrical contacts. Moreover, since fretting wear is an undesirable and oftentimes
unforeseen degradation mechanism, it is frequently overlooked. Therefore, in order to

minimize its influence on the performance of electrical contacts, proper contact design
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Figure 5. Schematic representation of fretting wear.

is pivotal. Fretting wear does not exclusively affect electrical connectors but is rather a
pervasive phenomenon that affects plenty of components in a wide range of
applications. However, the focus herein will be placed on the effect that fretting wear
can cause on electrical connections, since it can lead to a deterioration in the contact
area, thereby increasing contact resistance, and ultimately lead to failure of components
[22,42]. This phenomenon can further increase electrical resistance since the debris
formed during fretting (generally metal oxides) can act as an insulating barrier and

accelerate abrasive wear in the contact [65].

The exact mechanisms via which fretting damages the surfaces in contact are
disputed. A wide variety of explanations have been proposed since the first report of
fretting wear/corrosion was brough to light in the early 1900’s. The first theory on
fretting corrosion was proposed by Tomlison [66], suggesting that as the two surfaces
come into contact with one another, cohesive forces detach atoms and molecules. These
detached atoms and molecules corrode upon detachment, hence causing fretting
corrosion. Godfrey reported that fretting wear is caused by adhesive wear [67], where
the debris that is generated due to adhesive wear corrodes. Feng and Rightmire [68], on
the other hand, suggest a two-step model in which fretting wear is always initially
caused by adhesive wear. After which, a transitional period takes place where the wear
debris that is generated in the initial step are trapped between the contacting bodies and
abrasive wear begins to dominate the system, eventually becoming the singular wear
mechanism. Further possible explanations for fretting wear, corrosion, and fatigue have
been proposed by Uhlig [69], Stowers and Rabinowicz [70], Oding and Ivanova [71],
among others [72-77]. However, it is clear that during fretting: i) existing corrosion films
are mechanically removed, thus exposing pristine metal to corrosion; ii) adhesive wear
is prominent during fretting; iii) wear debris is generated, and this debris corrodes

forming harder particles which increase abrasive wear [22,42].
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The rate at which fretting wear degrades the surfaces depends on factors which can
be classified into three main categories: 1) material properties, 2) contact conditions, and
3) environmental conditions [22,42]. Among the most important factors that influence
fretting wear, duration, frequency, and amplitude (factors which can be classified under
contact conditions) are the most noteworthy. The type of damage endured by electrical
contacts due to fretting wear can be classified as sticking, partial slip, gross slip, and
reciprocating sliding depending on the sliding amplitude. Sticking takes place at
amplitudes below 1 um, partial slip between 1 and 3 um, gross slip between 10 and
100 um, whereas reciprocating sliding is the denomination for all sliding motions with an
amplitude greater than 100-200 um [22]. However, by definition, reciprocating sliding is
no longer considered fretting since the sliding distance exceeds the threshold for
fretting. In a sticking regime, close to no superficial damage can be observed on the
contacting surfaces; however, the low amplitude oscillations may lead to the generation
of debris due to nucleation and propagation of fatigue cracks. A partial slip regime is
characterized by a central sticking region, surrounded by a ring-shaped area where
cracks may have formed, fatigue may have taken place, and debris have been generated.
In a gross slip regime, the contacting surfaces slide across the entire contact area,
resulting in the most severe form of fretting wear as a consequence of the removal of
native oxide films (thus favoring adhesion). Moreover, a fifth regime denominated as
mixed slip was also identified. A mixed slip regime involves an initial stage where gross
slip dominates the system, followed by a stage where partial slip is the primary cause
of wear [22].

Other prominent factors include the materials” susceptibility towards corrosion and
adhesion, as well as the use of lubrication and atmospheric conditions (i.e., temperature
and humidity). Elevated humidity levels, in particular, tend to accelerate the failure of
electrical components subjected to fretting wear [22]. During fretting, the ECR of the
system undergoes changes until ultimately reaching component failure. The evolution

of ECR during fretting is characterized by three distinct domains:

1. Upon initiation of the oscillatory motion, the ECR will tend to decrease due to the
removal or displacement of superficial contaminants and breakdown of corrosion
films.

2. Subsequently, the resistance remains — to a certain extent — constant at a low value.

3. In the final step the electrical contacts degrade at an accelerated rate due to the
increased generation and presence of wear debris, thereby substantially increasing

the ECR due to the buildup of non-conductive metal oxides.
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2.2.5. Erosive wear (electro-erosion)

Erosion is a wear mechanism that is characterized by the degradation of a surface
due to the impact of hard particles. In erosive wear, the incident particles can be either
in liquid or solid state. The degree to which a surface undergoes this type of wear
depends on the angle and velocity of the impacting particles, as well as their relative
hardness and size [43,62]. However, the focus of this section is to introduce the concept

of electro-erosion (also referred to as arc erosion), particularly during break operations.

Electro-erosion is characteristic of switching electrical contacts - i,
electromechanical contactors, relays, circuit breakers, etc. Due to the operational
conditions of these components, the electrodes make (close) and break (open) the
electrical circuit while energized, a process which is referred to as hot switching [78].
Essentially, electro-erosion is the localized material removal, material displacement, or
superficial morphological and/or structural changes induced by the energy input
originating from an electrical arc. These changes are brought upon the electrodes due to
the bombardment of charged carriers as a consequence of the explosion of the molten
bridges and subsequent ignition of the electrical arc. During the metallic vapor phase of
the electrical arc, the electrons liberated from the cathode generate positive metal ions,
causing the evaporation of anode material through electron bombardment [22]. In this
instance, the positive metal vapor ions move towards the cathode. These ions recombine
and condensate on the cathode’s surface. The deposition of the ions on the cathode leads
to a net cathode gain of material, whereas anode evaporation leads to anode loss of
material [44]. However, after the electrical arc transitions from metallic vapor towards
gaseous phase (process that only takes place if the arc’s duration and length is sufficient
to allow ambient gases to flow into the contact gap [22]), the ionized ambient gases
erode the cathode, and to a minimal extent the anode, thus leading to an overall cathode
loss of material and a net anode gain of material. This process is known as anodic to
cathodic arc transition [79]. When the characteristic of the electrical arc allows anodic to

cathodic arc transition, there is an instance known as net zero erosion where the material

a) b) c) d)

Figure 6. Schematic representation of the formation of the electrical arc during hot switching. a) Constriction of the
current through the a-spots. b) As the moveable electrode retreats, the molten bridges are formed and drawn out. c)
Molten bridges become unstable and rupture, emitting metallic vapor into the gap and increasing local pressure. d)
The electrical arc ignites, eroding the electrodes through electron and ion bombardment.
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that was deposited onto the cathode during the metallic vapor phase is eroded and the
cathode has not gained nor loss material [80]. Net zero erosion depends on the amount
of material that was transferred in the initial stages of the electrical arc; therefore, arc
duration and electrode material influence when this point is reached. The mechanisms
via which the electrical arc in a break operation ignites is schematically shown in
Figure 6 and explained in further detail in APPENDIX A, Section A.2.

2.2.6. Corrosion and atmospheric conditions

Corrosion is the result of an electrochemical reaction that occurs naturally over time.
This reaction is associated with the transfer of electrons between two bodies or between
one body and the surrounding environment, known as a redox (reduction-oxidation)
reaction, whereby one component is the electron doner (oxidized body) and the other
receives electrons (reduced body) [22,42,81-83]. An everyday example of corrosion is
the oxidation of iron — commonly referred to as rusting. Although the process of
corrosion occurs naturally, it can take quite some time to fully degrade the metals.
However, certain atmospheric conditions can greatly accelerate the corrosion process.
There are different types of corrosion that metals may endure, whereby the
categorization depends on the mechanisms by which corrosion begins, propagates, and
the volume that it affects. The most common types of corrosion that electrical contact
materials are subjected to include atmospheric, dry, pore, galvanic, crevice, creep, dust,

localized, pitting, and fretting corrosion [22,42,84].

The effect of corrosion in electrical components is not solely focused on their
deterioration, but rather on the impact that corrosion (and corrosion byproducts) has on
the electrical performance since metal oxide particles tend to present higher resistivities
than their pure metallic counterparts [22]. The extent to which metals undergo corrosion
varies considerably. For instance, copper and aluminum are highly susceptible to
oxidation. However, once their surfaces have oxidized, this oxide layer serves to protect
them from further corrosion (i.e., oxidic passivation). Similarly, zinc and nickel also
form a corrosion passivation layer, which makes them suitable for use as protective
platings. However, due to their lower electrical conductivity, these metals are not
always viable. When corrosion resistance is required, but conductivity cannot be
compromised, noble metals such as silver, gold, and platinum must be employed
[22,42]. It should be noted, however, that the use of noble metals can rapidly and
significantly increase the cost of the components. Therefore, in these cases, thin noble

metal platings are common practice.

Although silver is considered a noble metal, it is not impervious to corrosion. It is

true that silver does not oxidize; however, when in contact with sulfur-containing
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atmospheres (particularly hydrogen sulfide — H:S) silver undergoes a sulfidation
process in which a thin silver sulfide (Ag:S) film is formed on its surface (commonly
referred to as tarnishing film) [31,85-87]. Copper, on the other hand, when exposed to
oxygen, rapidly forms a native oxide layer (Cu20) on its surface which provides it with
a certain degree of corrosion resistance [24,88,89]. However, when subjected to harsher
environments (e.g., maritime environments), or when the native oxide layer is removed
or punctured, copper contacts can sustain more severe corrosion forming its typical

greenish patina film.

In practice, preventing corrosion is not realistic and unequivocally impossible due to
the nature of the intended application. However, multiple widely adopted methods are
typically employed to hinder and decelerate the deterioration of metals due to
corrosion. The first strategy involves eliminating or minimizing environmental
conditions that may accelerate corrosion, such as controlling temperature, humidity,
contaminants, and pollutants [83]. If atmospheric control is not an option, protective
coatings and platings are standard for a plethora of industrial applications, particularly
the electrical contact industry [22]. As is the case with native oxide layers, platings and
coatings minimize corrosion acting as a passivation layer and as protective barriers
preventing the contact between the environment and the substate that is susceptible to
corrosion. Furthermore, lubricants, self-assembled monolayers, alloying, and

reinforcing are other alternatives used to inhibit corrosion [22,42].

2.3. Lubrication in electrical systems

Lubrication is the process of utilizing a substance (i.e., lubricant) at the interface
between two contacting surfaces in relative motion with the prime objective of reducing
friction and wear [22,42,43,50]. However, the use of lubricants can also contribute
towards a reduction in heat generation and favoring its dissipation. Lubrication works
by forming a layer (known as lubrication film) between the contacting surfaces that
minimizes or prevents contact between both surfaces’ asperities. Consequently, the
coefficient of friction and wear will be significantly reduced, which in turn also reduces
heat generation and the surfaces” degradation. Lubricants can also prevent the ingress
of foreign particles and slow-down corrosion. Depending on the configuration,
intended application, and contact requirements, different types of lubricants should be
selected; namely, gaseous lubricants, liquid lubricants, lubricating greases, or solid
lubricants. Good lubricants are those substances with low interfacial shear, thereby

enabling relatively effortless movement of the contacting bodies [43,50].

When choosing a lubrication system, the specific requirements of the intended

application must be considered since there is no “universal lubricant” that is
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appropriate for all kinds of applications. Based on the concepts that have been discussed
thus far, it is evident that the concept of lubrication (and therefore wear reduction) goes
at odds with those of electrical conduction. On the one hand, for optimal electron
conduction, it is highly sought after to increase the contact area. However, this comes at
the cost of higher wear rates when relative motion is involved. Whereas, on the other
hand, to properly reduce friction and wear, lubrication films seek to minimize the
contact area. Therefore, the lubricant choice (or if lubrication is to be used altogether) in
electrical systems is pivotal since an incorrectly lubricated contact can be severely
affected in terms of its conductivity. This, in turn, may result in excess heat generation,
higher energy requirements, arcing, the formation of insulating layers, and unforeseen
component malfunctions or even failure. Nevertheless, a properly selected lubricant
and its corresponding film thickness can provide the advantages of lubrication without

the aforementioned drawbacks [90].

Liquid- and solid-based lubricants, as well as lubricating greases, are widely used in
sliding and switching contacts, particularly in light-duty applications, with certain
heavy-duty applications also utilizing lubricants [42]. However, the focus of this
theoretical framework will be placed on solid lubrication. Two forms of solid lubrication
exist and are used in the electrical contact industry. The first is solid lubrication through
the utilization of soft metals (e.g., tin, silver, gold, and indium) [91]. Soft metal lubricants
are typically employed in environments that are too hostile for other conventional
lubricants (such as in vacuum or high-temperature environments), with the added
advantage that these metals also present good conductive properties. The other
alternative solid lubrication mechanism involves the use of solids with anisotropic
mechanical properties, such as graphite [43]. Because of the anisotropic nature of these
materials (also known as lamellar solids), low shear forces enable the material’s planes
(or lamella) to slide over one another, thereby considerably reducing friction and wear.
However, one issue with solid lubrication is that if the lubricant is displaced from the

contact site, it will no longer provide friction and wear reductions.

Solid lubricants are generally applied over electrical contacts as thin coatings or used
as reinforcement phase in composite materials. The most widely adopted solid
lubricants are graphite, molybdenum disulfide (MoSz) and polytetrafluoroethylene
(PTFE - or Teflon® by its brand name) [22,42,43,50,90]. PFAS (particularly
Perfluoropolyether - PFPE), are also commonly used as lubricants despite the fact that
they are dielectric compounds. Nevertheless, these lubricants exhibit low friction,
chemical and thermal stability, and prevent the ingress of moisture and other external
contaminants, thus environmentally insulating the contact. However, the use of PFAS

is highly controversial and increasingly more regulated due to their ecotoxicity, health
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concerns, and persistent nature (leading to them being dubbed “forever chemicals”)
[92,93].

Although the aforementioned solid lubricants can ensure low friction, these
substances all fall short in high temperature applications, rapidly decomposing or
oxidizing at temperature above 250, 260, 300, and 500 °C for PTFE, PFPE, MoS:, and
graphite, respectively [50]. Nonetheless, greases and liquid lubricants also show poor
performance in high temperature environments due to the rapid degradation of their
viscosity. In fact, solid lubrication generally extends the working range of certain
components, enabling them to function at high temperatures and even in vacuum. Most
notably, graphite presents the drawback that it requires the presence of moisture in
order to ensure low friction, whereas MoS:’s ability to reduce friction is considerably
affected by moisture. This further highlights the gravity of proper lubricant choice based
on application, requirements, and environmental characteristics where the component

will be utilized.

2.4. Carbon nanostructures

Carbon exhibits the particularity that it can form different carbon-carbon bonds
depending on the electronic configuration [94]. This section will focus on sp?-hybridized
carbon nanostructures. Further information on sp? and sp electronic configuration can
be found in APPENDIX A, Section A.3.

sp’>-hybridzed carbon structures present good mechanical properties due to the three
strong sigma bonds, in addition to their exceptional transport properties provided by
the highly mobile p:-orbitals [94]. Accordingly, carbon allotropes presenting this
electronic configuration are of scientific interest in the field of electrical contact
materials. Despite the fact that chemically all sp?>-hybridized carbon allotropes are
identical, these structures exhibit distinct properties and characteristics (mechanical,
thermal, electrical, chemical, etc.) [94]. These discrepancies are linked to the structural,
morphological, and dimensional differences between the allotropes [95]. The latter plays
a particular role in the properties of carbon nanostructures — compared to bulk material
— since nanostructure dimensionality influences the electronic density of states due to a
quantum confinement phenomenon [96,97]. Irrespective of the differences in electronic
density of states, these types of carbon allotropes tend to present promising behavior as
solid lubricants and lubricant additives [98-121], thermal and electrical conductivity
[122-161], hydrophobic wetting behavior [162-173], elastic properties [174-181], among
others.
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Carbon nanoparticles (CNP) are nano-scale structures consisting of carbon atoms that

form

strong carbon-carbon sigma bonds (schematically shown in Figure 7) — in addition

to the attachment of functional groups or other foreign atoms that may originate from

synthesis, functionalization, oxidation, etc. There is an abundance of CNP, including:
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Carbon black (CB) — are a type of carbon structure comprised of sp>-hybridized
parallelly layered planes. However, unlike graphite, these graphitic crystallite
planes are not parallel to the adjacent planes [182,183]. CB has a high tendency to
form agglomerates due to van der Waals forces, thus forming micro-sized particles
(or aggregates) made up of primary CB particles (or nodules).
Onion-like carbon (OLC), carbon nano-onions (CNO), or carbon onions (CO) —
consist of concentric fullerene structures (i.e., nested closed spherical graphene
shells) [184,185]. These types of structures are generally very small (< 10 nm), thus
being considered zero-dimensional structures. OLC were first observed as the
byproduct of CB synthesis, however, the most common synthesis route for OLC is
via thermal annealing of carbon nanodiamonds (CND) [186]. Due to this synthesis
method, OLC are sp?>-hybridized structures with a sp® core.

Graphene-based CNP - are the most elemental sp*hybridized carbon

nanostructure, forming the building blocks of all carbon allotropes with this

electronic configuration [187,188]. Graphene planes can form:

o Graphite (or graphite flakes — GF) — graphite consists of multiple parallelly
stacked graphene planes [94,135,137,159]. Although graphite is not strictly
speaking a “nanoparticle” due to its larger size, on account of graphite’s
extensive use in different industrial applications, these particles are included in
this work as a benchmark.

o Graphene nanoplatelets (GNP) — also known as few-layer-graphite, are stacked
sp*-hybridized (graphene) planes with thicknesses between 0.7 and 100 nm
(two-dimensional nanostructure) [189]. These nanoparticles are an alternative
to single-layered graphene since GNP are easier to mass synthesize coupled
with their exceptional properties and low costs [190].

o Graphene oxide (GO) and reduced graphene oxide (rGO) — these two structures
can be obtained from graphite through processes such as chemical exfoliation,
Hummer’s, or Brodie’s method [191-193]. Although GO and rGO are slightly
lower quality than graphene and GNP, these two-dimensional structures
present similar physical properties and are easier to cost-effectively synthesize
in bulk [194].

Carbon nanohorns (CNH) or nanocones (CNC) — are sp’-hybridized tubular-

shaped carbon nanostructures. These particles present horn-like tips, which
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resemble capped single-walled carbon nanotubes with horn diameters and lengths
between 2-5 nm and 40-50 nm, respectively [112,114]. These structures tend to
form small agglomerates of up to 100 nm in size. Due to their size, these structures
can be considered as quasi-zero-dimensional nanoparticles.

e Carbon nanotubes (CNT) — are one-dimensional, sp?>-hybridized, hollow, tubular-
shaped carbon nanostructures. There are two main types of CNT, single-walled
CNT and multi-walled CNT. Multi-walled CNT are made up of several concentric
single-walled CNT with increasing diameter. Their diameter and length depend
on the synthesis method, whereas the properties and behavior of the CNT depends
strongly on their chirality [126-128].

A major challenge when working with CNP is their strong propensity to form
agglomerates. Agglomeration takes place due to van der Waals interactions between
adjacent nanoparticles or due to dipole-dipole forces [195,196]. This tendency towards
agglomeration hinders the CNPs’ intrinsic properties [126]. A further disadvantage of
CNP agglomeration is that it leads to inhomogeneous dispersions, thereby affecting
their effectiveness as reinforcement phase [197]. Large CNP agglomerates (along with
the shape of the reinforcement phase) lead to a more heterogeneous distribution, thus
generating composites with highly heterogeneous properties [198]. Accordingly,
reducing CNP agglomerate sizes without structurally damaging the nanoparticles is

oy Carbon Black
(agglomerate)

3D

Z 3
Graphite Carbon Nanohorns

Graphene

Figure 7. sp>-hybridized carbon nanostructures, classified according to their dimensionality. 0D — Carbon black,
onion-like carbon, carbon nanohorns. 1D - Single-walled and multi-walled carbon nanotubes. 2D — Graphene, few-
layer graphite, graphene oxide, and graphene nanoplatelets. 3D — Graphite. Schemes made using Nanotube Modeler,
© JCrystalSoft, Version 1.7.6 (www.jcrystal.com).
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crucial to fully capitalize on their desired properties. This is generally achieved through
mechanical milling, surface functionalization, or by employing dispersion techniques.
Mechanical milling effectively de-agglomerates CNP, however it also affects their
structural integrity [199-201]. Furthermore, functionalization involves dissociating
carbon-carbon bonds or utilizing dangling bonds [202-204]. The dispersion route
(homogenization and ultrasonication), on the other hand, have been proven effective at
reducing agglomerate sizes without damaging the structure of carbon nanostructures
[196].
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3. STATE OF THE ART

This section provides a focused overview of specific concepts and advancements
pertinent to the research herein presented. It is intended to complement the
THEORETICAL FRAMEWORK by addressing practical and contextual aspects directly
related to this work. While this section is concise, comprehensive discussions on the
state of the art can be found in the introduction section of the appended articles, where
the concepts are elaborated within the context of their respective studies.

3.1. Current engineering solutions

Overcoming the inherent limitations and obstacles that electrical contact materials
encounter can be broadly classified into two principal categories. The first of these
entails the introduction of superficial modifications to the surfaces in contact, whereas
the second encompasses the modification of the bulk material itself. The former
primarily focuses on the use of coatings, lubricants, or the passivation of the surface,
whereas the latter mainly involves alloying or reinforcing of the bulk material [22,42,44].

3.1.1. Passivation

Depending on the properties and/or characteristics that are required of an electrical
contact material, different superficial modification techniques can be utilized.
Passivation is the process via which the chemical reactivity of a surface is inhibited, with
the primary goal of preventing the surfaces’ corrosion [205]. The most common form of
passivation is the formation of native oxide layers, as is the case for copper and
aluminum. However, passivation can also be induced using external substances. A
prime example is the use of hexadecanethiol (HDT) and octadecanethiol (ODT) to
protect silver surfaces from reacting with atmospheric sulfur, thereby preventing or

H,S-containing
atmosphere |

¢ 77

SSSSSS

2

Figure 8. Schematic representation of HDT/ODT self-assembled monolayer on silver surface, protecting it from
sulfidation. Without the passivation layer, silver reacts with atmospheric hydrogen sulfide to produce silver sulfide
tarnishing film.

29



CHAPTER 3

slowing down the formation of silver sulfide (Ag:S) tarnishing films (schematically
shown in Figure 8). HDT and ODT are alkanethiol compounds, comprised of
unsaturated oil chains with sulthydryl groups that have bonded with the carbon
terminals, which saturate the silver surface. The HDT and ODT layers form covalent
bonds with silver, thereby preventing the surface from reacting with atmospheric
sulfur. Once these bonds saturate the surface, excess HDT and ODT cannot interact with
silver, thus producing a very thin layer (in the nm range). Therefore, these layers are
oftentimes referred to as self-assembled monolayers. Due to the efficacy, simplicity, and
durability of the HDT and ODT layers at protecting silver surfaces, these substances are
widely adopted — not only in the electrical connector industry, but also for cosmetic
applications such as coin protection [28,86]. Although HDT and ODT can also protect
copper surfaces from corrosion, due to the presence of its native oxide layer, it is not
standard practice to utilize these substances.

3.1.2. Surface modifications & lubrication

Passivation deals with the mitigation of corrosion, however, tribological challenges
cannot be addressed through this method (apart from soft metal coatings, for example).
Engineering solutions to tribo-electrical challenges generally involve modifying the
surfaces or incorporating lubrication. Surface modification techniques can range from
simply polishing the surface to more complex techniques such as laser structuring
processes [206-209]. The objective, however, remains the same — i.e., alter the surface’s
topography or characteristics (e.g., hardness, contact area, etc.) to better suit the
application [206,208]. Conductive lubricants, on the other hand, seeks to minimize
friction and wear, in addition to preventing the ingress of foreign particles and slow
down corrosion while ensuring optimal conductivity (schematically shown in Figure 9).
Albeit dielectric or insulating lubricants may also find applicability in switching
electrodes (thus minimizing the likelihood of electrical arc ignition) and in multipolar

- Electrode Lubricant B Electrode

Figure 9. Scheme of lubrication between two electrodes and the constriction of the current at the a-spots.
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connectors (thereby preventing short circuits between each pin). Many different types
of lubricants are commercially available; however, lubricating greases are the most
common. Prime examples include Nyogel® 760G (Nye Lubricants), Kliiberlectric KR
44-102 (Kliiber Lubrication), and Molykote® G-8101 (DuPont).

3.1.3. Coatings

Coatings are a standard practice in a plethora of industrial sectors [210-212]. This
technological advancement is used to improve, prolong, or modify the performance of
the substrate. In the electrical contact material sector, the main purpose of coatings

include:

e Ensuring low electrical contact resistances, either by coating with a material that
has higher conductivity or by plastic deformation, thus increasing the contact area.

e Protecting from atmospheric and operational conditions, thereby preventing or
slowing down corrosion and wear.

e Reducing friction, minimizing connection and disconnection force required.

¢ Increasing thermal conductivity, thereby supporting thermal diffusivity, reducing

thermal buildup, and lowering the likelihood of contact welding.
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Figure 10. Selection criteria for plating material based on connector requirements [213].
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Metallic platings are frequently used to satisfy these requirements [22,42].
Specifically in the case of copper connectors, tin and silver platings are commonly
employed. Gold platings, on the other hand, are primarily used for low contacting forces
— selection criteria for plating material illustrated in Figure 10 [213]. Tin platings
effectively protect the copper substrate from corrosive environments and ensure
optimal electrical contact upon connection due to its softness. However, copper and tin
tend to form intermetallic phases (IMP) [214,215]. These IMP are more corrosion-
resistant than pure tin. However, they are brittle which can lead to cracking, thereby
hindering their corrosion resistance. Nevertheless, the IMP are harder than tin and
copper, which favors tribological performance of the contact. To prevent the formation
of IMP, a nickel interlayer (diffusion inhibitor) may be deposited between the substrate
and the tin plating. However, this comes at the cost of further processing and
conductivity. Another alternative is plating copper with silver instead of tin. This
improves the electrical performance while maintaining the relative chemical inertness
of the surface, although silver platings are considerably more costly than tin platings.
Nonetheless, for high performance applications, silver plated copper contacts are

extensively used.

Similarly, bimetallic joints are extensively used due to the reduced material demand
while harnessing the advantages from both materials [22,42]. Consequently, silver-
copper bimetallic electrodes are a cost-effective alternative which ensure excellent
conductivity, low tendency towards corrosion, and good mechanical properties.
Depending on the manufacturing method, porosities and microstructural
heterogeneities may be present at the interface. In addition, certain methods such as

welding and brazing require filler materials [216].
3.1.4. Alloying

Copper is extensively alloyed, most notably with tin and zinc to form bronze and
brass, respectively. Not only do bronze and brass have higher mechanical strength than
pure copper, but these alloys also offer wear and corrosion resistance at a lower cost
[41]. Other copper alloys include copper-silver for superior electrical conductivity and
good mechanical properties, copper-beryllium for good thermal cycling performance,
copper-chromium for high strength and arc resistance, copper tungsten for wear and
arc resistance, copper-nickel and copper-silicon for corrosion resistance, among others
[41]. However, it should be noted that the metals used to alloy copper generally possess
higher electrical resistivities, which worsens the overall conductivity of the alloy.
Therefore, when electrical performance is prioritized, pure copper remains the material

of choice over its alloys.
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Although the conductive properties of silver are not likely to improve via alloying,
mechanical, tribological, and anticorrosive characteristics can be tailored for specific
applications. Silver is generally alloyed with copper, zinc, nickel, palladium, platinum,
and gold [217]. Silver-palladium and silver-gold alloys are used for improved tarnishing
resistance while maintaining low resistances, whereas silver-platinum alloys enhance
the mechanical properties and tarnishing resistance. However, these alloying
components significantly increase the cost of the connector. Lower-cost alloys, such as
silver-zinc and silver-nickel, are used to improve wear, arc erosion, weld and corrosion
resistance, albeit at the cost of increased resistances — hence these alloys are mainly used

for switching applications [22,218].
3.1.5. Composite materials

Composite materials are used for switching electrodes and sliding contacts.
Composites for switching electrodes involve the use of metal oxides — such as cadmium,
bismuth, indium, tin, and zinc oxide — as reinforcement phase in silver and copper
matrices since these particles can significantly enhance electrode durability and
reliability by improving their resistance to arc erosion and reducing their weldability
(due to the elevated melting temperature of the reinforcement phases) [219-222]. Sliding
contacts, on the other hand, utilizes lamella-type components — e.g., graphite, tungsten
disulfide, and molybdenum sulfide — to impart solid lubrication into the system [22].
Although these composites are advantageous for certain applications, there are
disadvantages associated with each approach. For example, silver-cadmium oxide
composites exhibit remarkable arcing performance and weld resistance. Nevertheless,
silver-cadmium oxide is no longer employed due to its toxicity and associated health
risks [223], with it being replaced by silver-tin oxide. However, silver-tin oxide
composites, over time, present higher electrical resistance due to poor wettability
between silver and tin-oxide [222,224], in addition to the formation of layered tin oxide
structures resulting from the energy input from the electrical arc, which further affects
conductivity [225]. Moreover, incorporating other alloying components into silver-tin
oxide composites (such as with indium) is oftentimes required to ease the oxidation of

tin to prevent oxide-free regions (known as denuded zones) [226].

Graphite-based composites, on the other hand, provides the system with wear
protection, friction reduction, and weld-resistance at the cost of increased electrical
resistances [42,227-233]. Nonetheless, due to the anisotropic conductive properties of
graphite, the relative orientation of the reinforcement phase is of utmost importance.
Furthermore, the graphite content has been shown to increase erosion rate and the
likelihood of arc reignition in silver-based composites [234]. Despite these challenges,

silver-graphite and copper-graphite composites are commercially available. Examples
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of silver-graphite composite electrical contact materials manufacturers include TE
Connectivity Ltd., Doduco GmbH, Heraeus GmbH, Electrical Contacts Limited, and
Hindustan Platinum Pvt. Ltd.

3.2. Carbon nanoparticle coatings

There is an abundance of coating techniques widely adopted in large-scale industrial
applications, some examples include physical and chemical vapor deposition,
sputtering, electroless plating, brushing, thermal evaporation, ion plating, among others
[235,236]. However, manufacturing CNP-based coatings is commonly done through
dispersion-based coating techniques, such as dip coating, spin coating, drop casting,
spray coating, or electrocoating, due to their tendency towards agglomerating. By
employing a dispersion-based coating technique, the agglomerates can be broken down
prior to the deposition process. Within electrocoating processes, electrophoretic
deposition (EPD) is a technique that has successfully produced high-quality CNP
coatings over substrates from colloidal suspensions [237-242]. One of the key benefits
of the methodology in question is its simplicity and straightforward nature, eliminating
the necessity for costly or intricate equipment. EPD is a readily scalable technology,
offering convenient integration as a final production step. Furthermore, EPD allows for
straightforward control of coating thicknesses and deposition parameters, while
enabling the coating of complex geometries. Moreover, the CNT coatings obtained via
EPD comprises of a dispersed flat (transverse) CNT network, which has been previously
reported to exhibit low CoF, as low as 0.09 [243,244].

These advantages cannot be understated since EPD outperforms other dispersion-
based processes. For example, dip coating does not allow for a controlled deposition
and is highly dependent on the wettability of the substrate with the colloid [245,246],
spin coating is not applicable for large substrates while also not being material-efficient
[247,248], and drop casting produces a heterogenous coatings due to Marangoni
convection and the coffee stain effect [246,249-252]. The main disadvantages that EPD
presents over other dispersion-based deposition techniques is that EPD requires
charged particles and a stable colloid [253]. The former may be endogenous (i.e., the
particles to be deposited possess a superficial charge) or the particles may be charged
through the use of additives or via functionalization. Both these processes also aid in
stabilizing the colloid by limiting interactions between the particles, since particle

coagulation is detrimental to this deposition technique [253].

The production of CNP coatings via EPD consists of two simple steps: 1) the

preparation of the CNP-containing colloid, and 2) the deposition of the nanostructures
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on the substrate. The colloidal suspension is obtained via a two-step process that
involves the breakdown of large CNP agglomerates through shear forces
(homogenization), followed by the further breakdown of agglomerates through
sonication [196]. Subsequently, two electrodes (one of which is the deposition electrode)
are submerged in the colloidal suspension and connected to a DC power source and the
deposition parameters are set —i.e., interelectrode distance, deposition time and voltage.
An electric field is thereby generated between the electrodes, a force (electrophoresis) is
imparted onto the charged particles (i.e., CNP), which move through the colloid
towards the deposition electrode. Upon reaching the deposition electrode, the CNP

deposit themselves on the substrate through particle coagulation [237].

The literature highlights the benefits of using CNP coatings produced via EPD in
tribological systems. Due to the well-documented solid lubricity that the nanostructures
provide the system, these coatings reduce friction, wear, and oxidation during sliding
even under high contacting loads and with varying substrate roughness [254-263].
Furthermore, carbon-based coatings have the added advantage of being both thermally
and electrically conductive [94,126,129,264,265]. In addition, these coatings may protect
the base material from corrosive environments due to their hydrophobic nature, as well

as maximizing contact area due to the elasticity of the carbon coatings [266].

3.3. Carbon nanoparticle-reinforced composites

Although there are numerous industrially viable methods to manufacture metal
matrix composites (MMC), powder metallurgy (PM) is among the most commonly
used. PM is a well-controlled process that produces near net-shape components. Other
advantages of PM over other methods (such as stir casting, friction stir processing,
infiltration, spray forming, diffusion bonding, etc. [267]) include: the possibility to
manufacture complex geometries, no post-processing requirements, higher material
efficiency, low costs and energy efficient method, simple alloying and reinforcing
process, among others [268]. Moreover, PM-based manufacturing of electrical
components is an industry-standard technique. This methodology is not only employed
to manufacture pure metal electrodes, but also composite materials for switching

applications (e.g., silver-tin oxide).

Manufacturing MMC via PM is relatively straightforward and consists of three steps:
1) CNP dispersal and mixture with metallic powder, 2) consolidation into green pellet,
and 3) sintering. The dispersal of the CNP is the same two-step process previously
described in Section 3.2, since the colloidal mixing route effectively disperses the CNP
and achieves good reinforcement phase distribution without damaging the CNP [269-

271]. Green pellet consolidation consists of uniaxial cold pressing the powder in a die,
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obtaining a component with sufficient density to manipulate it [272]. The final step is of
utmost importance for electrical applications, since the sintering step eliminates internal
porosities. This process is crucial since internal porosities are detrimental to the
mechanical and transport properties of the MMC [273]. Green pellet densification can
be achieved through different methods, including conventional sintering, hot uniaxial
pressing (HUP), hot isostatic pressing (HIP), spark plasma sintering (SPS), among
others [272].

Conventional sintering — i.e., heating the green pellet below its melting point — is
simple, cost-effective, and scalable. However, this process does not achieve high final
densities and requires long processing times, which not only extends the duration of the
whole process but also enables grain growth. HIP and SPS, on the other hand, are more
costly, but these techniques have limited scalability. Therefore, HUP is the sintering
method of choice, since in a single sintering step it produces components with high
density and low porosity levels. Furthermore, with appropriate mold design, complex
shapes can be mass produced, thus eliminating post-processing requirements. In
addition, CNT reinforced nickel composites produced via this methodology have been
previously reported to show good reinforcement phase distribution and improved

mechanical properties [269].

Recent advancements in additively manufacturing (AM) techniques — i.e., powder
bed fusion and direct energy deposition —have successfully manufactured dense MMC,
primarily aluminum-based MMC [274-276]. The main advantage of AM-based routes
is that the obtained microstructure is finer that in conventional methods, since
conventional methods require prolonged sintering times at high temperatures, thereby
leading to grain growth [277]. Furthermore, AM techniques enable the manufacturing
of intricate and custom components, with a high degree of precision. However, carbon-
reinforced MMC manufactured through laser-based AM techniques tend to affect the
structure of the reinforcement phase. The carbon-based reinforcement absorbs the
energy irradiated by the laser, leading to partial decomposition of the secondary phase.
The partial decomposition leads to localized reactions between the reinforcement phase
and the matrix, thus causing the formation of metallic carbides [277,278]. Although
these effects can be limited by increasing the laser’s scan speed. Despite the advantages
discussed for AM techniques, this methodology possesses certain disadvantages which
limit their wide-spread adoption. Some disadvantages include the requirement for post-
processing to improve the surface’s quality, high equipment costs, and crucially its
limited scalability. Therefore, AM-based techniques, although feasible, fall outside the
scope of this work.
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Extensive research has been carried out to fully understand the advantages of
reinforcing metallic matrices, primarily for aluminum and nickel matrices, with
different CNP. The benefits of CNP-reinforced MMC include a reduction in the thermal
expansion coefficient and enhanced thermal conductivity [279-282], improved
mechanical properties (e.g., yield and tensile strength) [283-288], tailoring of the
microstructure [284,286-290], incorporation of a solid lubricant within the bulk material
(reducing friction and wear) [291-296], improvement in electrical conductivity in nickel
matrices [297,298], and improved switching performance [299]. Moreover, the long-
term switching performance of CNT-based electrodes, particularly for
microelectromechanical systems, has been widely studied by McBride et al. [300-304],
with the authors showing their promising potential in low force electrical contact

applications.

Although many different CNP have been evaluated by researchers, CNT (particularly
multi-walled CNT) have garnered the most attention [197,305-308]. Among the CNP
herein discussed, a previous study by Reinert et al. has demonstrated that — at least in
terms of solid lubricity — only CNT provide the system with efficient lubricity during
reciprocal sliding tests (compared to OLC and CND) [291]. Consequently,
manufacturing of carbon-based silver and copper MMC for electrical applications will
be exclusively limited to the use of CNT as reinforcement phase. Using other carbon

nanostructures as reinforcement phase falls outside the scope of this work.
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4. OBJECTIVES

The central objective of this thesis is to harness the benefits from the different CNP,
thereby improving the performance of silver- and copper-based electrical contact
materials without negatively impacting the electrical properties of these materials. By
incorporating CNP — in the form of coatings or as reinforcement phase — it was sought
after to enhance the mechanical, tribological, and thermal properties, as well as
improving the corrosion and erosive resistance. This is the cornerstone of this work, and
it is always kept at the forefront when developing, processing, characterizing, and

designing our CNP-based systems.

The research carried out and herein described is meant to be industrially viable. In
other words, the methodology, materials, chemicals, and procedures employed should
be simple, safe, sustainable, and scalable from laboratory levels up to industrial

proportions.

The central objective can be divided into several contributing objectives, based on the

specific way in which it is tackled. Accordingly, five targeted objectives can be defined.

1. Characterization technique:
a. Are there standard ways to characterize the tribo-electrical performance of
electrical contact materials?

b. How can this methodology be improved, implemented, and standardized?

2. Electrical characterization:

a. How does the sulfidation of silver contacts affect its electrical performance and
can it be mitigated in-operando?

b. How does CNP morphology and dimensionality affect the deposition rate on
the substrate and what is the resulting topography?

c. How do the CNP coatings affect the electrical performance of the substrate?
What are the benefits and drawbacks of CNP coatings?

d. How do bulk CNP powders perform when a direct current is applied between
two electrodes? What influence does compressive normal loads (compaction)
have on the electrical performance?

e. How does real topography affect the contact area in electrical contact? Can the
deformation mechanisms be modeled in a simple and accurate way?

f.  What is the influence of CNT reinforcement phase in metallic matrices and
how does it affect the ECR?
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How can the manufacturing process be optimized and can the same
manufacturing methodology be employed to produce CNT-reinforced
bimetallic electrodes?

Which are the benefits of incorporating the reinforcement phase in bimetallic

electrodes?

3. Mitigation of wear:

a.

Which are the main causes of connector failure and can CNP coatings
minimize them?

Which CNP coating shows the most promising results? Which are the
advantages and disadvantages of different CNP?

Can CNP coatings provide wear protection while maintaining low and
constant ECR? What is the long-term tribo-electrical performance of CNP

coatings?

4. Atmospheric protection:

a.

Can CNP coatings protect the substrate from atmospheric conditions? Which
CNP performs the best?

How does CNP morphology and dimensionality, in addition to coating
homogeneity and thickness, influence its wetting performance and

atmospheric protection offered?

5. Switching electrodes:

a.

d.

Are CNT-reinforced silver and copper electrodes a feasible alternative to
reference and standard switching materials?

What is the influence of the reinforcement phase on the characteristics of the
electrical arc that is generated and how does the reinforcement phase’s
distribution affect the behavior of the electrical arc?

Does the incorporation of CNT in the metallic matrix affect electro-erosion?
What are the characteristics of the resulting electro-erosion craters?

Is the reinforcement phase affected due to the arc’s energy?

Addressing these five targeted objectives, and the different sub-objectives, are the

aims of the publications herein included.
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5. INCLUDED ARTICLES

The publications herein appended are divided into four classifications based on their
subject matter: namely setup, materials, coatings, and composites (as illustrated in
Figure 11). A brief description and the connection between the included articles are
presented in the following sections. Furthermore, Figure 12, Figure 13, and Figure 14
illustrate a schematic overview of the appended articles for the materials, coatings, and
composites classification, respectively.

ARTICLE VI ARTICLE VIII
ARTICLE VII ARTICLE IX e

ARTICLE I Coatings

ARTICLE II ARTICLE IV Composites
ARTICLE IIl ARTICLE V

ARTICLE X ARTICLE XII ARTICLE X1V
ARTICLE XI ARTICLE X1II ARTICLE XV

Figure 11. Schematic overview of the classifications for each appended article, followed by the perspective for future
work (combining CNP-based coatings and composites).

5.1.0utline
5.1.1. Setup

This article details the construction, commissioning, and evaluates the
precision of a custom tribo-electrical testing rig developed in order to
attain an in-depth characterization of commercial and novel electrical
contact materials. The new testing rig represents an improvement over a
previous iteration, which incorporates the possibility of conducting
higher load tests, controlling atmospheric conditions, conducting
tribological experiments (i.e., fretting and scratch), and eliminating
external factors that could impact the measurements. The setup described
in this article serves as the foundation for the detailed characterization
described in the subsequent articles.

ARTICLE I
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ARTICLEII & IX
Characterization of silver sulfide tarnishing
film and overcoming its influence in-operando.
¢ Electrical performance
¢ Contact modeling
* Wetting Performance

— * Fretting performance
* Comparison with CNP-coated Ag
%‘K Mechanical removal Electrical contact resistance Electrical contact resistance
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Figure 12. Schematic overview of appended articles for materials classification.

5.1.2. Materials

ARTICLE II

ARTICLE III

ARTICLE IV
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ARTICLE II evaluates three methods to overcome the influence of silver
sulfide tribo-electrical
performance of tarnished and chemically cleaned samples was carried
out. Among the proposed methods, puncturing the tarnishing film
(applying a pressure of approximately 680 MPa) was found to be the
most effective, reducing ECR to values that approach those of the
chemically cleaned sample. Neither resistive heating nor mechanically
scratching the tarnished surface resulted in an improvement in electrical
performance. Moreover, scratch tests demonstrated that the tarnishing
film reduces the CoF, yet it does not offer wear protection.

tarnishing films. A comparison of the

The objective of ARTICLE IlI is to evaluate the impact on CNP coatings
on the ECR of copper substrates. In this article, potentiostatic EPD was
used to produce the CNP coatings over oxygen-free copper substrates;
CNP chosen based on their promising solid lubricity. After deposition,
a comprehensive assessment was conducted on the resulting coatings,
including their topography, porosity/compactness, adhesion, load-
dependent ECR, and elasticity. The results indicate that CNT and CNH
coatings exhibit the most promising results due to their lower resistance
increment, favorable coating-substrate interface and coating adhesion,
relatively compact coating, and elastic behavior.

A substantial body of literature exists on the piezoresistive behavior of
individual CNP, but no information was available on the performance
of bulk CNP powders. Therefore, ARTICLEIV is devoted to an
investigation of the characteristics of six different CNP and their
piezoresistive performance. It demonstrates a robust correlation
between nanostructure dimensionality and their propensity to form
agglomerates with their electrical resistance. One- and two-dimensional
CNP exhibited the lowest resistance values. However, quasi-zero-
dimensional nanostructures demonstrated the largest relative reduction
in electrical resistance during unidirectional loading.
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The objective of ARTICLE V was to gather insight into the influence that
different surface textures have on the electrical performance of copper-
based electrical contact materials. In this study, smooth brass, bronze,
and tin-plated copper samples were contacted against flat-headed
copper electrodes that had been ground and polished to achieve a wide
range of topographies. Load-dependent ECR was measured and
numerical contact mechanics calculations were conducted. Moreover,
ARTICLEy due to the electrical performance and elasticity of the CNT coatings
(discussed in ARTICLE III and ARTICLEIV), CNT coatings were
deposited over the textured rivets to offset the influence of the generated
topographies. It was observed that rougher surfaces exhibited lower
ECR, particularly when contacting harder materials. This was attributed
to the plastic deformation of the asperities. Furthermore, the proposed
CNT coatings were found to effectively mitigate the influence of

topography.
5.1.3. Coatings

ARTICLE VI investigated the electrical performance of different CNP-
coated copper substrates during fretting, as well as the
characterization of fretting marks after 5,000 and 50,000 cycles. The
CNP coatings initially exhibit a high ECR. However, after
approximately 5-10% of the total fretting cycles, the coating adjusts
due to the motion of the counter electrode, exhibiting ECR values that
are similar to or lower than those of the copper reference. Furthermore,
the ECR reaches a steady state value and remains relatively constant.
The most significant reduction in worn area was observed for CB and
CNT, with CNT additionally preventing oxidation during fretting.

ARTICLE VI

ARTICLE VIII & IX
Wetting performance of coatings.
¢ Coatings' wetting behavior
* Influence of topography
* Saline water solution
* Potassium sulfide

@0

ARTICLE VI, VII & IX
Coating performance during fretting
wear on coated Cu & Ag substrates.
Worn area reduction
Material transfer
Substrate oxidation
Influence on ECR
Stability of ECR evolution
Coating thickness
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ﬁi p
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Influence of applied normal load
Long-term fretting performance
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ARTICLE IIT Influence of atmospheric moisture
Coating quality.
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¢ Coating compactness r g ®
. Coating-eubsﬁrate . 7 Electrical performance of coatings. ®
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Figure 13. Schematic overview of appended articles for coatings classification.
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ARTICLE VII

ARTICLE VIII

ARTICLE IX

44

As a follow-up to ARTICLE VI, ARTICLE VII focused exclusively on
the tribological performance of CNT coatings. Three CNT coatings
with varying thicknesses were subjected to tribo-electrical
characterization, with the objective of elucidating the influence of
coating thickness, normal load during fretting, number of fretting
cycles, and relative humidity. The results demonstrate that the
coatings outperformed the copper reference during fretting. Thicker
coatings enhanced wear protection, with relative worn area reduction
reaching up to approximately 50% after 150,000 fretting cycles. The
CNT coatings showed exceptionally low and stable ECR even after
500,000 fretting cycles, with thinner CNT coatings outperforming
thicker coatings for prolonged fretting tests. Furthermore, CNT
coatings offered wear protection even in low humidity environments.

Following the electrical and tribological characterization of the CNP in
ARTICLEIII, ARTICLEIV, ARTICLEVI, and ARTICLE VI,
ARTICLE VIII examined the potential atmospheric protection offered
by CNP coatings through the analysis of their wetting behavior. Sessile
drop tests were conducted on CNP-coated copper platelets using
purified and saline water. The CA was measured and correlated with
the topographic features of the coatings. The GF, GO, and CNT
coatings exhibited superhydrophobic wetting behavior, with the CB
and CNH coatings demonstrating higher hydrophobicity than the
uncoated copper reference. The thickness of the CNT coating did not
influence the wetting behavior. However, given that the CNT coatings
are highly heterogeneous due to CNT agglomeration, it is necessary to
ensure that the coating thickness completely covers the substrate.

With the knowledge acquired for copper in articles ARTICLE III-
ARTICLEV and ARTICLE VI-ARTICLE VIII, CNP coatings were
deposited over silver substrates. The electrical, tribological, and
wetting performance of the coated silver samples was investigated in
detail in ARTICLE IX. All CNP-coated samples demonstrated superior
performance to the tarnished silver sample in load-dependent ECR,
with CNT showing lower ECR at high normal loads. Furthermore, the
CNH and CNT coatings exhibited comparable ECR during fretting to
the reference sample, while simultaneously protecting from severe
wear and reducing material transfer after 5,000 cycles. Even after five
minutes, all samples showed a hydrophobic wetting behavior, with
GF, CNH, and CNT coatings exhibiting higher water CA than the
tarnished and reference samples. However, when the CA was
measured with potassium sulfide, only the GF coating exhibited a
stronger hydrophobicity than the reference and tarnished samples.
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ARTICLE XV
CNT-reinforced Ag-Cu HMMC for
bimetallic electrodes.

ARTICLE X, XI & XII
CNT-reinforced Ni, Ag and Cu MMC.
* CNT-distribution
¢ Load-dependent ECR
¢ ECR during fretting
* Fretting wear

¢ Optimization of manufacturing process
e Characterization of interface
* ECR performance
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ARTICLE XIII & XIV
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Figure 14. Schematic overview of appended articles for composites classification.

5.1.4. Composites

CNT-reinforced nickel MMC were produced via powder metallurgy.
Current- and load-dependent ECR, as well as an analysis on the
distribution of the reinforcement phase, of three different
reinforcement concentrations were evaluated. The incorporation of the
conductive CNT into the nickel matrix decreases the ECR compared to

ARTICLE X  unreinforced nickel, in addition to improving the contact’s elasticity.
The findings from ARTICLE X highlight the potential of CNT-
reinforced electrical contacts; albeit the results indicate that proper
CNT dispersion and distribution is key to harness the desirable
behavior from the reinforcement phase since large CNT clusters tend
to increase ECR.

Using the same procedure and parameters as in ARTICLE X, CNT-
reinforced silver and copper MMC were produced at two different
CNT concentrations (0.5 and 1 wt.%). The MMC were characterized,
and their tribo-electrical performance was evaluated. Properly
densified copper MMC were obtained from the sintering method,
whereas the silver MMC did not achieve satisfactory density values
(below 90%). The addition of CNT into the metallic matrix improved
contact reproducibility, albeit at the cost of a slight gain in ECR.
Furthermore, copper MMC rapidly reached steady state ECR during
fretting test.

ARTICLE XI
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ARTICLE XII

ARTICLE XIII

ARTICLE XIV
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ARTICLE XII expands upon the results from ARTICLE XI. The
sintering process for silver MMC was improved on, thus obtaining
relative densities above 90%. The morphology of the silver powder
used generates considerable porosity prior to sintering, thus requiring
longer holding times during HUP to properly close the internal pores.
Load-dependent ECR and ECR evolution during fatigue cycles were
measured on the dense MMC. Reinforced samples exhibited lower
ECR and higher reproducibility than the harder reference samples. In
fatigue tests, the MMC outperformed the reference samples, rapidly
reaching steady-state ECR and maintaining low ECR throughout the
20 fatigue cycles measured.

Higher CNT concentration MMC were produces using the
methodology from ARTICLE XI and ARTICLE XII with the objective
of characterizing their performance under electro-erosion tests.
ARTICLE XIII focuses on the characteristics of the electrical arc that is
generated due to a single break operation under a pure ohmic load
(automotive halogen lamps). All MMC exhibited similar arc
characteristics as the reference materials, with copper MMC having the
shortest arc duration and lowest arc energy. At least 2 wt.% of CNT is
required in the MMC to prevent unstable arcing from taking place
during hot switching. High speed video footage demonstrated that the
addition of the reinforcement phase confines the arc, reducing its
mobility.

Following the characterization of the electrical arcs in ARTICLE XIII,
ARTICLE XIV aimed to analyze the damage produced on the
electrodes due to the electrical arc. The resulting dimensionality of the
electro-erosion craters and the structural integrity of the reinforcement
phase was characterized, in addition to finite element method thermal
simulations. ARTICLE XIV highlights CNT concentrations of up to
2 wt.% perform similarly —in terms of crater dimensionality, displaced
volume, and roughness — to reference and standard materials.
Furthermore, the thermal simulations showcase the fact that the
reinforcement phase does not significantly affect the dimensions of the
melting and boiling front. However, reinforcement concentrations of 2
and 3 wt.% significantly accelerate re-solidification of the molten
material. Moreover, Raman spectroscopy demonstrated that the
energy input originating from the electrical arc is not sufficient to
significantly degrade the reinforcement phase.
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ARTICLE XV

The objective of ARTICLE XV was to manufacture and electrically
characterize bimetallic joints (hybrid metal matrix composites —
HMMC) wusing the same methodologies from ARTICLE X-
ARTICLE XIII This manufacturing route presents the advantages that
it enables a more precise control over the process, no filler material is
required, the final component is near-net-shape, in addition to the fact
that reinforcing the metals and batch production is possible. However,
due to the proximity of the sintering temperature to the eutectic
temperature of the silver-copper hybrid composite, the sintering
temperatures were reduced to 550 °C. Furthermore, to minimize
energy requirements, processing times, and copper’s diffusion, the
sintering times were reduced to 2.5 instead of 7.5 hours. Reinforcing
the metallic powders with CNT resulted in HMMC with similar
electrical performance as unreinforced sintered bimetallic joints, with
the advantage that the CNT act as diffusion barriers, thus slowing
down or even preventing the formation of Kirkendall voids.
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ABSTRACT

Electrical contacts are pervasively found on countless modern devices and systems. It is imperative that
connecting components present adequate electrical, mechanical, and chemical characteristics to fulfill the
crucial role that they play in the system. To develop an electrical contact material that is tailored for a
specific application, different approaches are pursued (e.g., coatings, reinforced composites, alloyed metals,
duplex systems, etc.). The manufacturing of electrical contact materials demand a thorough characterization of
their electrical properties, mechanical properties, and their resistance to wear, as well as their resistance to
atmospheric conditions. Accordingly, commissioning of a novel setup enables a more comprehensive study of
the materials that are developed. Therefore, a complete understanding of the material’s electrical and tribological
characteristics are attained, allowing the production of a material that is compliant with the particular demands
of the application for which it is intended. This multipurpose setup was built with higher precision stages and
higher accuracy 3-axis force sensor, thus providing the following improvement over the preceding setup:

o Elevated load-bearing capacity (double), higher precision and stability.
o Tribo-electrical characterization (implementation of scratch and fretting tests).
e Environmental control (climate and external vibration).

© 2021 The Authors. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Method details

Considering the most important characteristics that an electrical contact material should possess,
the one at the forefront is the electrical contact resistance (ECR). Using metals that inherently have
a low resistivity (such as silver, gold, copper, etc.) ensures that the energy loss throughout the
electric circuit will be low. Therefore, when developing new electrical contact materials, it is crucial
to quantify the electrical resistance that these materials pose to the flow of current under the contact
situation that they will be subjected to. There are several methods to determine ECR, namely: four
terminal sensing, three-wire sensing, and two terminal sensing (ohmmeter) under constant current
method or constant voltage [1]. Of these methods, the four-probe method is the most common since
it is not influenced by the resistance added by the connections and the wiring. In this study, four
terminal sensing under constant current was chosen, due to its simplicity and effectiveness. As the
name suggests, a constant DC electrical current is applied on the testing material, while the voltage
drop is measured between two terminals. Through this measurement, and knowing the value of the
applied current, the resistance is simply obtained by Ohm'’s law.

An efficient ECR measurement is crucial to obtain a complete understanding of the electrical
properties of novel and commercially available electrical contacts. The acquisition of reliable ECR
measurements is based on the repeatability and the precision of the equipment used. Therefore,
the proper selection of the devices is vital. Accordingly, the customizations implemented to the
preceding ECR testing rig focus on four key components: the force sensor, the linear stages, the
piezoelectric stage, and the environmental control equipment. The selected force sensor not only
broadens the range of measurement (by doubling the applicable normal load) but is also capable of
measuring strain in three directions. Whereas the perpendicularly mounted linear stages enable the
user to characterize the tribological behavior of the contact materials (e.g., connectors) by simulating
insertion-removal cycles. Moreover, by implementing a piezoelectric stage, in-operation low-amplitude
vibrations can be simulated (fretting) [2,3]. Finally, the incorporation of a climate control chamber and
an active vibration dampening stage further expand the range of applications that can be simulated
with the multipurpose rig. The former allows the manipulation of the ambient temperature and
humidity (improving repeatability), whereas the latter mitigates external factors that may affect the
measurements. Furthermore, through specific programming sequences, a wide variety of tests can be
carried out, thus combining different normal loads, tangential motion, and ECR measurements.
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Previous ECR setup

Determining the ECR of contact materials has been previously reported by Puyol et al., [4-6] where
a setup was developed with the primary objective of determining low-level load-dependent ECR. This
setup was able to quantify the ECR in the pQ range with a measurement error below 10% for loads
below 1 N, and below 1% for loads above 1 N. However, this setup is limited by the linear stage.
Considering that the sample to be characterized is mounted on the stage, the system exclusively
moves in a single direction. Additionally, the maximum applicable load is restricted by the force
sensor’s limit (10 N). Nonetheless, this device has proven crucial in conducting ECR of novel composite
and coated materials, as well as conducting current sweeps with the help of additional equipment and
software.

The setup is constituted by three sectors which work together to perform the measurements
(motion and force control, electrical components, and software). The first sector consists of a
linear stage (Physik Instrumente M-683.2U4, ultrasonic piezo stage, low-level self-locking, minimum
incremental motion of 0.3 pm) and the uniaxial force sensor (ME-Systeme KD-24+10N, 0.1% accuracy).
The former is used to control the motion of the sample towards and away from the counter electrode,
whereas the latter is responsible for regulating the normal load that is applied. Independently, the
setup is equipped with a current/voltage sourcing unit (Keithley 2400 SMU) and a nanovoltmeter
(Keithley 2182a). These two components handle the electrical parameters of the setup. Finally, the
software interface is implemented in LabView to control, observe and extract the parameters and
information throughout the entire measurement process.

New multipurpose ECR setup

To expand upon the aforementioned method, and to acquire vital information on the tribo-
electrical characteristics of the novel electrical contact materials (as well as commercially available
electrical contact materials), it was sought to develop a new testing rig capable of conducting
tribological tests, alongside electrical measurements. Consequently, the possibility for tangential
motion (relative to the surface of the sample) was required. By incorporating the capability of
lateral motion, scratch tests and reciprocating lateral motion cycles can be performed. The former
focuses on the deformation/wear process that arises when the connector is used for the first time.
Whereas the objective of the latter is to simulate the deformation that occurs under usual connecting-
disconnecting cycles in traditional sliding electrical connectors; thus quantifying the degradation
of the contact materials and the electrical characteristics after the initial connection-disconnection
process. Moreover, the possibility to conduct high-frequency micro-vibrations was implemented by
incorporating a piezoelectric stage. Through this device, naturally occurring vibrations inherent to the
intended application of the connector are simulated (fretting test). Furthermore, a force sensor with a
higher maximum load of 20 N was selected, in addition to the 3-axis sensing capabilities. Therefore,
broadening the range of applicable loads of the setup. Finally, climate control was incorporated,
by placing the setup within a climate test chamber, which can replicate in-operation conditions
(temperature and humidity). To mitigate external factors from affecting the measurements, the rig was
mounted on an active vibration dampening stage, which assures that the climate chamber’s vibrations
and external factors do not alter the ongoing experiments. The components equipped are summarized
in Table 1.

The linear stage motors (M1 and M2) are mounted perpendicularly, relative to each other. M1 is
responsible for motion perpendicular to the surface of the sample (normal load), whereas M2 moves
parallel to the surface of the sample (tangential motion), as shown in Fig. 1. Both stages are controlled
via an individual controller (M3). These two controllers are interconnected with one another via a
daisy chain connection and communicate with the software via universal serial bus (USB). The stages
move on account of a two-phase stepper motor, with a total of 52 mm travel range and a minimum
incremental motion of 0.2 pm for M1 and 0.02 um for M2. The higher precision of M2 is required
to obtain a controlled frictional motion. Whereas the precision of M1 may be lower given that its
objective is to control the normal load that is applied. M1 and M2 consist of spindle axis with
high-level self-locking. Therefore, M1 increases the stability of the contact forces, granting higher
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Table 1
Components required.
Use Instrument Manufacturer Model Precision Quantity Code
Motion High-precision PI L-511.20SD00 0.2 pm 1 M1
linear stage
Motion High-precision PI L-511.2ASD00 0.02 pm 1 M2
linear stage
with encoder
Motion Stage controller Pl C-663.12 - 2 M3
Mercury Step
Motion Piezoelectric PI P-750 1 nm 1 M4
stage
Motion Stage controller PI E-709.CHG 1 M5
Force 3-Axis force ME-Systeme K3D60a+20N 0.1% 1 F1
sensor
Force Amplifier ME-Systeme GSV-8 Sub - 1 F2
D44HD
Electric Current/Voltage Keithley 2400 SMU +(0.066% + 20 pA) 1 E1l
source
Electric Nanovoltmeter Keithley 2182a +(30 ppm + 4 ppm) 1 E2
at 100 mV range
Electric GPIB to USB Keithley KUSB-488b - 1 E3
adapter
Climate Climate control Votsch Technik LabEvent L +(0.3-0.5 K) 1 C1
chamber C/150+10/5 +(1-3% r.h)
(temperature When controlling
and relative temperature and
humidity) humidity
Vibration Active vibration Opta DMT 600 - 1 V1
dampening
table

force control precision compared to the previous setup’s linear stage. The piezoelectric stage (M4)
was mounted over the stages and connected to its controller (M5) via a Sub-D special socket 7W2.
M5 communicates with the software via USB. M4 has a load capacity of 100 N, with 1 nm vertical
accuracy, a maximum travel range of 75 um, and a maximum frequency of 100 Hz.

The force sensor (F1) was mounted on a stationary column. It is connected to an amplifier (F2)
which enhances the electrical signal from the force sensor and communicates it via USB to the
software. The force sensor may operate at a maximum force of +20 N (compressive and tensile stress)
with an accuracy class of 0.1%. Although F1 and the force sensor from the preceding setup present
the same accuracy class (0.1%), a high-accuracy factory calibration was selected, which guarantees
measurement repeatability. Moreover, the 3-axis sensing capacity further improves the precision of
F1 on account that when loading the device on more than one direction its precision is generally
reduced, which is not the case in this force sensor. Regarding F2, the noise level is approximately
10 times lower than the amplifier used in the preceding setup. In other words, with F2 one more
decimal number is reliably represented in the F1's measurement. The frequency at which F1 records a
measurement can be varied. For force control, the frequency was set at 10 measurements per second.
This frequency was chosen since it provides the most precise measurements (precision is load and
frequency dependent), granting more precision in the force control. When acquiring the coefficient
of friction (CoF), the measurement frequency was set at 100 Hz on account of dynamic process
(scratch tests generally do not last for more than a few seconds). Therefore, a tradeoff between higher
precision and a larger data pool was chosen.

The electric components are the same as described by Puyol et al. [4], current/voltage source (E1)
and nanovoltmeter (E2). E1 is capable of sourcing current from 1 nA to 1.05 A, and voltage from
200 pV to 210 V from its rear control panel terminals. E2 may be programmed with five different
measurement ranges from its front control panel terminal: 10 mV, 100 mV, 1 V, 10 V, and 100 V.
E1 and E2 are connected to the computer independently via USB using a general purpose interface
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Fig. 1. Schematic representation of novel setup.

bus (GPIB) adapter (E3). An illustration of the setup and possible tests are shown in Fig. 2, whereas
Fig. 3 shows a schematic representation of the setup connections. As illustrated in the latter, E1 and
E2 have their respective positive terminals connected directly on the sample, whereas their negative
terminals are connected on the counter electrode. The location of the positive and negative terminals
is not of significance as long the same-sign terminals are connected on the same component. This is
due to the fact that the absolute value of the resistance is recorded. To prevent introducing error in
the measurements due to thermoelectric effects in the sample and/or conductors, E2 is configured to
operate under current reversal mode.

To have a precise control over the atmospheric conditions during the tribo-electrical
measurements, the setup is placed in a climate control chamber (LabEvent L C/150+10/5, V6tsch
Technik). The chamber is equipped with a thermocouple and a wet bulb humidity sensor to
measure the temperature and humidity while in operation, respectively. The thermocouple can be
repositioned inside the climate chamber, allowing for a more precise temperature control while
running experiments. C1 is able to control temperature between the ranges of 10 and 95°C +(0.3-
0.5 K) and relative humidity between 10 and 90% +(1-3% r.h). The error for both parameters is based
on an operation state where both are controlled simultaneously. Furthermore, the setup was mounted
on an active vibration dampening stage (DMT 600, Opta GmbH) to mitigate the effects of external
vibrations while operating. It is highlighted that both components (C1 and V1) are decoupled, thus
the vibrations from C1 do not affect the ongoing experiments. The preceding setup does not account
with atmospheric control or vibration dampening systems.

The sample is mounted directly on F1, whereas the counter electrode is mounted on M4. Therefore,
an insulating Teflon platelet was placed between the counter electrode (where the negative terminals
are connected) and M4. Similarly, a Teflon disk - in accordance with the specifications of the
manufacturer - was placed between F1 and the sample (where the positive terminals are connected).
A sample holder was designed, which was directly mounted on the Teflon disk. Consequently,
depending on the weight of the sample holder and sample, the maximum range of F1 is slightly
reduced. However, the reduction in maximum load capacity is negligible, below 1% of F1's capacity.
The setup was configured in this manner to obtain better accuracy in the fretting tests. Considering
that the maximum amplitude of M4 is 75 pm, the heavier weight of the sample holder-sample system
would reduce the accuracy of the motion.
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Fig. 3. Schematic representation of the component connections.

Programming and software

The programming for remote control of the setup was done exclusively in Python 3.8 on Windows
0S. Through Python, different motion and reading sequences can be ordered. Certain packages must
be installed beforehand, which are external to the original Python installation. Therefore, a virtual
environment was created where all the necessary packages were installed. Two specific packages
are provided by the manufacturer of the equipment (ME-Systeme and Physik Instrumente). In order
to communicate with the motion stage controllers (M3 & M5), GCSDevice package were installed
in the directory location where the scripts are saved. This package can be found in GitHub [7].
With this library wrapper, general command set (GCS) is used within Python to send commands
to the positioner stages, as well as acquiring information (e.g., current position, movement speed,
etc.) [8,9]. Likewise, communication between F1, F2 and Python requires several libraries that are
specific for F2 [10]. For E1 and E2, no manufacturer-specific packages were available. However, the
instruments support communication via different backend providers, of which different alternatives
were scrutinized (e.g., NI-VISA, Keysight 10 Libraries, and Pyvisa), opting for the latter. Using Pyvisa,
communication between the software and E1 and E2 can be implemented using standard commands
for programmable instruments (SCPI) [11,12]. Furthermore, packages such as pandas (to save the
data), threading (to run multiple processes simultaneously), and time/datetime were imported. Once
the initialization of the components, basic motions and data acquisition have been programmed,
different test sequences can be programmed. The fact that different tests and test sequences can be
programmed - tailored to the demands of the material that will be analyzed - is an advantage that
this setup presents. The following table (Table 2) compiles the scripts and provides a brief summary
of their capabilities. These scripts run independently and autonomously. After the user inputs the
parameters, they do not require supervision. As an added advantage security steps were added to
ensure the safety of the devices. An emergency stop button was installed in case manual power
shut off is required. The data acquired by the programs (i.e., measurements taken) and the input
parameters are recorded as comma separated values (csv files). All scripts are available in GitHub.

Method validation

The ECR of tin platted copper samples (Sn/Cu) was analyzed using both testing rigs. The objective
was to validate the measurements acquired with the new rig compared to the previous setup.
No commercially available devices were found that could be used to validate the results obtained.
Therefore, considering the proposed improvements on the self-build previous setup, it was of interest
to compare the results obtained with both rigs. Three different loading cycles were evaluated: low
loads (0.25, 0.5, 0.75, 1 N), medium loads (1, 2.5, 5, 7.5, 10 N), and high loads (1, 5, 10, 15 N). The
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Table 2
Obtained data and varying and fixed parameters of different Python scripts.
Program Script name Description
1 current_sweep.py Takes ECR measurement by varying the applied current. E2

range and number of ECR measurements can be varied.
The user can input the currents.

2 ecr.py Takes ECR measurements by varying the normal load. The
current, measurements per load, and E2 range can be
varied. The user can input the loads desired.

3 scratch_ecr.py Carries out a scratch test, followed by ECR measurements.
The scratch load (and ECR load), and track length are set
by the user. E2 range and number of ECR measurements
can be varied. CoF and ECR are acquired.

4 fretting_ecr.py Carries out fretting test, followed by ECR measurements.
The fretting load, number of cycles, and amplitude are set
by the user. E2 range and number of ECR measurements
can be varied. ECR is acquired.

5 scratch_fretting.py Carries out scratch test, followed by fretting. The user
input and varying parameters are the same as program 3
and 4. CoF is acquired.

6 connection_ecr_disconnection.py Simulates connection and disconnection cycles. A scratch
test is performed, followed by ECR measurements and a
scratch test returning to the starting position. The number
of cycles, normal load, and scratch track are user input. E2
range and number of ECR measurements can be varied.
CoF in both directions and ECR are acquired.

latter, however, was only measured using the new setup given the extended load ranges. Furthermore,
the range of E2 was set at 0.1 V for medium and high loads, whereas it was set at 1 V for low loads
to prevent the equipment from overflowing. It is important to highlight that the rig is not capable of
changing the voltmeter’s range within a single measurement cycle. The range can only be changed
manually when the program starts. In this case, two different ranges were used to showcase the
optimal accuracy of E2. As in many characterization techniques, one should have a previous idea
about the order of magnitude of the variable that will be determined. It is known that low load
measurements would grant higher ECR values than medium or high loads. Therefore, to prevent E2
from overflowing, a higher voltage range was selected. In actual measurements, where comparability
between different measurement cycles is important, only one voltage range should be used. In all
cycles, the current was set at 100 mA, so as to avoid any microstructural changes in the metallic
sample (dry circuit testing) [13]. For each force, five measurements were taken and averaged, the
results obtained are shown in Fig. 4. Observing Fig. 4 a, the ECR measurements for both setups are
similar. The initial resistance at 0.25 N is slightly higher for the traditional setup. However, for 1 N the
resistance is lower compared to the new setup. Despite some differences, the error for both systems
are relatively low, and the ECR values follow the same tendency. Given the low contacting loads, the
ECR values are relatively high, in the 1 Q range. As Fig. 4 b depicts, similar tendencies are observed
in both setups for medium load range. The initial ECR in the previous setup is significantly higher
than in the proposed setup; however, the ECR sharply decreases for the second force. Similarly, the
error observed in the new setup is elevated in the first two measurements (between 50 and 70 mQ).
However, for higher applied loads the error is reduced to below 10 mQ (representing between 0.5%
and 8% error of the current measurements). For higher normal loads the error observed decreases.
ECR measurements for high normal loads, carried out with the proposed setup, are shown in Fig. 4 c.
As observed, the error for the lower half of the measurements is relatively high, but is reduced for
elevated normal loads. The tendency of this curve is similar to the one observed for medium normal
loads, recording lower ECR throughout the cycles. The minimum ECR value recorded for 15, 10 and 5
N (in the unloading semi-cycle) are approximately 20 mQ.

Additionally, ECR measurements were carried out at a constant normal load of 2 N varying the
current in the following sequence: 30 pA, 0.1 mA, 0.3 mA, 1 mA, 3 mA, 10 mA, 100 mA, 300 mA, and 1
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Current sweep
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Fig. 5. ECR at constant normal load (2 N), varying current from 30 pA - 1 A.

A. Five ECR measurements were taken for each current. The average ECR appears constant throughout
the sweep, as shown in Fig. 5. Given the low current used (30 pA and 0.1 mA), and the elevated range
used in E2 (1 V), the error for these two measurements is more significant compared to measurements
carried out at higher currents. This range was selected due to the fact that E2 would overflow if 100
mV range was used.

Additionally, scratch and fretting tests were conducted on Sn/Cu samples using the proposed setup.
Scanning electron microscopy (SEM) micrographs using backscattered electron detector (BSE) of the
scratch track and fretting mark are shown in Fig. 6. The scratch test was carried out at a normal
load of 5 N for a total length of 10 mm with a sliding speed of 15 mm/s. Whereas the fretting
test was carried out with an amplitude of 75 pm, a frequency of 9 Hz for 100 cycles. The rig was
programmed in a way in which the normal load is actively compensated only during fretting tests.
That is a consequence of the force sensor’s data collection rate. During a scratch test, the force sensor
constantly collects the registered force in the tangential and normal axis; this information is later
used to determine the CoF. However, due to the short duration of the scratch test (generally below
1.5 s), the test does not last long enough for a proper normal load compensation. Therefore, to resolve
this issue, an appropriate sample holder was designed (for each specific type of sample that will be
measured). With this sample holder, one can ensure that the surface of the sample is perpendicular to
the counter electrode at all times. During fretting, ECR, and indentations this problem does not arise
since the CoF is not recorded. Therefore, the force sensor is used exclusively for normal load control.

Accuracy and uncertainty analysis

The resistance measurement was made using the traditional Kelvin method. The current was
sourced by E1 and the voltage was measured with E2. Equipment manufacturers usually provide the
uncertainty in the sourcing or measuring mode expressed by an uncertainty in the measurements,
plus an uncertainty in the range. This numeric value is complemented by two more coefficients, which
are expressed in the same way. That must be multiplied by the temperature exceedance from the
permissible range to compensate for temperature effects [14]. Both E1 and E2 require temperature
correction when working below 18°C or above 28°C. However, for this study, the temperature was
kept between these ranges. Therefore, the correction factor was not required. The coefficients usually
drift as time from calibration progresses. As a preventive measure the worst-case values were
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Table 3

Calculated resistance standard deviation for different voltage ranges.
Keithley 2400 SMU range Keithley 2128a range o
100 pA 10 mV 171.3 nQ
100 pA 100 mV 170.6 nQ
100 pA 1V 170.4 nQ

used. Consequently, a coefficient corresponding to a calibration of more than two years before the
experiment was adopted.

Alternatively, the data (sourced or measured) can be interpreted as a random variable. The mean
of the random variable is the value of the physical process we want to obtain, whereas the variance
is composed by the addition of the range and measured uncertainty. Therefore, the variance is a
function of the mean. Therefore, once the mean is set, the distribution is obtained. Furthermore, it
was assumed that the uncertainty provided by the manufacturers corresponds to 3-sigmas. In other
words, the measurements will fall within the uncertainty ranges provided 99.73% of the times.

To determine the resistance, two normally distributed random variables must be divided.
However, this division yields another random variable with no finite moments and several different
distributions, depending on the parameters. Nonetheless, several authors have proposed ways of
approximating the distribution with a normal one and have also studied the conditions that make this
approximation valid [15]. Therefore, the mean and standard deviation for the measured resistance can
be determined from those of the voltage and current values through the following equations (Eq. 1
and Eq. 2):

Ky
= 1
MR ; (1)

(2)

OR = MR

Kuethe et al. [16] has stipulated a condition that is sufficient for approximating the distribution of the
resistance as a normal distribution. This condition is shown on Eq. 3. In this case, the condition is not
difficult to satisfy, although for other applications it can be harder. Therefore, several authors have
proposed alternative methods [17,18]. The mean and standard deviations for the optimal equipment
ranges are shown in Table 3. It can be observed that all values satisfy the condition proposed by
Kuethe et al.
9 _
T 0.1 3)
Both electrical devices have several ranges, many combinations of these provide suitable ranges for
performing the measurements. Using the aforementioned equations, one can determine the range that
minimizes uncertainty. Although several voltage ranges fall within the measurement range for a single
current, the best choice is to use the largest current that is allowed by the voltage range (without
overflowing). The part of the uncertainty related to the reading will be constant, but the fixed part
related to the range will have a smaller impact if the measurand is closer to the upper limit of the
range. Given the materials that will be analyzed with these setups, it is expected that the resistance
will be in the range of 1 mQ. Therefore, the uncertainty for all the combinations of voltage and current
ranges when measuring 1 mQ using the largest possible current per range is shown in Fig. 7. As
the arrow indicates, there are three possible configurations with almost identical uncertainty levels,
shown in Table 3, of which the latter range offers the lowest standard deviation. Furthermore, the
lowest resistance can be measured using the 10 mV range, whereas the highest resistance can be
measured with the 1 V range. Regarding the 100 mV range, it is the best choice when it is expected
that the resistance will fluctuate in both directions.
Finally, the error present in the proposed setup while the stages control the normal load to the
set value is shown in Fig. 8. For this plot, between 100 and 200 normal load measurements were
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Fig. 7. Uncertainty on the measurements vs. current for the different configurations.
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Fig. 8. Error while controlling normal load.

recorded while the stages controlled said force. As the graph depicts, the error never surpassed 0.35%,
with values as low as 0.10% for higher normal loads.

Concluding remarks

This method article presents the added possibilities of a new multipurpose setup compared to
the preceding. By implementing the additional motor stages and using a force sensor with a higher
permissible load, the capabilities are extended; thus, achieving more in-depth information on the
tribo-electrical characteristics of electrical contact materials. Additionally, the higher precision of the
linear stages (along with the lower minimum incremental motion) allows a finer control of applied
normal loads and precise lateral motions. The incorporation of the piezoelectric stage allows micro-
oscillations that simulate in-operation fretting wear. As demonstrated in the method validation, the
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ECR curves for the same force range are similar in magnitude when measured with both rigs;
proving that the new setup effectively provides the resistance measurement. Moreover, the selection
of high-precision linear stages and high-accuracy 3D force sensor is reflected upon the accuracy
and uncertainty analysis. Therefore, rendering considerably precise measurements (regarding applied
normal load, measurement of tangential load, and electrical measurements) with an offset from
the set force as low as 0.1%. Furthermore, the atmospheric control chamber and active vibration
dampening stage produce more reproduceable measurements, avoiding the influence of uncontrollable
external factors on the measurements. The scripts developed and programming sequences were
written in Python, all of which are open-source and available in GitHub.
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Abstract:

Silver is ubiquitously used in electrical contacts due to its exceptional electrical conductivity.
Although silver does not oxidize, given time it does sulfurize under atmospheric conditions
forming silver sulfide. This tarnishing film is often the cause of an electrical contact’s
malfunction or failure. In this research work we analyzed three alternate methods which could
reduce the effect of the tarnishing film on the contact, therefore minimizing the chances of
component malfunction. The alternatives analyzed included: puncturing through the tarnishing
film, mechanical removal by scratch and fretting tests, and resistive heating removal by applying
various currents. These methods were compared to chemically cleaned silver contacts used as
reference. Careful analysis of the studied methods proved that normal loads above 5 N are
enough to puncture the tarnishing film, thus reducing its effect on the contact material’s
conductivity. Furthermore, although mechanical removal is not a viable option, it proves that the
silver sulfide film does not significantly affect the conductivity of the system when piled-up (as
is the case with tin oxide in tin plated contacts). Finally, the resistance of tarnished contacts is
considerably higher than the chemically cleaned contacts for loads at or below 5 N (over one

order of magnitude).

Keywords: Electrical contact resistance, silver sulfide, tarnished silver.
[. INTRODUCTION

Among electrical contact materials, silver is one of the most sought-after due to its outstanding
transport properties. For this reason, it is extensively used in a wide variety of applications, with
considerable use in the automotive and aerospace industry. However, the cost associated with
silver is its major drawback. Silver and copper are the two metals with the lowest resistivity:
1.59 x 10-8 Q.m and 1.65 x 10-8 Q.m at 20 °C, respectively [1]. These two elements present
good mechanical properties, alongside the fact that they do not react with the atmosphere under

normal conditions. Copper, on the one hand, is protected from further oxidation by an inherent
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24g + S - Ag,S (1)

copper oxide layer; however, this oxide layer is detrimental to its conductive properties. Silver,
on the other hand, does not react with oxygen at ambient temperatures; therefore, it does not
oxidize. Over time however, silver’s prolonged exposure to the atmosphere causes a chemical
reaction in which a silver sulfide film is formed on the material’s surface (chemical reaction

shown in (1)).

According to W. Aas et al. [2], between the year 2000 and 2015, Europe and North America
have reduced their sulfur emissions by 40% and 50%, respectively. In this same time frame, the
emissions of sulfur in Eastern Asia increased by up to 70% in the year 2005, with a 13% reduction
between 2005 and 2015. Naturally, sulfur dioxide found in the air could provide a source of sulfur
for the chemical reaction with silver to occur, consequently producing silver sulfide tarnish.
Although, some studies suggest that sulfur dioxide does not react with silver at ambient
temperatures [3], [4]. G.B. Fisher and C. DiMaggio suggest that sulfur dioxide first reacts with
atomic oxygen on the silver surface, forming sulfur trioxide (SO3) [3]. The oxygen atom acts as
an intermediate binder between the silver surface and sulfur dioxide. Due to the geometry of this
bond, the molecular distance between sulfur and silver is too large for them to react and form
silver sulfide. R. Bauer [4], however, states that sulfur dioxide’s reaction with silver is slow and

can be discarded as originator of the silver sulfide tarnish.

Hydrogen sulfide on the other hand does react with silver under atmospheric conditions,
forming the black tarnish on silver contacts [5]—-[7]. As reported by Lilienfeld and White [5],
hydrogen sulfide in the presence of moisture reacts with oxygen atoms or molecules on silver’s
surface. This reaction causes an oxidation of the hydrogen sulfide molecule, obtaining water and
sulfur (2). The sulfur byproduct of hydrogen sulfide’s oxidation immediately reacts with the
silver atoms, thus producing silver sulfide. The chemical reaction which explains the tarnishing
process is shown in (3). It is a necessity that both oxygen and moisture are present in the
atmosphere for this reaction to take place. Otherwise, silver does not tarnish at normal
temperatures and pressures. The presence of oxygen and moisture also guarantee that hydrogen

is not a byproduct of the reaction between silver and silver sulfide.

Evidently, oxygen and moisture are always present in uncontrolled atmospheres. Therefore, for
silver to tarnish, only hydrogen sulfide is required. According to Abdollahi et al. [8], ambient air
has an estimated concentration of hydrogen sulfide that ranges from 0.11 to 0.33 ppb. In urban

areas the concentrations of hydrogen sulfide can reach levels of up to 1 ppb, and in areas where

68



Hy,S+1/50, > H,0+S 2)
249 + H,S +1/50, > Ag,S + H,0 3)

hydrogen sulfide is naturally produced or is released due to industrial activity, concentration
spikes of over 90 ppb have been detected. Therefore, silver connectors that are operational in or
around areas with such elevated hydrogen sulfide concentrations may suffer from excessive

tarnishing. Consequently, these contacts are more prone to failure.

The influence of silver sulfide has been previously documented [9]-[12], among others.
Although it must be noted that the resistance increase caused by the silver sulfide layer depends
strongly on the Ag/S ratio [13]. Higher concentrations of sulfur increase the resistance of the
film, with film resistivity ranging from 10~ up to 10* Q.m [9]. Depending on the temperature,
silver sulfide tarnishing film comes in two allotropic crystalline structures [9], [14], [15]. Below
177 °C (B — Ag,S) the conduction is in part by Ag" ions (ionic conduction) and in part electrons
(electronic conduction). On the other hand, when working above this temperature (@ — Ag,S)
the conduction is predominantly electronic, with an abrupt decrease in resistivity at the transition
temperature. The latter configuration of the silver sulfide crystal is an inorganic compound n-
type semiconductor, whereas the former crystalline structure presents a quasi-metallic behavior
[15]. The B structure has higher specific resistivity than the a structure, with high temperature

dependance, whereas the resistivity of the a structure presents low temperature dependance [14].

Atmospheric and material parameters also affect the growth of Ag>S, such as temperature, light
exposure, roughness, etc. [12]. Temperature is specifically important since elevated temperatures
promote chemical reactions, and thus the formation of the tarnishing film [16]. Ambien humidity
and atmospheric gas composition play a crucial role in the growth of AgxS — particularly

atmospheres containing sulfur and chlorine [17].

Many methods have been developed to prevent or delay the formation of the silver sulfide film.
The most common method used to protect silver from sulfidation is the deposition of a protective
coating, i.e., passivation [18]. These coatings can be of organic origin (such as lacquers, oils,
waxes, etc.) or inorganic origins (such as metallic coatings). The latter are used more frequently
due to ease of incorporation in industrial processes (common coating techniques: electrochemical
deposition, immersion, chemical vapor deposition, and physical vapor deposition), and due to

longer durability of the protective coating. Gay et al. [18] has categorized the inorganic coatings
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into four primary classes: chromate conversion coatings, oxide coatings, tin coatings, and
electrolytic silver alloy coatings. Chromate conversion is an outstanding protective coating,
presenting the additional advantage that it does not alter the appearance of the substrate
(important for the jewelry industry) [19]. However, due to the toxicity of hexavalent chromium,
its use is no longer viable. Oxide coatings have also proven effective at protecting silver
substrates. Oxides of elements from the third and fifth group of the periodic table — as well as
silica, alumina, and zirconium oxide coatings — have been previously reported [18], [20].
However, the major drawback from this technique is that the oxide layers increase the electrical
resistance of the substrate-coating system. An alternative is to deposit tin on silver’s surface.
Although tin has higher specific resistivity than silver (1.16 x 10”7 Q.m at 20 °C) [1], tin is easily
deformed. Therefore, when two contacting bodies are connected the tin plating deforms, thus
allowing a better electrical contact while preventing silver from tarnishing. This method does
however incorporate tin oxide into the system — which is a semiconductor — thus increasing the
electrical resistance of the system. Furthermore, since tin deforms easily, after the first connection
cycle the silver surface is exposed. This is beneficial for low electrical resistance, but in
subsequent connection-disconnection cycles silver’s surface will no longer be protected from
atmospheric conditions. Therefore, tin coatings are only viable for storage of silver contacts, but
not for operational contacts. Other elements can be used to protect from sulfidation, such as
platinum or rhodium plating; however, these alternatives significantly increase costs. Finally,
electrolytic silver alloy coatings have the primary objective of enhancing silver’s resistance to

hydrogen sulfide (e.g., Ag-Fe, Ag-Sn and Ag-Pt alloys).

An alternative method used to protect silver from sulfidation is through the formation of self-
assembled monolayers of alkanethiols [6], [19], [21], [22]. Alkanethiols, such as hexadecanethiol
and octadecanethiol (ODT), protect silver from reacting with atmospheric sulfur for long periods
of time, as well as turning silver’s surface hydrophobic. ODT is widely used as an anti-tarnishing
film on silver connectors. It consists of long chains of unsaturated oils where the carbon terminal
has bonded with sulthydryl. As a consequence of these sulthydryl bonds, ODT can bond to
transition metals. The sulfur atoms in ODT form covalent bonds with silver, thus forming a dense
monolayer on silver’s surface. This method prevents silver from tarnishing by saturating the
metal’s surface with its own sulfur. Since the sulthydryl reacts with silver, the tail of the ODT
chain is left free to rotate, granting the possibility of the tails to be oriented in an up-standing
position, or laying in a disordered fashion [21]. When the tails are ordered vertically, higher
tarnish protection is attained. Although the monolayers are generally thin (in the nm range), the

chemical composition and structure of this film does not favor the electrical conductivity of the
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system. Therefore, it is of interest to analyze the electrical characteristics of silver sulfide to
determine how adverse the tarnishing film really is. If there is a way to neglect the effects that
the tarnishing layer incorporates into the system, then it would no longer be required to reapply
ODT after it has naturally degraded. It could even be removed from manufacturing completely.
This in turn would reduce or eliminate the need for contact maintenance, enhance durability,

reliability, and efficiency of the contacts.

When working with soft metals — such as silver, gold, and tin — in sliding connector terminals,
there is a pile-up effect of the metal at the end of the socket caused by the insertion of the pin. In
the case of tin-plated connector terminals, the pile-up is comprised of a multilayer ‘sandwich’ of
tin, tin oxide, tin. This multilayering is detrimental to the electrical transport properties of the
connector terminal since the tin oxide layers are not conductive. This generates a barrier that
hinders the flow of current; essentially obtaining a sort of capacitor where tin oxide behaves as
the dielectric material. Although not as soft as tin, silver is also considered a soft metal; thus, it
is of interest to analyze the effect that silver sulfide has on the electrical transport properties after
connection-disconnection cycles. If the layer of silver sulfide does not significantly affect the
transport properties of silver (unlike tin oxide), removal of the silver sulfide may be disregarded.
Contrarily, if it is detrimental to its electrical properties, removal of this layer is crucial.
Consequently, in this study we focus on four potential removal method that do not compromise
the electrical properties of the connector. In other words, we will analyze a chemical removal
method (which will be used as reference), two mechanical removal methods, and a resistive
heating removal method of the sulfide layer. These methods consist of puncturing of the tarnish
layer by applying elevated normal loads, scraping-oft (or wiping off) the tarnish by simulating
connection-disconnection cycles, and removing the tarnish by injecting elevated direct currents,

respectively.

Comprehensive characterization of tarnished and cleaned contacts will be analyzed. This study
will focus on imaging the surface of the contacts using confocal laser scanning microscopy
(CLSM) and scanning electron microscopy (SEM). Moreover, energy dispersive X-ray
spectroscopy (EDS) of the material’s core, plating, and surface will be carried out to gather
further information on the chemical composition of the connector material; as well as x-ray
diffraction (XRD) to acquire information on the crystalline structure of the tarnishing film.
Regarding tribo-electrical characterization, constant-current load-dependent electrical contact
resistance (ECR) and constant-load current-dependent ECR will be carried out to determine the
influence that the silver sulfide layer has on the resistance of the material. This analysis provides

further information regarding whether the layer can be punctured (analyzed through the former),
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or if elevated currents can remove the sulfide layer by resistive heating (analyzed through the
latter). Scratch tests will be carried out to simulate connecting cycle conditions and the sulfide
layer’s effect on the ECR at the end of the scratch track. This will provide information on the
influence of silver sulfide on the contact resistance when piled-up. Furthermore, the scratch tests
will be used to determine if the insertion force is enough to remove the silver sulfide layer,

reducing its effect on the resistance of the connector.

ECR measurements merit special focus on tarnished samples considering that an analysis of
the curve slopes obtained provides insight on the force required to puncture the silver sulfide
layer [23], [24]. This information proves useful since piercing through this layer should reduce
the impact that it has on the flow of current, therefore improving the efficiency and reliability of
the connector. It was established by Braunovic that the contact resistance (R.) of a material is the
sum of three factors [25]. These are: the material’s bulk resistance (R.), the constriction
resistance (Reons) — consequence of the concentration of the flow of current on the a-spots — and
the film resistance (Ry) — related to the resistance of the inherent superficial oxide films produce.
Furthermore, Tamai et al. describes how to determine the predominant form of mechanical
deformation that the material suffers (elastic or plastic) [24]. To do so, they propose that the
resistance may be approximated to the applied normal load powered to a negative factor n.
Depending on the value of this exponent, one may predict the predominant deformation
mechanism. If » takes a value of -1/3 or -2/3, elastic deformation is predominant, whereas plastic
deformation is predominant when »n takes values of -1/2 or -1. However, these values are
theoretical. It is important to consider that their study is limited to one contacting body — i.e.,
they only consider the deformation of a tin-plated brass contact — and relatively low normal loads
[24]. The former consideration simplifies the analysis, but it must be addressed that this does not
fully reflect reality since two bodies are in contact. Depending on the hardness of the contacting
bodies, these exponents will be skewed from their theoretical values. In our study, the two
contacting bodies are the sulfurized silver and a hard gold coated rivet (detailed rivet description
in Section II, Sub-section B). Therefore, the practical values should not deviate much from the
theoretical, since the rivet is harder than the softer silver contacts. Consequently, most of the
deformation should occur on the silver contact, and to a lesser degree, on the counter electrode.
Other factors that can cause the deviation of the exponents from the theoretical values were listed
by Leidner et al. [26]. This analysis method can be further explained by (4) [1], where p,, pPf; and
peont are the resistivity of the probe, of the plated material, and of the contaminant film,

respectively, # is a cleanliness factor, H is the hardness, and dcon: 1s the thickness of the
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contaminant film. The second term of (4) corresponds to the contaminant film, i.e., silver sulfide

layer.

The parameters in (4) — apart from F — can be considered constants since the temperature
variation is not significant enough to produce a change in the resistivity of the probe, the plated
material, or the contamination film. Therefore, the equation can be simplified into:
Rt=(constant/F)". The factor n can be calculated by performing a linear fit of the ECR curve
when plotted in a doble logarithmic axis. Furthermore, the factor n can be used to determine the
predominant type of resistance in the system. According to Holm and other authors — see [24],
[27], [28] — the dominant resistance in the system can be determined by the slope analysis used
to determine predominant deformation mechanism. For n values of -1/3 or -1/2 the authors
established that constriction resistance is the predominant source of electrical resistance.
Similarly, the film resistance is predominant in the system when »n takes values of -2/3 or -1.
However, it is important to point out that these values are purely theoretical. Consequently, these
values are only possible when considering that only the sample studied is deformed (i.e., counter
electrode not considered). Furthermore, surfaces must be clean and have no asperities, which is

not the case in this study.

II. Materials and Methods

The material studied were flat, silver-plated copper electrical connectors. Focused ion beam
(FIB) was used to mill a cross section of the Ag plating to determine its thickness. The plating
shows an average thickness of 2.7 um. The connectors studied are naturally tarnished due to
prolonged storage, shown in Fig. 1a. As can be observed, the degree of sulfidation varies from
region to region within the connector. CLSM (LEXT OLS4100, Olympus) with a laser
wavelength of 405 nm was used to measure the roughness of the tarnished surface, resulting in a

root mean square roughness of 267.3 = 11.8 nm.

A cross section of a tarnished silver connector was embedded and metallographically prepared
(ground with silica paper and polished to OPS). This cross section was visualized with SEM,
micrograph shown in Fig. 1b. As anticipated, the silver sulfide film was not observable under
SEM (FEI Helios NanoLab600 Dual Beam Setup using ETD detector). However, an EDS

spectrum was taken in an area near the surface. This spectrum revealed the presence of silver
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originating from the silver plating. A carbon peak appears on the superficial spectrum. This peak
most likely stems from surface contamination. Sulfur was not detected in the EDS spectrum
carried out near the surface. A subsequent EDS spectrum was carried out further into the material

revealing its copper core. Silver was not detected as the scan progresses away from the surface.

Since the EDS spectra of the cross section carried out near the surface did not detect sulfur, an
EDS scan of a tarnished connector’s surface was carried out. Furthermore, an EDS mapping of
the surface was carried out on the same region. The results are shown in Fig. 2a and Fig. 2b. The
EDS spectrum of the surface (inset in Fig. 2a) detected multiple contaminants — including
magnesium, sodium, oxygen, and carbon. However, these elements were detected in minimal
quantities (below 1 wt.%), therefore their corresponding peaks were not indexed. Within the
inset, a zoomed-in view of the sulfur peak detected is shown. The location of the sulfur peak is
highlighted by the red rectangle. The EDS mapping of the surface provides supplementary
information on the pervasive distribution of sulfur throughout the tarnish connector’s surface

(Fig. 2b).

XRD was carried out on a tarnished silver contact, spectrum shown in Fig. 2c. The spectrum
was acquired using a copper x-ray source and a step size of 0.05° at room temperature. The

measurement was done under grazing incidence to limit the penetration of the x-ray, therefore

Mounting resin

Pyl
e

4 6
Energy /keV

Fig. 1. a) Naturally tarnished contact. Red dashed lines show the region of interest in this study. As shown, the
natural tarnishing phenomena varies significantly from region to region of the connector. The connector was stored
under atmospheric conditions. b) Micrograph of tarnished connector’s cross section with EDS spectra of its core and
surface. The EDS spectrum at the top-right corresponds to the superficial scan of the cross section, whereas the
spectrum at the bottom-right corresponds to the core’s scan. The red squares highlight the region analyzed.
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Fig. 2. a) EDS spectra of the tarnished connector's surface. Secondary electron micrograph of ROI. EDS spectrum
was added as inset. The red rectangle shows a zoomed-in view of the sulfur peak detected. b) Sulfur signal detected
in EDS mapping of surface. ¢) XRD spectrum of tarnished silver contact.

obtaining higher counts of the superficial silver sulfide tarnishing film. As Fig. 2¢ shows, silver
and silver sulfide were detected. The cubic crystalline structure of silver can be observed by its
characteristic peaks at 20 values of 38.116 (111) and 44.277 (200); indexed using PDF number
00-004-0783 in [29]. Furthermore, silver sulfide in its monoclinic crystalline structure was
detected as shown by the characteristic peaks at 20 values of 31.52 (112), 34.385 (121), 46.208
(123), and 50.733 (221); indexed using PDF number 00-014-0072 in [29].

Microhardness measurements were conducted on the metallographic cross section of the
connector using Dura Scan (Struers Inc., USA). Vickers hardness was measured on the copper
base material using a load of 0.245 N. The load was applied onto the sample for a duration of 15
seconds, followed by imaging of the imprint using 40x magnification in a light optical
microscope. Two sets of eight measurements were conducted and averaged. The core of the
connector presented a hardness of HVo.02s= 137 + 4. Likewise, microhardness was measured at
the surface of the connector’s cross section with the aim of measuring the hardness of the Ag
plating. The parameters of these measurements are identical to those of the base material,
however, here Knoop indenter was utilized due to the thickness of the plating material [30].

Microhardness in vicinity of the connector’s surface resulted in HKo.025 = 143 £ 6.

A. Chemical Removal of Tarnishing Film

A chemical process was proposed to clean the tarnished surface of the samples [31]. The chosen
technique chemically reduces the silver sulfide (see (1)), restoring the surface to its original,
untarnished state. This method effectively removed all traces of silver sulfide without the need
of material removal, as opposed to traditional mechanical cleaning procedures

(grinding/polishing).

The procedure consists in lining the bottom of a beaker with aluminum foil (reducing agent)

and placing the silver contact on top, making certain that both metals are in contact. The beaker
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349,S + 241° > 64g° + Al,S, (5)

Al° + 34g* - At + 34g° (6)

is then filled with 50 ml of water and 1.7 g of sodium bicarbonate — NaHCO3 — ensuring that the
contact material is fully covered. Using a hotplate, the solution was heated until boiling point,
and continuing to heat the solution until the silver sulfide was reduced (approximately 10 min).
Once the tarnish was reduced, the heating was switched off and, after the solution had cooled
down, the contacts were removed. The contacts were first rinsed using deionized water, then
submerged in isopropyl alcohol and placed in ultrasound bath (Bandelin Sonorex Super RK 514
BH, 33 kHz, 860 W) for 5 min. After ultrasound, the contacts were dried with compressed air
(4 bar) and wrapped in aluminum foil to protect them from atmospheric conditions. If needed,

the cleaning process can be repeated multiple times for samples that are severely tarnished.

The reduction of silver sulfide was produced by the reaction of this compound with aluminum.
As shown in (5), silver sulfide is reduced to silver, whereas the sulfur and aluminum react to form
aluminum sulfide (Al>Ss3). In this redox reaction, silver is reduced, while aluminum is oxidized,
as shown in (6). After chemical removal of the tarnishing film, CLSM was used to measure the

cleaned surface’s roughness, resulting in a root mean square roughness of 271.8 + 8.1 nm.

B. Puncture of Tarnishing Film

An alternative to chemically removing the tarnishing film is to pierce through the film by
applying elevated contact forces. Since silver sulfide is considered soft, applying elevated normal
loads can effectively puncture the tarnishing layer [1]. In this manner, the counter electrode
would be able to break through the silver sulfide layer, establishing electrical contact with the
silver surface. Consequently, this would reduce the contact resistance of the system. To evaluate
this alternative, load dependent ECR measurements were carried out. Through these
measurements it was possible to evaluate the contact resistance that the tarnished connectors
present at different normal loads. Additionally, by analyzing the first semi-cycle of the
measurement, the slope of the resistance-load curve can provide crucial information on the
predominant electrical resistance mechanism, as previously described by Tamai et al. [24]. The
direct current ECR of the silver connectors was measured using a testing rig as described by
Puyol and Suarez [32]. In this setup, the sample was the electrode and a silver-nickel core
(AgNio.15), hard gold coated rivet (AuCoo.2) was used as counter electrode (Adam Bornbaum

GmbH). The counter electrode had a curved head, with a diameter of curvature of 5 mm and a
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hardness of 1.36 + 0.01 GPa. The roughness of the rivet’s tip was analyzed via CLSM, resulting

in a root mean square roughness of 866.3 +£ 51.6 nm.

By analyzing the ECR of the tarnished silver contacts, one can evaluate the effect that the silver
sulfide layer has on the contact resistance at low contact loads, the load required to overcome
this layer, and the contact resistance of the silver contact once the sulfide layer has been pierced.
For this analysis, the current was set constant at 0.1 A (below the dry circuit conditions) [33],
and the force was varied following the sequence: 0.5, 0.75, 1, 1.25, 1.5, 1.75, 2, 5, 6, 8, 9, and
10 N. In this loading range, a maximum Hertzian contact pressure of 314 MPa and 852 MPa are
achieved at 0.5 and 10 N, respectively. These values were calculated using Hertzian contact
theory for a sphere-on-plane contact [34], material properties extracted from [35]. The ECR
measurements consisted of four total semi-cycles, two loading cycles and two unloading cycles.
For each force, ten ECR measurements were taken and averaged, with the nanovoltmeter’s range
set at 1 V. Lower nanovoltmeter ranges caused saturation for normal loads below 1 N. In each
measurement, the current was applied for 2 seconds. After a 1 second delay, the voltage drop was
measured. There is a 1 second delay between consecutive ECR measurements. Therefore, any
thermal effects that might occur due to the flow of current can be neglected. For comparative
reasons these measurements were carried out on recently chemically cleaned and tarnished
samples. The measurement cycles were taken at least 3 times per sample, with two samples of
each type measured. Moreover, all measurements were taken under ambient temperature and

humidity values between 20-22 °C and 21-25% r.h., respectively.

C. Remowval of Tarnishing Film Through Resistive Heating

Removal of the tarnishing film through resistive heating involves circulating elevated currents
through the sulfide layer. The objective is to determine if high enough currents can diminish or
eliminate the effect of the silver sulfide layer, regarding electrical properties. Therefore, a
constant load of 2 N was applied, and current-dependent ECR was measured following the
sequence: 30 pA, 100 pA, 300 pA, 1 mA, 10 mA, 30 mA, 100 mA, 300 mA, and 1 A. Calculated
in the same manner as for before, this load produced a maximum Hertzian contact pressure of
498.5 MPa. Five ECR measurements were taken per current level and averaged, with the
nanovoltmeter’s range set at 100 mV. As for load dependent ECR, hard gold coated rivets were
used. The ECR measurement procedure is the same as in load dependent ECR. This analysis was
carried out for recently chemically cleaned and tarnished samples. The ambient temperature and

humidity values during the measurements were between 20-22 °C and 21-25% r.h., respectively.
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D. Mechanical Removal of Tarnishing Film

Mechanical removal of the tarnishing film aims at simulating an initial connection-
disconnection cycle. This is done by carrying out a scratch test on tarnished and chemically
cleaned silver contacts. This analysis also provides information on the role that silver sulfide
plays on piled-up material at the end of the connection track. This can be evaluated by measuring
ECR after an initial scratch test (after simulating a connection cycle). Examining the difference
in the ECR value at the same load in load dependent ECR (no piled-up material) and after the
scratch tests (piled-up material), it can be determined if silver sulfide interlayers increase the
electrical resistance, as is the case with tin oxide. This analysis was carried out using a testing rig
as described by Alderete et al. [36]. Using this tribo-electrical testing rig, linear motions while in
contact can be performed (scratch tests). The scratch tests can be performed under constant load
with high accuracy. The setup also enables reciprocal motion of the counter electrode. Therefore,
multiple scratches in two directions can be subsequently performed. The connection cycle
simulation was done with a normal load of 5 N, a scratch length of 4 mm, and a scratch speed of
15 mm/s. The maximum Hertzian contact pressure achieved here is 676.5 MPa. After the initial
connection cycle (first scratch test), ECR measurements were carried out using the same
parameters and procedure as described in the subsection corresponding to puncturing of
tarnishing film; a new rivet was used for each connection cycle simulation. After the ECR
measurements a subsequent scratch test is carried out in the opposite direction, thus returning the
counter electrode to its initial position (simulating a disconnecting cycle). The parameters of the
second scratch test were identical to those of the first scratch. During each scratch test the
coefficient of friction (CoF) was recorded. Tribo-electrical behavior was also studied via fretting
tests. The fretting tests were carried out at a load of 2 N with an amplitude of 35 pm and a
frequency of 8 Hz using the testing rig described in [36]. These tests were done for a total of
5,000 fretting cycles, with regular ECR measurements at set intervals of 100 cycles. Prior to the
first set of fretting tests ECR was measured. Scratch tracks and fretting marks were micrographed
using ETD detector and 5 keV (Thermo-Fisher Helios™ G4 PFIB CXe DualBeam™ FIB/SEM).
EDS was carried out on fretting marks to qualitatively analyze the chemical composition after
fretting cycles using 10 keV and 1.6 nA with an EDAX Octane Elite Super detector. The ambient
temperature and humidity values during all measurements were between 20-22 °C and 21-

25% r.h., respectively.
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III. Results and Discussions
A. Load Dependent ECR

As previously discussed, load dependent ECR can provide crucial information on the load
required to puncture the silver sulfide tarnishing layer. Therefore, in this section we aim to
determine the specific load that must be applied on the tarnished connector to puncture this film,
consequently achieving ECR values that approach that of the chemically cleaned reference.
Furthermore, this analysis presents the evolution of the contact resistance. ECR measurements
carried out on tarnished silver contacts are shown in Fig. 3a, whereas Fig. 3b shows ECR
measurements on chemically cleaned silver contacts. In both cases two measurements cycles

were carried out.

Focusing on Fig. 3a, it can be seen that the variation in the load dependent ECR is similar
throughout the entirety of the measurement cycles. However, some mechanical deformation has
occurred since the second, third and fourth semi-cycles present values lower than the first semi-
cycle. For instance, at 5 N the resistance measured during the first semi-cycle is equal to
3.86 mQ, whereas the resistance in the second cycle is 1.28 mQ and 1.17 mQ for the loading and
unloading semi-cycles, respectively. Between the third and fourth semi-cycle, the resistance of
the tarnished contact dropped by 8.6% approximately. This decrease in ECR could be a
consequence of the puncturing of the tarnishing film after the first loading semi-cycle.
Unexpectedly, the final value recorded (0.5 N of the fourth semi-cycle) was the only value that
surpassed the initial contact resistance of the first semi-cycle; although the increase is minor,
39 mQ against 32 mQ. This could be explained by the decrease in the real contact area after both

the silver contact and the gold rivet were mechanically deformed after the loading and unloading
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Fig. 3. Load dependent ECR of a) tarnished and b) chemically cleaned silver contacts. The first loading and
unloading semi-cycles are displayed in black, whereas the second semi-cycles are shown in red. The arrows indicate
the direction in which the semi-cycles progress.
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cycles. Furthermore, the lowest resistances recorded were in the second cycle. At 9 N the
resistance during the third and fourth semi-cycles was the same (approximately 1 m€2), whereas
at 8 N the resistance during the unloading semi-cycle was marginally below the resistance at the
same force during the loading semi-cycle (1.05 mQ and 1.01 mQ respectively). Additionally,
Fig. 3a shows a sharp decrease in ECR when transitioning from 5 N to 6 N. This sudden decrease
can be attributed to the puncturing of the silver sulfide tarnishing layer. Therefore, when applying
normal loads above 5 N (676.5 MPa) the resistance of this film can be neglected. Consequently,
if the contact is designed in a way such that the system inherently demands contact loads above
this critical load, the need for removal of the tarnishing layer is eliminated. 4 N is a relatively
standard connection force; therefore, by marginally increasing the connection force to values

above 5 N (676.5 MPa) the silver sulfide tarnishing layer can be rendered irrelevant.

It is interesting to observe that for both unloading semi-cycles (Fig. 3a), the resistance
measurements follow the same tendency. From 10 N the resistance measured slightly decreases
until 8 N. The resistance increases at a low rate continuously as the normal load is decreased
from 8 N to 5 N. Between 5 N and 2 N a great change in resistance was observed: 1.2 mQ at 5 N
for the second and fourth semi-cycles and 2.7 m€Q and 3.0 mQ at 2 N, respectively. Furthermore,
both unloading semi-cycles show a plateau between 1.75 N and 1.25 N, with resistances between
3.6 mQ and 3.7 mQ. Below 1 N the resistance sharply increases in both cases, with the fourth
semi-cycle presenting the highest resistance measured (38.7 mQ). The significant increase is
primarily a consequence of the reduced real contact area between the plastically deformed sample
and electrode. As the normal load is gradually reduced, so does the real contact area (a-spots),
thus resulting in a higher constriction resistance. Observing Fig. 3b, the highest ECR value
recorded for the chemically cleaned silver contact was at 0.5 N in the first semi-cycle, 2.82 mQ.
As the normal load increases the resistance steadily decreases. For 5 N and 6 N a decrease in the
curve’s slope is observed. Above 6 N ECR values vary slightly, reaching a minimum value of
0.52 mQ at 10 N. During the second semi-cycle (first unloading process), the change in ECR is
marginal for loads above 5 N. A further reduction in normal load produces a significant increase
in ECR from 0.55 mQ at 5 N to 1.43 mQ at 0.25 N. However, these values remain significantly
lower than the value recorded at the start of the first semi-cycle. This variation at low normal
loads is a consequence of the newly established contact loads after deformation has occurred in
the silver contact and the counter electrode. As both bodies are deformed, the real and apparent
contact areas become larger after the first cycle compared to the initial state before load was
applied. Consequently, a larger contact area reduced the constriction resistance, and consequently

the system’s contact resistance. Regarding the second cycle, the initial ECR and final ECR values
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at 0.5 N are approximately the same (1.43 mQ and 1.37 m{2 for the third and fourth semi-cycles,
respectively). This indicates that no further deformation was produced during the second
measurement cycle. In other words, the real contact area was established during the first cycle.
Consequently, the ECR values in the second, third, and fourth semi-cycles are always below the
values observed in the first semi-cycle, as was the case for the tarnished silver contact.
Furthermore, observing the evolution of both cycles, the major slope changes occur for the same
normal loading conditions (i.e., same contact forces). It is interesting to highlight however, that
the ECR values in the second cycle are higher than the ECR values of the first cycle for normal

loads above 6 N. However, the difference in ECR is below 0.1 mQ in all cases.

Comparing Fig. 3a and Fig. 3b, it can be seen that although the silver sulfide layer is punctured
at normal loads above 5 N, the ECR of the tarnished silver contact does not reach resistances as
low as the chemically cleaned contact. A significant drop in ECR is observed between 5 N and
6 N in the tarnished contact, which indicates the rupture of the silver sulfide film. However, some
degree of silver sulfide must remain at the interface between the silver connector and the hard-
gold counter electrode. Consequently, the ECR values above 6 N do not reach values below 1 mQ
(in the first cycle); whereas the chemically cleaned silver connector shows a resistance of

approximately 0.5 mQ under the same loading condition.

Roughness at the contacting sites after load dependent ECR was measured using CLSM in the
tarnished and cleaned samples. The tarnished sample showed a roughness of 255.2 + 4.5 nm,
whereas the chemically cleaned sample showed a roughness of 280.2 = 4.1 nm. Therefore,
roughness of the sample does not significantly change after load dependent ECR. This means
that the localized deformation that takes place on the silver contacts after a normal load of 10 N
is not significant. This was also proven by carrying out a profile analysis on the contacting site
using CLSM, where no change in surface profile was observed. Accordingly, the deformation
that produces deficient contact at normal loads after the first loading cycle does not produce
significant changes in topography and roughness. However, this deformation — primarily in the

asperities — is significant enough to increase ECR at low normal loads.

Moreover, as evidenced by Fig. 1a, the extent of tarnishing film generated on the connector’s
surface varies from region to region. Therefore, the ECR measurements carried out in this study
were conducted on different regions, ones with high degree of sulfurization as well as regions
that appear lightly tarnished. No significant difference was measured between regions with
different sulfurization degrees. However, it is believed that further atmospheric exposure will

cause more widespread sulfurization, and thus change the overall degree of tarnishing.
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B. Resistance-Load Curve Slope Analysis

As reported by Tamai et al. [23], [24] the slope of the ECR curves can be analyzed to obtain
information on the type of electrical resistance that dominates in the system, as well as on the
predominant deformation mechanism that the material undergoes. Therefore, this analysis is
crucial for the tarnished silver contact. For this analysis only the first semi-cycle is studied since
the subsequent semi-cycles evaluate the ECR after both bodies have been deformed. Moreover,
as previously mentioned, the values obtained for the factor » may vary from the theoretical
values. This is due to the surface finish of the silver connectors and the counter electrodes being
a technical one. Furthermore, both the connector and counter electrode underwent deformation
in the measurements carried out. Additionally, the value of the n factor is expected to deviate
further from the theoretical values in the tarnished sample since the theoretical values were

determined for clean samples.

The first loading semi-cycle of the ECR curve obtained for the tarnished sample is shown in
Fig. 4a, whereas Fig. 4b shows the linear fitting of the regions of interest. There are three points
in the evolution of the ECR curve where the slope drastically changes, with an additional point
where the slope slightly changes. Therefore, a total of five areas can be analyzed. These are: 1)
0.5t00.75N,2)0.75t0 2N, 3)2to 5N, 4) 5to 6 N, and 5) 6 to 10 N. The second and third
regions of interest could be fitted together; however, for a better analysis it is best to divide the
regions. The regions of interest, slope, dominant resistance, and deformation mechanism of the
tarnished sample are summarized in Table I. In this table, the theoretical values closest to the slope
measured are shown. Analyzing the aforementioned table, it is determined that the main
deformation mechanism in all regions studies is plastic deformation, except for the last region
where the slope is approximately -1/3, corresponding to elastic deformation. This proves that the
tarnishing film is in fact very soft. Therefore, when low normal loads are applied (0.5 N), this

load is enough to produce plastic deformation. Throughout the entire loading range where the

TABLE I — Slope analysis of the first semi-cycle on the tarnished silver contact.

Region | Force range /N | Slope Dominant resistance | Deformation mechanism
1 0.5-0.75 -1 Film Plastic
2 0.75-2 -1 Film Plastic
3 2-5 -1 Film Plastic
4 5-6 -5 Film Plastic
5 6-10 -0.3 Constriction Elastic
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Fig. 4. Slope analysis of a) tarnished silver contact’s loading semi-cycle and b) linear fit of loading ranges, c) cleaned

silver contact’s loading semi-cycle and d) linear fit of loading ranges. The shaded areas facilitate the differentiation
between the regions analyzed.

tarnishing film influences the measurements (0.5-6 N) plastic deformation dominates. For loads
above 6 N, elastic deformation dominates. This deformation mechanism takes place in the silver

connector.

In the first three ranges analyzed the dominant resistance for the tarnished silver contact is the
film resistance. Observing region 2 in Fig. 4a, it can be seen that the first load (0.75 N) slightly
shifts the linear fitting of the region towards a more positive slope. Therefore, the slope of this
regions is closer to -0.5 rather than -2/3. However, if this point is excluded from the linear fit, the
slope of the region approaches -1. Consequently, in this region film resistance dominates.
Dominant film resistance in these loading ranges was expected since below the critical load of
5 N the silver sulfide film was not punctured. Silver sulfide is a semiconductor with lower
conductivity than that of silver. Therefore, the resistance in the film is higher than that of the
substrate; thus causing a narrowing of the current as it flows through the film, followed by a
subsequent spreading of the current when it reaches silver. After the silver sulfide film has been

punctured (above 5 N) the film resistance is no longer dominating the overall resistance of the
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system. This further proves that the sharp decrease in ECR between 5 N and 6 N is caused by the
puncturing of the tarnishing film, which was observed in Fig. 3a. Furthermore, it appears that the
onset of plasticity was reached within these forces. This can be evidenced by the change in slope
between regions 3 and 4. Between these regions a significant change in slope can be observed;
demonstrating the predominance of plastic deformation in the system. However, in region 5, the
predominant deformation mechanism observed is elastic deformation, as evidenced by the n
factor taking a value of -1/3. However, it is hypothesized that the silver contact is approaching

plastic deformation as well for these load ranges.

Further proof can be observed in Fig. 3a by comparing the change in slope between the first
and second loading cycle (at these regions of interest). If the sharp drop in the resistance-load
curve was purely a consequence of puncturing the tarnishing film, this significant decrease in
slope would only be visible in the first loading cycle. However, the change in slope is evidenced
in both loading semi-cycles, demonstrating that plasticity plays a role in the slope analysis for
these normal load ranges. Further analysis should be carried out at higher normal loads to verify
if the predominant deformation mechanism of silver in this range, since CLSM did not reveal
significant deformation after load dependent ECR. Nonetheless, plastic deformation is present in
the asperities, evidenced by the drop in ECR as the load increases. As a consequence of the plastic
deformation of the a-spots, the real contact area established approaches the apparent contact area.
Therefore, due to the plastic deformation of the contact and the puncturing of the tarnishing film,
the ECR decreases sharply (also evidenced by second cycle). As the normal load is further
increased towards 10 N the dominant resistance type is constriction, no longer the film’s

resistance.

Correspondingly, the first loading semi-cycle of the ECR curves for the chemically cleaned
silver contact is shown in Fig. 4c, whereas the linear fitting of the regions of interest are shown in
Fig. 4d. In this sample, there are three points in which the slope of the ECR curve changes.
However, contrarily to what was observed for the tarnished sample, the slope change is minor.
Nonetheless, four regions are analyzed; these are: 1) 0.5t0 2 N,2)2to 5N, 3)5to 6 N,and 4) 6
to 10 N. The regions of interest, slope, dominant resistance, and deformation mechanism of the

tarnished sample are summarized in Table II.

In this case, the analysis becomes more complex. Since there is no established contaminating
film as the case before, the film resistance that dominates the system’s resistance can be attributed
to chemisorbed oxygen films by residue left behind after the cleaning process [27], or by organic

contaminants found on the contact’s surface. Therefore, Table II shows variation between constriction
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TABLE II — Slope analysis of the first semi-cycle on the chemically cleaned silver contact.

Region | Force range /N | Slope | Dominant resistance Deformation mechanism
1 0.5-0.75 -0.4 Constriction Elastic
2 0.75-5 -0.6 Film Elastic
3 5-6 -1.5 Film Plastic
4 6-10 -0.5 Constriction Plastic

and film resistance, as well as with the deformation mechanisms that the electrodes undergo. As
was the case in the tarnished sample, it appears that plastic onset was reached in the 4-6 N range.
This is also evidenced in the resistance-load curve (Fig. 3b), showing a change in slope between
the second and third regions of interest. However, in this case, due to the lack of the tarnishing
layer, the change in slope is less pronounced. Therefore, the decrease in slope is purely attributed
to plastic deformation of the chemically cleaned sample. This change was evidenced in both
loading semi-cycles. As opposed to the tarnished sample, in the 6-10 N range, the chemically
cleaned sample experiences plastic deformation as predominant mechanism. Therefore, the fact
that the slope for this range in the tarnished sample suggests elastic deformation may be

influenced by the presence of the punctured tarnished film.

Mathematically, it would be correct to assign one slope for the entirety of the force range in the
chemically cleaned sample, achieving a fitting with Pearson’s r value of 0.999. However, in doing
this, the actual physical phenomena taking place during load dependent ECR would not be
correctly modeled. By separating into regions, the transition from elastic to plastic deformation

can be accurately reported.

In the predominant resistance type, a transition from constriction, to film, and back to
constriction was reported. At low loads, constriction resistance dominates. However, as the load
increases, film resistance originating from chemisorbed and/or organic contaminants takes
precedence. Nevertheless, once the load becomes significant enough to overcome these

contaminant films (above 6 N), a transition back to constriction resistance is observed.

C. Current Dependent ECR

Current dependent ECR was carried out on tarnished and chemically cleaned silver contacts to
determine whether resistive heating could diminish the effect that the silver sulfide film has on
the contact resistance of the connector. The R-I curve is shown in Fig. 5. As can be observed the
resistance measured when sourcing different currents does not vary significantly between the

tarnished and chemically cleaned contacts. Both show a relatively high ECR value when sourcing
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Fig. 5. Current dependent ECR measurements of tarnished (red) and cleaned (black) silver contact.

30 pA, approximately 60 m€2. However, as the current is increased the resistance decreases. For
current levels above 1 mA the resistance remains moderately constant at 4-5 m€. At low currents
the cleaned contact shows marginally lower resistance than that of the tarnished contact, however
the difference falls within the error values of the measurements. As Fig. 5 displays, current
dependent ECR is not affected by the silver sulfide film. This is evidenced by the similar ECR
values recorded for both samples throughout the measurements. Therefore, this test proves that
when sourcing different direct currents — while loading below the critical load of 5 N — the silver
sulfide film’s effect on the connector’s conductivity is negligible. Consequently, applying an

elevated current to circumvent the tarnishing layer by resistive heating is not an effective method.

D. Scratch and Fretting Tests

Scratch tests seek to simulate connection and disconnection cycles; therefore, analyzing the
ECR of the tarnished and cleaned connectors after they have been inserted for the first time.
Moreover, the coefficient of friction (CoF) was measured during the connection and
disconnection cycle. This value provides information on the influence of the tarnishing film on
the insertion and removal force required. The CoF of the scratch tests is shown in Fig. 6a, whereas
the ECR after the connection cycle is shown in Fig. 6b. In these figures, the tarnished connector
is represented by the red markings and the chemically cleaned connector is represented by the
black markings. The areas shaded in green represent the scratch cycles that simulate connection,

whereas the blue-shaded areas represent the disconnection simulation. These simulation cycles
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can be further differentiated by the sign of the CoF; positive represents connection and negative

represents disconnection.

Observing the CoF of the scratch tests (Fig. 6a) it can be easily perceived that the tarnished
connector opposes less resistance to the sliding motion of the scratch test. This is observed in
both connection and disconnection cycles, with a CoF between 0.1 and 0.2 in all cases. The
cleaned connector, however, shows higher CoF with values between 0.2 and 0.4. Therefore, it is
concluded that although the silver sulfide film does not favor electrical conduction of the
connectors, it acts as a solid lubricant reducing the CoF and potentially protecting the surface
from wear. Furthermore, both connectors show higher CoF values in the disconnection cycles.
In the tarnished sample, this is caused by the first scratch test, which partially removes the tarnish
and, to a lesser extent, material plowing. Although, as evidenced by ECR after insertion, not

enough tarnishing film is removed to restore conductivity to the system. Furthermore, it is
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Fig. 6. a) CoF of tarnished (red) and cleaned (black). The areas highlighted in green correspond to the connection
simulation, whereas the areas in blue simulate disconnection. b) ECR measurements after scratch test of tarnished
(red) and cleaned (black) sample. ¢)-d) Scratch track after connection-disconnection simulation of tarnished and
chemically cleaned silver connector, respectively. The green dashed lines help in delimiting the scratch tracks.
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interesting to note that although the CoF of the tarnished contact increases during the
disconnection cycle, the increase is marginal (approximately 0.02 in both disconnection cycles).
For the cleaned contact however, the increase represents 0.05 for the first disconnection cycle
and 0.15 for the second. In this case, material plowing plays a more important role due to the
absence of the lubricating tarnishing film. Focusing on the ECR values recorded after the
connection cycle (Fig. 6b) it is further witnessed how the silver sulfide film affects the
conductivity of the connectors. The ECR values for the cleaned connector after connection are
between 3.5 mQ and 4 mQ, whereas for the tarnished sample the values are between 6.5 mQQ and
7 mQ. This shows that after subsequent connection and disconnection cycles, the resistance tends
to increase to a minor degree; likely due to piled-up material at the end of the scratch track.
However, a distinction must be made between the influence of piled-up material in the tarnished
sample and in tin plated materials. Here, the gain in ECR is minor, therefore, the cause of this
increase is not attributed to the silver-tarnish-silver ‘sandwich’, but rather to a deficient contact

due to the geometry of the piled-up material when contacting with the counter electrode.

Although the overall values of the tarnished sample are relatively low, the tarnished connector
poses almost double the resistance as the cleaned connector. This proves that even after insertion
of the tarnished contact (connection cycle) the ECR is affected by this layer. Therefore, although
the scratch tests were carried out at a relatively high normal load (at the critical load of 5 N), it
was not sufficient to wipe the tarnish from the surface. The values observed for the tarnished
connector are in correlation with the values observed in the loading cycle of the load dependent
ECR tests at 5N, see Fig. 3a. This confirms that the silver sulfide film does not affect the
conductivity of the silver contact when piled-up. In other words, when silver sulfide is piled-up,
there is no substantial gain in contact resistance. Therefore, although silver sulfide reduces the
conductivity of silver electrical connectors, it is not as adverse as tin oxide is in tin plated
electrical connectors. Regarding the cleaned connector, the resistance is low, but about 3 times
higher than the values recorded at 5 N in the load dependent ECR tests, see Fig. 3b. This is likely
due to a deficient contact between the counter electrode and the contact’s surface on account of
the piled-up material after the scratch test. The pile-up effect at the end of the scratch track
reduces the real contact area of the electrical contact. SEM micrographs of the scratch tracks of
the tarnished and chemically cleaned silver connector are shown in Fig. 6¢ and d, respectively.
As the green-dashed lines illustrate, the scratch track of the tarnished contact (Fig. 6¢) is more
uniform after all four scratches were carried out (two simulating connection and two simulating
disconnection). For the chemically cleaned contact (Fig. 6d) however, the scratch track shows

more rugged boundaries between the edges of the scratch track and the unaffected surface of the
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contact. This can be explained by the lubricant nature of the silver sulfide film. Recalling the
CoF values of the tarnished sample (Fig. 6a), the wear protection of the silver sulfide film is
evidenced in the micrograph of the scratch track. In addition to a uniform scratch track, the
tarnished silver contact shows a thinner worn area compared to the cleaned contact. For the
tarnished sample the mean track width is 91.5 um % 4.1 pum, whereas the mean track width for
the cleaned sample is 116.0 um + 3.7 um. The roughness within the scratch tracks was measured
using CLSM. After the connection-disconnection simulations, the tarnished and chemically
cleaned samples showed a root mean square roughness of 126.6 + 22.3 nm and 183.3 + 19.6 nm,

respectively.

To understand the influence of piled-up material more accurately after the scratch track, shorter
scratch tests of 1 mm were carried out. With shorter scratch tracks it is hypothesized that the
influence of piled-up should be more significant since longer tracks allow for higher degree of
material displacement (analogous to plowing). However, in shorter tracks the length of the
scratch track is not significant enough for displacement to occur, and consequently, more of the
tarnishing film should be interlaced between the silver substrate and the hard gold rivet. However,
after multiple 1 mm scratch tracks and ECR measurements, no significant difference was
observed compared to the longer 4 mm scratch tracks. Therefore, these measurements further

confirm that silver sulfide does not significantly affect contact resistance when piled-up.

The lubricating properties of the silver sulfide film is of great interest. The fact that the sulfide

layer reduces the CoF by about half explains the primary cause of failure in tarnished silver
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Fig. 7. Evolution of ECR during fretting tests, carried out on tarnished (black) and chemically cleaned (red) silver
contact for 5,000 cycles. ECR measurements taken prior to fretting and every 100 cycles.
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contacts. This highlights that the cause of connector failure is not the inadequate electrical
connection (due to increased resistance), but rather due to connector disconnection — connector
disconnection is the primary cause of electrical contact failure [37]. Since the CoF is halved when
a connector tarnishes, external vibrations could more easily disconnect the connector. Therefore,
it is of significant importance that the connector design allows higher normal loads, consequently

puncturing the tarnishing film and thus reducing the likelihood of undesired disconnection.

For a more in-depth understanding of the influence of the tarnishing film on the tribo-electrical
behavior of silver connectors, fretting tests were carried out on the tarnished and chemically
cleaned samples, shown in Fig. 7. Both samples show the highest ECR value prior to fretting
cycles. After the first 100 cycles, ECR sharply decreases. The reduction in resistance is more
significant in the tarnished sample. This reduction is attributed to the rupture of superficial
contaminant films in both samples. In the tarnished sample, however, part of the silver sulfide
film is damaged, since the decrease is more prominent. However, in the tarnished sample, fretting
a 2 N is not enough to penetrate the tarnishing film, since the ECR values of the tarnished sample
are consistently higher than in the chemically cleaned sample. As the fretting cycles progress, the
ECR gradually becomes lower in both samples. The ECR after the 5,000 cycles is approximately
30% and 15% lower than the ECR value prior to fretting for the tarnished and cleaned samples,
respectively. These fretting tests further prove that the tarnishing film does not significantly

impact the ECR of silver contacts when piled-up, as previously demonstrated by scratch tests.

SEM micrographs of the fretting marks on the tarnished and cleaned samples are shown in Fig.
8a and Fig. 8d, respectively. In these micrographs, a clear distinction can be made between
tarnished and cleaned samples. That is, the fretting mark on the tarnished sample is significantly
larger than that of the cleaned sample. These fretting marks were segmented using ImageJ (Fiji).
After segmentation the worn area was measured, resulting in an approximate are of
35,817.62 um? and 29,356.74 um? for the tarnished and cleaned samples, respectively.
Therefore, although the CoF recorded in the tarnished sample is considerably lower than that of
the cleaned sample, the silver sulfide tarnishing layer does not offer wear protection. This
behavior was not expected since the scratch tracks shown in Fig. 6¢ and Fig. 6d show more

significant wear in the cleaned sample rather than on the tarnished sample.

EDS mappings were performed on the tarnished sample, shown in Fig. 8b and Fig. 8c. In the
former, an overlay of the silver, copper and sulfur maps is shown. From this EDS map, sulfur can
be seen remaining after 5,000 fretting cycles, primarily found in the grooves caused by the

counter body. However, when gold is also mapped (Fig. 8c), sulfur can no longer be detected
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Fig. 8: a) SEM micrograph of tarnished samle. b)-c) Overlay of EDS mapping of silver, copper, gold, and sulfur.
d) SEM micrograph of chemically cleaned sample. ¢) Overlay of EDS mapping of silver, gold, and copper. f) Oxygen
EDS map.

since the transfer of gold from the rivet is also present in the grooves. Interestingly, copper maps
reveal that the silver plating was sufficiently damaged, thus reaching the base material. Observing
the EDS mappings of the cleaned sample (Fig. 8¢ and Fig. 8f), it can be seen that there was less
significant gold transfer from the counter body. At the center of the fretting mark, a relatively
large region reveals the copper base material. Although the overall worn area of the cleaned
sample is smaller than in the tarnished sample (approximately 20% smaller), it appears as if the
penetration at the center of the fretting mark was more significant, hence the strong copper signal

in EDS mapping.

Sulfur was not detected in the chemically cleaned sample. However, residue left behind from

the cleaning process was found (as evidenced in the SEM micrographs from Fig. 6d and Fig. 8d).
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This residue presents large content of oxygen, as shown in Fig. 8f, and residual aluminum from

the cleaning process.

Traces of magnesium was also detected in the EDS spectrum, potentially originating from
sodium bicarbonate. However, the contaminants remaining from the cleaning process do not
affect the silver connector when subjected to fretting, as evidence by the oxygen map.
Nonetheless, adjustments should be made to the cleaning process to minimize the amount of
residue left behind on the connector. Alternatively further cleaning should be employed, thus

guaranteeing the lowest ECR possible.

IV. Conclusions

In this work, different methods aimed at minimizing the influence of silver sulfide tarnishing
film on the electrical properties of silver-plated connectors were analyzed. From this study the

following can be concluded:

¢ Silver sulfide’s electrical resistance is higher than that of pure silver. Therefore, there is a
constriction resistance when the current flows through the tarnishing film increasing the
overall resistance of the system.

e The mechanical (scratch test simulating connection-disconnection) and resistive heating
methods proposed did not diminish the effect of the tarnishing film as hypothesized.
Regarding the later, the ECR values for tarnished and chemically cleaned samples were
almost identical for all sourced currents. For the former, the tarnished sample displayed
higher resistances than the cleaned samples (approximately double the value), however, the
tarnishing film acts as solid lubricant, evidenced by lower CoF values.

e The tarnishing film does not incur additional contact resistance in the system when piled-up
(end of scratch track), as is the case with tin oxide in tin plated electrical connectors. Increase
in ECR was observed in both states as a consequence of inadequate contact between sample
and counter electrode. Fretting tests results concur with scratch tests. After 5,000 fretting
cycles ECR decreased 30% and 15% for tarnished and cleaned samples, respectively.
However, the overall value of the tarnished sample remained higher than that of the cleaned
sample. Therefore, the tarnishing film was not completely removed. Furthermore, the
tarnishing film does not offer fretting wear protection, with the cleaned sample showing a
fretting mark that is approximately 20% smaller than that of the tarnished sample.

e The silver sulfide film lubricates the surface, thus reducing friction caused by connection-

disconnection cycles. Consequently, lower insertion and removal forces are required. Lower
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removal forces aid undesirable disconnections, leading to malfunctions, loss in contact
efficiency, and/or contact failure.

The tarnishing film can be punctured by applying normal loads above 5 N (approximately
676.5 MPa). Above these normal loads the resistance resembles the values observed for the
chemically cleaned silver contacts. Therefore, this method is suitable to diminish the effects

of the tarnishing layer on ECR, thus eliminating the need of chemical removal.
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ABSTRACT

The use of electrical devices has skyrocketed over the past decades, increasing the demand for electrical
connectors worldwide. Therefore, it is of utmost importance to produce more reliable, energy and ma-
terial efficient, and durable electrical contact material systems; particularly in low-redundancy systems,
such as in passenger vehicles. This work analyzes the potential use of carbon nanoparticle coatings ap-
plied via electrophoretic deposition over copper substrates to reduce wear, require lower insertion forces,
and to protect the connectors from atmospheric conditions, while reducing the gain on the overall resis-
tance of the system. Four carbon nanoparticles were considered due to their well-known solid-lubricating
capabilities, namely: graphite flakes, graphene oxide, carbon nanotubes, and carbon nanohorns. Through
a comprehensive characterization of the coatings, aspects like coating topography, compactness, thick-
ness, elasticity, and electrical contact resistance were analyzed. Carbon nanotubes and nanohorns proved
to have the highest potential. In addition to their previously documented outstanding solid-lubricity and
environmental protection - after chemical modification of the coatings’ surfaces - these nanoparticles
showed low resistance values for loads above 4 N, i.e., below 400 mQ. Moreover, the coatings produced

were thin and homogeneous, with adequate mechanical stability, and elastic behavior.

© 2022 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Over the past decades the use of electrical connectors has
significantly increased. These components are ubiquitously found
throughout a wide range of devices used in day-to-day life. Their
use ranges from ordinary tasks (such as vacuum cleaning, water
heating, etc.) up to applications where their correct performance
is crucial for the safety of the users (e.g., navigation in passenger
aircrafts, industrial machinery, among others). The rising trend in
the consumption of electronic and smart devices - as well as the
growing digitization of industrial processes - has spiked the de-
mand for electrical components. Experts predict that the connector
industry will register a 7% increase in compound annual growth
rate between the years 2020 and 2026 (according to Global Mar-
ket Insights Inc.), surpassing a total revenue of 61 billion Euro. This
trend is not new, in the year 2000 alone connector sales were ap-
proximately 30 billion Euro [1]. Half of those sales were destined
for the computer and telecommunication market, whereas 5 bil-
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room 2.11, D66123 Saarbruecken, Germany.
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lion Euro in sales corresponded to the automotive industry. This
scenario clearly highlights the importance of efficient, durable, and
more reliable electrical connectors. The reliability of an electrical
connector takes a more important role in low redundancy systems,
such as in passenger vehicles. Here, most electrical circuits rely on
only one connector to effectively open and close the circuit. There-
fore, one electrical connector failing can potentially affect the en-
tire system.

There are several atmospheric and tribological conditions that
considerably reduce the duty life of electrical connectors. Regard-
ing ambient conditions, contact materials react with agents present
in the atmosphere, such as oxygen, sulfur, corrosive agents, acids,
etc., depending on the application. Moreover, electrical connectors
are subjected to wear during mating and un-mating cycles and
fretting wear during normal operations. To reduce wear on the
electrical connectors lubricant greases are applied on their sur-
face. Greases are used since they do not easily wash off, there-
fore reducing the requirement of reapplication [2]. Using lubricant
greases help prevent undesired reactions with atmospheric condi-
tions, along with reducing wear, fretting, and the insertion force
required. The greases also prevent the access of water in the con-
tact. Connector lubricants consists of varying chemistry; they can

2667-0569/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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be mineral or synthetic based oils with thickeners (e.g., polyurea-
based thickeners). However, these lubricants increase the electrical
resistance, therefore hindering their conductive properties. So far,
this has been a favorable trade off since the greases extended their
duty life.

Copper is among the most used metals for electrical connec-
tors. It has the second lowest resistivity among metallic conduc-
tors (1.65 x 108 Q.m at 20 °C) [2], being silver the best metallic
conductor. Copper has adequate mechanical properties, and its sur-
face is protected from oxidation as a consequence of a native oxide
layer that is spontaneously formed on its surface. Although cop-
per oxide is detrimental to its conductive properties, it effectively
protects the metal from further degradation. Copper electrical con-
nectors are generally plated with soft metals, such as gold, silver,
or tin.

Carbon is a versatile element capable of forming different
carbon-carbon bonds. Depending on the hybridization state, dif-
ferent allotropes are formed with varying properties [3,4]. In this
work we explore alternative solutions to lubricating contacts so as
to not compromise the electrical characteristics of the interfaces.
Therefore, we propose carbon nanoparticle (CNP) coatings obtained
via electrophoretic deposition on copper substrates. The CNP se-
lected are graphite flakes (GF), graphene oxide (GO), carbon nan-
otubes (CNT), and carbon nanohorns (CNH). These CNP were cho-
sen based on their well reported lubricant properties [5,6,7], with
the added advantage of their exceptional transport properties due
to the delocalized p, orbital, characteristic of sp? carbon.

Graphite is a classical, well-known solid lubricant due to the
weak interlayer interactions of the stacked hexagonal carbon struc-
tures. Therefore, graphite shows low shear strength when sub-
jected to friction, describing its use as solid-state lubricant and its
self-lubricating properties [8,9,10,11,12,13]. Due to its intrinsic lu-
bricity, graphite has also been introduced as an additive in oils,
commonly referred to as “nanofluids” [14,15]. Graphite addition-
ally presents good transport properties, namely thermal and elec-
trical conductivity. However, due to the stacking of the hexagonal
layers it presents anisotropy. In-plane, the thermal and electrical
conductivity are significantly lower than perpendicularly, relative
to the surface of the individual graphite layers. Nonetheless, stud-
ies have shown that graphite presents 2000 to 4000 W.m'.K"! for
large sized perfect structures, and electrical conductivity between
400 and 1250 S.cm’! [16,17,18]. Consequently, this allotrope was
selected for two key reasons. Foremost, it is considered a bench-
mark since it is widely used as a solid lubricant. And more im-
portantly, it presents good electrical properties. Furthermore, since
graphite is a hydrophobic material, graphite coatings have promis-
ing applications as surface protection barriers [19].

Graphene oxide is a slightly lower quality material, with re-
duced physical properties compared to graphene [18,20-28]. GO
can be obtained from graphite by chemical exfoliation (top-down
method) [29]. Alternatively, GO can be obtained from graphite by
Hummer’'s method or Brodie’s method [30,31]. By undergoing an
additional reduction step, reduced graphene oxide (rGO) can be
obtained. This rGO still possesses some imperfections, but it is rel-
atively similar to graphene regarding its physical properties. GO is
not as conductive as rGO or graphene (the electrical conductiv-
ity of rGO is linked to the reduction agent and reduction times)
as a consequence of the carbon-oxygen bonds [32]. Furthermore,
the covalent bonds between oxygen and the functional groups in
GO generate structural defects in the crystalline structure. These
defects scatter the electrons, affecting GO’s electrical conductivity
[23]. However, it is simpler to mass produce at a lower cost. GO
is particularly interesting as a solid lubricant due to the oxygen
bonds present in the lattice. As the oxygen bonds repel one an-
other, they prevent the graphene sheets from re-stacking and thus
forming graphite. This further decreases the shear forces during
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friction. Consequently, GO has been of great interest for applica-
tions as solid lubricant, self-lubricating solid, and as a lubricant ad-
ditive [33,34,35]. Moreover, due to the oxygen present in GO, atmo-
spheric protection may be affected due to an increased hydrophilic
behavior. Nonetheless, studies have shown that the wetting behav-
ior of GO can be altered by chemical modifications [36,37].

Carbon nanotubes have been of great interest to the research
community in the past decades due to their outstanding intrin-
sic physical properties and their potential fields of application.
These quasi-one-dimensional carbon structures - in their purest
defect-free state - have the highest tensile strength of any ma-
terial known, the highest thermal conductivity, and quasi-ballistic
electronic conduction. The theoretical thermal conductivity of CNT
was reported to be over 6000 W.m . K-!, whereas the electrical
conductivity varies between 10% to 10° S.cm™! [38-46]. However,
due to their geometry, CNT present anisotropy in their transport
properties, showing better thermal and electrical conductivity in
the axial direction compared to radial direction. Moreover, the ex-
celling intrinsic properties of CNT are hindered by their tendency
to form agglomerates (due to m-m interactions) [47,48]. Therefore,
breaking up the CNT agglomerates without causing damage to the
structure of the individual CNT is of utmost importance in or-
der to maintain their properties. Previous reports have shown that
CNT have promising applications as protective barriers from at-
mospheric conditions [49], as well as self-lubricating metal matrix
composites and coatings [50-52]. Similarly to graphite, CNT have
been used as additives to improve the lubricity of traditional oil-
based lubricants [53-55]. In this work multi-walled CNT are used
due to their simpler synthesis method, lower cost, and - most im-
portantly - since statistically multi-walled CNT always have at least
one conductive wall.

Single walled carbon nanohorns - also known as nanocones -
are part of the sp? carbon family which have not received as much
attention as the previously discussed CNP. CNH are nanoparticles
with a tubular shape, similar to single-walled CNT [56-59]. How-
ever, CNH arrange themselves in horn-like endings, with tube di-
ameters in the range of 2 to 5 nm and tube lengths between
40 and 50 nm. CNH present two important advantages over CNT,
namely: 1) CNH synthesis does not require metallic catalyst, and 2)
CNH can be produced on a large scale at room temperature. CNH
are also differentiated from CNT because all CNH are semiconduct-
ing. Their conductive properties are closely linked to temperature
and the adsorption of gases. As for all semiconductors, CNH show
higher electrical conductivity at higher temperatures. Due to CNH
morphology, they are of interest in solid lubrication applications
and as oil-based lubricant additives [60]. Regarding the electron
transport properties of CNH, a specific value was not found. How-
ever, one study has shown that incorporating CNH in organic aero-
gel composites has increased its electrical conductivity [61]. More-
over, it has been previously shown that CNH have a hydropho-
bic behavior [62]. Consequently, CNH coatings could potentially be
used as protective barriers by manipulating their superficial char-
acteristics, as previously shown for CNT.

Electrophoretic deposition (EPD) is a relatively straight forward
method used to deposit CNP [49,63-70]. This method was selected
due to its simplicity, easily controllable coating thicknesses, mod-
est equipment requirements, and up-scalability. In essence, this
technique requires the previous dispersion of the CNP in a suitable
solvent. The electrodes are later immersed in the colloidal suspen-
sion and connected to a direct current power source. An electric
field is generated, imparting electrophoresis on the CNP. The sta-
bility of the dispersion depends on the size of the CNP agglomer-
ates. Therefore, mechanically breaking down the agglomerate size
is crucial. Agglomerate size can be reduced through homogeniza-
tion (shear force) and through sonication (ultrasound bath) [49,70].
Smaller particle sizes also promote more homogeneous coatings



B. Alderete, F. Miicklich and S. Suarez

and require weaker electric fields. The stability of the colloid is
further improved by adding an additive to the solution. It has al-
ready been proven that triethylamine (henceforth TEA) improves
the overall stability of the colloid, and assists the deposition pro-
cess by giving the CNP a positive superficial charge (anodic depo-
sition) [49,71].

A study carried out by Lloyd et al. has laid the foundation for
graphite, graphene and CNT as electrical connector finishing layer
[72]. Their study focused on the tribological and electrical behav-
ior of thin coatings deposited by spray coating (and/or brushed) on
Au, Ag and Sn surfaces. However, the normal loads applied for re-
sistance measurements were low, 0.5 N for Au and 2 N for Ag and
Sn. Within the scope of this work, we comprehensively analyze
the potential use of four different CNP-based coatings obtained via
EPD to increase the efficiency of electrical connectors. Addition-
ally, these CNP have superior thermal conductivity, enhancing the
dissipation of the heat that is produced in the electrical contact.
Furthermore, depending on the resulting chemistry of the coat-
ing’s surface, these can behave as near superhydrophobic surfaces
[49]. The resulting coatings should lubricate the connector for mat-
ing and un-mating, protect the connector from ambient conditions,
while minimizing the effect on the electrical conductivity of the
system.

The coating’s morphology was evaluated using scanning elec-
tron microscopy/focused ion beam (SEM/FIM) and confocal laser
scanning microscopy (CLSM). From these techniques crucial infor-
mation on the coating’s topography, thickness, homogeneity, com-
pactness, and interface was acquired. Additionally, the deposition
rate of the CNP was qualitatively analyzed with the information ac-
quired from FIB cross sections. SEM on the pristine nanoparticles
was carried out, measuring their minimum, maximum, and mean
particle/agglomerate size. Load-dependent electrical contact resis-
tance (ECR), using a self-developed setup, was used to characterize
the electrical properties of the coatings. Moreover, post-ECR CLSM
measurements were carried out on the coated samples and the
counter electrode. The two latter were the primary focus of this
study since the electrical resistance and durability of the coatings
plays a pivotal role in the efficiency and reliability of the connector.

2. Materials and method

The substrates used were laminated, flat pure-copper platelets
(25 x 10 x 1) mm. These Cu platelets were ground (P1200 grit
silicon carbide grinding paper) and polished at 6 pm, 3 pm, and
1 um to obtain a mirror-polished surface before coating. Graphite
flakes (Alfa Aesar, Germany) with a median size between 7 and
10 pm, 99.8% purity were used. The graphene oxide particles pos-
sess 51.25 wt% carbon, 43.99 wt% oxygen (Nanoinnova Technolo-
gies, Spain). The CNT used were chemical vapor deposition-grown
multiwalled CNT (Graphene Supermarket, USA), with an outer di-
ameter distribution between 50 and 85 nm, an as-received state
length from 10 to 15 pm, and carbon purity over 94%. The single-
walled CNH used were dahlia-type, produced by rapid condensa-
tion of carbon atoms without a catalyst by Carbonium SRL, Italy.
The as-received high-purity CNH have a horn diameter between 3
and 5 nm, horn length between 30 and 50 nm, and a cluster di-
ameter between 60 and 120 nm.

A schematic representation of the EPD setup is shown in Fig. 1.
Due to the geometry of the electrodes (flat, rectangular platelets),
the electric field is perpendicular to the parallel-mounted elec-
trodes. A copper sample was used as a counter electrode. The
power source used (Consort EV3020) operates under constant volt-
age (potentiostatic EPD). Therefore, to alter the strength of the
electric field, the voltage must be manipulated. From previous
studies [58], it was found that the optimal voltage level for EPD
of CNP is 300 V. Due to the geometric constraints of the setup, the
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Fig. 1. Schematic representation of EPD setup.

minimum inter-electrode distance was 15 mm. Reducing the inter-
electrode distance minimizes the distance the CNP must travel
to reach the deposition electrode. Keeping this voltage and inter-
electrode distance constant, the coating thickness is controlled by
the duration of the deposition process. The deposition rate varies
from nanoparticle to nanoparticle, depending on their conductiv-
ity. It is important that each CNP has enough time to fully coat
the substrate during EPD. Therefore, the coatings obtained will be
compact and without voids. This is highly desirable since uncoated
regions lack wear and atmospheric protection. Furthermore, re-
garding ECR measurements, these regions will behave significantly
different than completely coated regions.

The dispersion of the carbon nanoparticles consists of mixing
them in a solvent, Isopropanol (IPA), and an additive. As previously
mentioned, the role of the additive is to enhance the stability of
the dispersion and provide a superficial charge to the nanoparti-
cles. According to the additive used, the superficial charge of the
nanoparticles varies, consequently changing the deposition elec-
trode. In this study, TEA (CgHi5N) was the additive used. The ho-
mogenization step begins once the solvent, additive, and nanopar-
ticles have been added into a beaker. The homogenizer (IKA T25
digital Ultra-Turrax) breaks down the nanoparticle agglomerates
using shear forces. To further separate the nanoparticles, the col-
loid is placed in an ultrasonic bath (Bandelin Sonorex Super RK
514 BH, 33 Hz, 860 W). The concentrations used and the disper-
sion times are described in detail in Table 1.

As previously mentioned, the deposition rate varies depending
on the conductivity of each CNP. A common deposition time of 5
minutes was chosen for all CNP to achieve a uniform, homoge-
neous, and thin coating. Thick coatings would result in an addi-
tional barrier for electrical current. Therefore, thinner coatings are
sought out, hence the benefits attained would outweigh the gain in
ECR caused by the CNP coating. The produced coatings were char-
acterized with SEM/FIB (FEI Helios NanoLab600 Dual Beam Setup)
and Confocal Laser Scanning Microscopy (LEXT OLS4100, Olympus).
The SEM micrographs were acquired using an acceleration voltage
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Table 1
. Concentrations and dispersion times for each CNP colloid.
Nanoparticle GF GO CNT CNH
Nanoparticle concentration / mg/ml 0.2 0.5 0.2 0.05
IPA [ ml 80 70
TEA [ ml 10 10 5 5
Homogenizer | min 10 5 10
Homogenizer speed /| rpm 7000 12000
Ultrasound /| min 10 15
Table 2
. Mean particle/agglomerate size of pristine CNP.
Nanoparticle GF GO CNT CNH
Mean particle size (7.1 £2.2) pm (74 + 18) nm
Agglomerate size (5.0 £ 1.9) pm (6.6 £ 4.2) pm (264 £ 70) nm
Min. size 4.1 pm 2.2 pm 2.1 pm Particle: 13 nm Agglomerate: 154 nm
Max. size 124 pm 7.8 pm 19.5 pm Particle: 29 nm Agglomerate: 388 nm

of 5 kV and an electron beam current of 1.4 nA. The intensity maps
and height profiles acquired with the CLSM were taken with 50x
magnification and a laser wavelength of 405 nm. The profiles con-
sist of a 3x3 stitching of the region of interest.

The four coatings and the substrate were electrically character-
ized via a self-developed ECR testing rig [73-75]. This rig can ana-
lyze load dependent ECR of the material via four-terminal method
using a direct-current power source. Loading and unloading cycles
from 0.25 up to 10 N can be measured. The power source used
was a Keithley 2400 SMU, capable of sourcing between 1 nA and
1.05 A. This device can also source voltage, but for this method
constant current was sourced, and the voltage drop between elec-
trodes registered. The current was set at 100 mA to stay in the
dry circuit conditions [76,77]. The voltage drop is measured using
a Keithley 2182a nanovoltmeter. This device can be set at five dif-
ferent measurement ranges, i.e., 10 mV, 100 mV, 1 V, 10 V, and
100 V. Depending on the voltage range that is expected for the
measurement, the instrument range must be selected accordingly.
It is noteworthy that the lowest suitable range for the measure-
ment must be chosen to minimize the uncertainty of the measure-
ment [78].

One ECR measurement cycle was measured for each coating
and the substrate. Each cycle consisted of one loading and one
unloading semi-cycle. Ten ECR measurements are taken per load
throughout the cycle. Depending on the voltage drop recorded, the
range of the nanovoltmeter must be adjusted to prevent the de-
vice from overflowing. If the range is too low, the recorded value
will be incorrect; whereas in selecting a range that is too high the
uncertainty of the measurement increases [78]. The normal loads
that constitute the cycles are: 0.5 N, TN, 2 N,3 N,4N,5N, 6N,
8 N, and 10 N. Two-cycle ECR measurements were taken using the
same loads and current. This allowed an analysis on the deforma-
tion of the coatings.

In this setup, the coated sample was the electrode and a silver-
nickel core (AgNig15), hard gold coated rivet (AuCog,) was used
as counter electrode (Adam Bornbaum GmbH). The counter elec-
trode had a curved head, with a mean curvature of 4 mm at its
tip. The roughness of the rivet’s tip was analyzed with CLSM with
a laser wavelength of 405 nm and 20x objective. The root mean
square roughness was Sq = 0.255 pm. For each coated sample, a
new rivet was used. The same rivet was used for all subsequent
measurements carried out on the same coating.

The pristine CNP were observed with SEM. Quantification on
pristine CNP powders were carried out with Image] software on
micrographs with a magnification of 2500x, except for the CNH
where 50000x was used. The minimum, maximum and average
particle/agglomerate sizes are summarized in Table 2. As this ta-

ble shows, the mean GF particles size falls within the range pro-
vided by the manufacturer (7-10 nm). However, larger flakes up
to 12.4 pym where observed. The GF observed were randomly dis-
tributed, without a specific orientation, showing multiple folded
particles. On top of the larger GF particles, smaller GF were ob-
served. GO showed large networks of agglomerated particles. A few
significantly larger GO particles could be identified. The agglom-
erated GO particles interact with one another, making it difficult
to differentiate one agglomerate from another. CNT showed varied
agglomerate sizes. Agglomerates of 2.1 pm up to 19.5 pm were ob-
served, with a mean size of 6.6 nym. The diameter of the CNT was
also measured on a micrograph with 50000x. The mean CNT di-
ameter measured was 45 nm with a standard deviation of 12 nm,
in accordance with the values provided by the manufacturer. The
CNH particles and clusters could both be measured. The mean CNH
particle diameter measured was approximately 74 nm, whereas the
mean cluster size was approximately 265 nm. CNH agglomerate
sizes range from 154 nm up to 388 nm approximately. Regarding
CNH particles, the smallest particle observed was 13 nm in diam-
eter approximately, whereas the maximum particle diameter was
29 nm.

3. Results and discussion
3.1. Coating topographic characterization

SEM micrographs of the four coatings are shown in Fig. 2. From
these micrographs one can obtain information on the different to-
pographies obtained from each CNP coating. As Fig. 2a shows, GF
are deposited with different orientations, with clusters of horizon-
tally deposited GF and few vertically deposited GF. This leads to an
uneven coating, with visible voids (some of which are highlighted
in light green). This could potentially lead to a porous coating. The
inset micrograph on the top right corner shows the pristine GF
particles. As the inset illustrates, GF particles significantly vary in
size and shape. It is interesting to highlight that GF do not form ag-
glomerates. GO coating’s topography is shown in Fig. 2b. This coat-
ing is similar to the GF coating, with an uneven surface and multi-
ple voids (highlighted in light green). GO agglomerates can be seen
throughout the surface, as well as large GO particles (shown by the
yellow arrows). The particles deposited horizontally on the surface
of the substrate will present a higher resistance, whereas the verti-
cally deposited particles will conduct electrical current with lower
resistance since in-plane conductivity is significantly higher. The
top right inset shows a micrograph of pristine GO nanoparticles.
In contrast to what was observed in graphite, GO does forms ag-
glomerates. Bundles of GO particles are ubiquitous throughout the
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Fig. 2. Secondary electron micrographs of coating topography - a) GF, b) GO, c)
CNT, and d) CNH. Light green circles highlight the presence of voids on the coatings’
surface. The yellow arrows indicate the inclusion of larger GO particles. The red
arrows indicate the presence of fissures on the CNH coating’s surface. A micrograph
of each pristine CNP is shown as an inset in the top right corner.

micrograph, making it difficult to identify individual GO particles.
Nonetheless, individual larger GO particles can be distinguished
among the GO bundles (lower left of the inset). The CNT coating,
shown in Fig. 2c, presents a heterogeneous surface, with large CNT
agglomerates scattered throughout its surface. Thicker regions can
be seen where the agglomerates are present. The thinner regions
correspond to small CNT agglomerates. However, the substrate can-
not be seen suggesting that the entirety of the surface is coated.
This is an advantage regarding wear and atmospheric protection,
and consistency in contacting surfaces. Nonetheless, regions with
larger CNT agglomerates could produce an increase in the electrical
resistance. The inset at the top right shows a few pristine CNT ag-
glomerates at higher magnification. In this inset the varying size of
the agglomerates can be highlighted. Furthermore, the inset shows
how the agglomerates tend to bundle, increasing the overall ag-
glomerate size. Finally, Fig. 2d shows the SEM micrograph of the
CNH coating. This figure shows a uniform surface with no topog-
raphy. It does, however, present some small cracks (shown by the
red arrows). These cracks may be a consequence of the elevated
voltage used in EPD, and the drying of the coating after removal
from the colloid [58]. These cracked surfaces jeopardize the trans-
port properties and atmospheric protection characteristics of the
coating. The inset in the top right shows the pristine CNH nanopar-
ticles. Due to the dimensions of the CNH only larger agglomerates
can be observed at this magnification. They are identifiable by the
lighter shade in the SEM micrograph.

Observing the four surfaces, the CNH coating seems to be the
most homogeneous and compact coating. Contrarily, the GF and
GO coatings appear to be highly porous and heterogeneous. In the
case of GF, the uneven coating can be explained by the large size
of the particles. Relative to the GF coating, GO appears to be - to
a moderate extent - more homogeneous. Although, several voids
can be observed on its surface. Concerning the CNT coating, it is
considered a heterogeneous coating. However, compared to GF and
GO coatings, it appears to be a better alternative as voids cannot
be observed. Nonetheless, the thickness of the coating changes sig-
nificantly from region to region as a consequence of the larger ag-
glomerates.

For further characterization of the coatings’ topography, sec-
ondary electron images were acquired with the samples tilted to

Carbon Trends 7 (2022) 100156

52° relative to the electron beam. Their surfaces were additionally
analyzed with CLSM, plotting their height profile. The height pro-
file and SEM micrograph are shown in Fig. 3. The micrograph and
height profile correspond to different regions in the coatings. The
height profile and micrograph in Fig. 3a and Fig. 3b, respectively,
correspond to the GF coating. These figures prove what the mi-
crograph from Fig. 2a suggested; the coating produced by GF is
highly irregular. The height profile of the GF coating shows that,
on average, the height of the coating is in the range of 20 pm.
This plot also shows that the coating has multiple voids and peaks
scattered throughout the analyzed region. This can be seen by the
distribution of blue and yellow/orange regions in the height pro-
file. The peaks and valleys of the coating are also depicted in the
tilted SEM micrograph. The valleys are found at an approximate
height of 7 ym and the peaks at about 28 pum. Fig. 3¢ and Fig. 3d
show the height profile and micrograph of the GO coating, respec-
tively. Both figures show the irregularities and uneven nature of
the coating. The irregularities are accentuated when compared to
the GF coating. Although the SEM micrograph shows that the GO
coating has many voids, it can be seen from the height profile that
the voids are superficial. In other words, the voids are close to the
surface of the coating. Furthermore, this coating has regions where
the GO particles have been deposited higher than in other regions,
as seen in the height profile (orange/red regions). The mean height
of the coating is in the 20 pm range, with peaks as high as 35 pm
and valleys around 10 pm. Observing the tilted micrograph, it can
be seen that the higher regions in the coating correspond to GO
agglomerates, but also due to large GO particles. These particles
are significantly larger than the GO agglomerates, with sizes com-
parable to those of the GF particles. The height profile and mi-
crograph of the CNT coating is shown in Fig. 3e and Fig. 3f, re-
spectively. This coating highly contrasts with the previous two. The
height profile shows that the mean height is approximately 10 pm
with high peaks corresponding to the agglomerates (approximately
20 pm high). Both the height profile and the micrograph show that
the coating does not present voids. The height difference on the
coating’s surface is solely a consequence of the large CNT agglom-
erates. These agglomerates produce the heterogeneity of the coat-
ing. Finally, Fig. 3g and Fig. 3h shows the height profile and micro-
graph of the CNH coating, respectively. These figures confirm that
this coating is highly homogeneous, as suggested by the SEM mi-
crograph from Fig. 2d. The average height of this coating is below
10 pm, with a few peaks reaching an approximate height of 14 pm.
These peaks are seen as spots on the micrograph. These spots are
a consequence of relatively large CNH agglomerates. The fissures
observed on the SEM micrographs are not detected in the height
profile. Therefore, the depth of the fissures can be neglected.

The height profiles acquired with CLSM provide additional in-
formation, complementing the information obtained from SEM mi-
croscopy. From Fig. 3 we can establish that GF and GO produce
irregular surfaces, being the former more heterogeneous than the
latter. This statement contradicts what was initially hypothesized
by observing the SEM micrographs in Fig. 2. The CNH coating is
exceptionally homogeneous, with very few outlaying CNH agglom-
erates. The CNT coating stands in the middle showing heterogene-
ity, but to a lesser extent than GF and GO coatings. The tilted mi-
crograph additionally allows the visualization of superficial voids.
These are ubiquitously found in the GF and GO coatings, being
more prominent in the former as demonstrated by the height pro-
file.

3.2. Coating cross section
For an in-depth assessment of the compactness, thickness and

coating-substrate interface, FIB cross sections on each of the coat-
ings were carried out, shown in Fig. 4. In all cases, the substrate-
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Fig. 3. CLSM height profile (left), secondary electron micrograph of coatings tilted at 52° relative to electron beam (right); a-b) GF, c-d) GO, e-f) CNT, and g-h) CNH. It is
important to highlight that the height profile and SEM micrograph do not correspond to the same region of the coatings. The tilted SEM micrographs were taken on the

same regions as the micrographs shown in Fig. 2.

coating interface is highlighted by a green line. Likewise, the sur-
face of the coating is shown with a green dashed line.

The GF coating is shown in Fig. 4a. From the SEM image in
Fig. 2a, the coating seemed highly heterogeneous. However, the
cross section shows that the thickness of the coating does not

vary significantly. This coating has an average thickness of 12.8 +
0.9 pm. The uniformity of the coating is evidenced by the marginal
standard deviation, accounting for only 7% variation in the over-
all thickness of the coating. This is in strong contrast from what
one can infer from the SEM micrographs. The coating is relatively
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Fig. 4. FIB cross sections - a) GF, b) GO, c) CNT, and d) CNH. The green solid line indicates the substrate-coating interface. The green dashed line indicates the interface
between the CNP coating and the protective Pt coating. The light green circle indicates a large void present in the GF coating. The violet arrows highlight compact regions
in the CNT coating. The yellow squares highlight the porous interface between GO and the Cu substrate.

thick; however, this was expected since the particles are large in
size. This cross section shows that the coating is not compact,
with small voids (compared to the particle size). Larger voids are
present in regions where the flakes were deposited in perpendicu-
lar direction relative to the previously deposited flake (highlighted
in light green). The distance from the lowest point in the void,
moving vertically towards the next GF, is approximately 4.1 pm.
The maximum width of this void is approximately 5.8 um. The
different directions in which the flakes are deposited, as well as
the presence of voids severely restricts the coating’s ability to con-
duct electrical current. Therefore, the lack of compactness of this
coating is undesirable for electrical applications. Nonetheless, this
could be overcome by applying pressure during mating. Regard-
ing atmospheric protection, the voids seen in the top-view micro-
graph do not appear as significant in the cross section. Although
the superficial voids could allow atmospheric contaminants to pen-
etrate. Nonetheless, the path towards the substrate is very intri-
cate; no direct path is visible in this region of the coating. Concern-
ing solid lubrication, the cross section shows some flakes that were
deposited parallel to one another. This favors the solid-lubricating
ability of graphite. Moreover, the interface between the graphite
coating and the substrate raises concern. Only a few GF are in com-
plete contact with the substrate, leaving large voids between the
coating and the substrate. This is undesirable, as a weak bond be-
tween the coating and the substrate could facilitate the removal
of the coating; thus, compromising the mechanical stability of the
coating. However, this is beneficial for the lubricity of the system.

The GO coating is shown in Fig. 4b. Compared to the GF coat-
ing this coating seems more compact. Still large voids are present,
especially near the coating-substrate interface. The GO coating is
also thinner and more irregular, with an average thickness of 4.2 +
1.2 pm. The standard deviation here represents a 27% variation in

coating thickness in the region analyzed. This is a consequence of
large GO agglomerates that significantly increase the thickness in
some regions. This correlates with what was observed in SEM (Fig.
2b), since the topography of the coating appeared uneven through-
out the coating. Many small voids are present within the core of
the coating, with relatively larger voids near the substrate. As al-
ready stated, the presence of voids is highly unfavorable for electri-
cal conduction, wear and atmospheric protection, and from a me-
chanical standpoint. The voids are non-conductive regions, which
increase the overall electrical resistance of the coating. In addi-
tion, the presence of a porous network within the coating hinders
the protection of the substrate from atmospheric conditions. This
was inferred from the SEM micrographs, and now demonstrated by
the ubiquitous presence of voids. Furthermore, the larger voids at
the interface potentially reduce the coating’s adhesion to the sub-
strate (highlighted in yellow); consequently reducing the mechani-
cal stability of the coating and facilitating its removal. These voids
have a maximum width ranging from 1.0 to 3.2 um. The left-most
highlighted void has the largest vertical distance of approximately
3.3 pm.

The CNT coating’s cross section is shown in Fig. 4c. This coat-
ing is comparatively more compact than the GF and GO coatings.
A micro-porous network and some larger-sized voids can be seen.
However, the voids are significantly smaller than in the previous
two coatings. With the same deposition time, this coating results a
bit thicker than the GO coating, but significantly thinner than the
GF coating. It has an average thickness of 5.5 + 1.5 pm. For the
region analyzed, this coating also presents 27% variation in thick-
ness. This was expected, since CNT tend to form large agglomer-
ates, which were clearly visible in the SEM micrograph. The CNT
coating presents dark regions where the coating appears very com-
pact, with some identifiable small voids (shown by the violet ar-
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Fig. 5. Zoomed-in image showing the micro-porous network of the CNH coating.
The green solid line highlights the substrate-coating interface, whereas the green
dashed line highlights the interface between the CNH coating and the protective Pt
coating.

rows). The small region highlighted (left arrow) has a maximum
width of about 2.9 pm, whereas the larger region (right arrow)
has a maximum width of 6.6 pm. These regions may be larger
CNT agglomerates that were not broken apart during the disper-
sion process. Lighter regions represent areas with lower CNT den-
sity and larger voids. Nonetheless, this coating appears to be the
most favorable for electrical current flow, atmospheric protection,
and solid-state lubrication. Regarding the former, although many
small voids are present, the CNT appear to have an adequate in-
terconnection between the different regions of the coating. Conse-
quently, this coating provides different pathways for electrons to
be conducted from the electrode towards the substrate. Likewise,
this is also an advantage for atmospheric protection since the lack
of connection between voids blocks the flow of atmospheric con-
taminants towards the substrate. The larger voids observed in the
lighter regions were measured. The average pore width is 0.55 pm.
Although, they present a standard deviation of 0.25 pm, showing
that within the larger voids there is significant variation in their
dimensions. Moreover, this coating presents a seamless interface
with the substrate. Some regions show voids at the interface; how-
ever, they are relatively small. Additionally, within the region with
voids at the interface, CNT particles can be seen extending towards
the substrate. This is of great interest since it promotes a better
adhesion of the coating to the substrate.

Finally, the CNH coating’s cross section is shown in Fig. 4d. As
deduced from the SEM micrograph of the coating’s surface (Fig.
2d), this coating is very thin, uniform, and compact. It has an av-
erage thickness of 1.8 pm with a standard deviation of 0.2 pm.
The variation in thickness accounts for about 9% in the region an-
alyzed, further proving the uniformity of the coating. The fissures
that were observed on the coating’s surface do not seem to extend
within the coating (in the region analyzed), thus they do not af-
fect the potential atmospheric protection of the coating. However,
due to the thin nature of the coating, it is hard to visualize. There-
fore, Fig. 5 shows the coating at a larger magnification. In this im-
age, the micro-porous network of the coating can be clearly ob-
served. Observing this micrograph, many small voids can be iden-
tified. However, the CNH are connected to one another forming a
complex structure of bonded particles, which in turn potentially
enhances the coating’s atmospheric protection behavior. Regard-
ing the coating’s electrical properties, the complex CNH network
could hinder the electron transport properties. Nonetheless, there
are multiple paths for the electrical current to flow towards the
substrate due to the interconnected network of the CNH. Further-
more, as a consequence of the particle morphology, their potential
as solid lubricants is of great interest. The voids present an aver-
age width of 0.12 pm with a standard deviation of 0.04 pm. From
Fig. 4d, the CNH-substrate interface appears smooth and seamless.
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Fig. 6. Load-dependent ECR of coated and reference samples. The arrows indicate
the direction in which the loading and unloading semi-cycles were carried out.

However, as Fig. 5 shows, that is not the case. The voids found
throughout the coating also extend to the interface, with few CNH
particles in contact with the substrate. This has the potential to
reduce the mechanical stability of the coating, allowing for an ef-
fortless removal of the coating after mating and un-mating cycles
of a coated electrical contact.

All coatings were produced with a deposition time of five min-
utes. Considering the ratio between the mean particle/agglomerate
size of the CNP (7.09, 5.01, 6.61, and 0.26 um for GF, GO, CNT, and
CNH, respectively) and the mean coating thickness (12.8, 4.24, 5.53,
and 1.8 um for GF, GO, CNT, and CNH, respectively), it can be stated
that CNH has the highest deposition rate of all four nanoparticles.
It is followed by GF; however, its deposition rate is significantly
lower than CNH. GO and CNT have the lowest deposition rates.
These nanoparticles have similar mean agglomerate sizes, and both
produce coatings that are similar in thickness.

In addition to deposition time, voltage is also an important
parameter. Since it is the electric field who imparts the elec-
trophoretic force on the dispersed nanoparticles, which in turn is
determined by the voltage applied; therefore, larger nanoparticles
require larger voltages. Consequently, the small particle and clus-
ter size of CNH (and by maintaining 300 V on all depositions) ex-
plains the higher deposition rate of CNH nanoparticles. This also
justifies why GO and CNT have similar deposition rates, since these
CNP have similar particle sizes. However, GF’s deposition rate was
not expected. Considering that GF are relatively large, it was antic-
ipated that it would have the lowest deposition rate. Nonetheless,
on account of the larger dimensions of the particles, thick coatings
were expected.

3.4. Single-cycle electrical characterization

Load-dependent ECR values are shown in Fig. 6. The curves
shown on the plot correspond to one measurement cycle (a load-
ing semi-cycle and an unloading semi-cycle). The arrows indicate
the loading and unloading directions. As a consequence of the val-
ues recorded, the nanovoltmeter was used with a range of 1 V to
measure the four coatings, whereas 0.1 V was used for the copper
reference sample (to minimize uncertainty in this measurements)
[78]. All semi-cycles show the same tendency, i.e., higher ECR for
lower loads, which is expected. This is a consequence of the com-
pression of the coatings. As the normal load increases, the coat-
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ings are compacted by the counter electrode, thus filling the voids
within the coatings, and therefore improving the connectivity of
the nanoparticles. Furthermore, as the load increases the round-
headed counter electrode’s apparent contact area also increases;
consequently increasing the real contact area as well. In addition
- due to the elastic behavior of the coatings - as the counter elec-
trode compresses the coatings, it is immersed. This immersion of
the rivet further increases the contact area. As the coatings are
compacted - and the apparent contact area increases - so does the
real contact area. The real contact area increases as the asperities
(a-spots) of the electrodes come into electrical contacts. The elas-
ticity of the coating increases the real contact area, approximating
it to the apparent contact area. This is highly sought-after since it
reduces the constriction resistance of the system by augmenting
the a-spots that are in electrical contact.

As the figure shows, there is a clear hierarchy in the resistance
of the coatings and substrate. As expected, the copper substrate
has the lowest resistance at 10 N with a value of 52 mQ. The
substrate is followed by the CNT, CNH, GF, and GO coatings with
141 mQ, 219 mQ, 373 mQ, and 985 mQ at 10 N, respectively. This
hierarchy was expected since GO and GF present high anisotropy
in their transport properties. As the FIB cross sections shown in
Fig. 4a and Fig. 4b these nanoparticles are randomly deposited,
presenting different particle orientations. Ideally, the GF and GO
particles should be deposited vertically. In that case these coat-
ings would conduct the electrons in-plane, direction in which their
electrical conductivity is higher. Nonetheless, within the randomly
distributed coating, some particles were deposited in a more-or-
less vertical direction, improving the electrical properties of the
coating in these regions. However, this is more prominent in the
GF coating. Since GF particles are larger, it is crucial that there is
interconnectivity between the particles, considering that the voids
generated within the coating are consequently also larger. Particu-
larly for the GO coating, the oxygen atoms present in the structure
due to the synthesis method hinder the nanoparticle’s electrical
properties. In addition to this particle’s anisotropy, oxygen atoms
act as scattering sites for the electrons; therefore, the electrical re-
sistance increases. Moreover, the interface between the GO coating
and the substrate affects its electrical properties. Among the four
coatings analyzed, GO presents the weakest interface (shown by
the porous interface in the FIB cross, Fig. 4b). Consequently, higher
contact forces must be applied to achieve an adequate electrical
contact between the counter electrode, coating, and substrate. The
GF coating also presents a weak interface, however, not as signifi-
cantly as GO. Voids present at the interface in the GO coating rep-
resent up to 70% of the coating’s thickness. Whereas the dimension
of the voids located at the interface in the GF coating are insignif-
icant relative to the thickness of the coating (accounting for less
than 15% of the coating thickness). Moreover, both coatings show
elastic behavior since the ECR curves follow nearly the same ten-
dency in the loading and unloading semi-cycle. It is interesting to
point out that although the GF coating is more than twice as thick
as the GO coating, the thickness does not play as a significant role
as previously hypothesized. It was initially believed that thinner
coatings would present lower ECR, however, these two coatings
prove that the orientation of the nanoparticles is of greater im-
portance than overall thickness (for these specific CNP).

The behavior of the CNH coating was unexpected, showing the
second-best electrical behavior of the analyzed coatings. Due to the
morphology of the particles (dahlia-shaped particle constituted of
single-walled CNT with horn-shaped caps at their ends and semi-
conducting behavior) and it being a semiconducting CNP, it was
not expected that it would show ECR values similar to that of the
CNT coating. However, it was expected that the CNT coating would
have lower resistance among the four CNP. Since multi-walled CNT
were used, these nanoparticles always behave as metallic conduc-
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tors. Nonetheless, for low contact forces in the loading semi-cycle,
the CNT coating shows higher ECR values than CNH (3.8 Q against
2.5 Q). The CNH coating has a highly elastic behavior. Its ECR curve
is very narrow, with the final value being similar to the initial
value (1.9 Q and 2.4 Q, respectively). On the other hand, after the
unloading semi-cycle the CNT coating presents significantly lower
resistance than the CNH coating (0.76 Q). These two coatings also
present the advantage that they are relatively thin (especially the
CNH coating). Thin coatings require lower normal loads for the
counter electrode to reach the substrate, compacting the coating
and reducing the film resistance. The compacting process allows
for a better contacting area between the counter electrode, coating,
and substrate, improving the real contact area and thus reducing
the constriction resistance. Therefore, the resistance of the entire
system is not significantly elevated. At maximum load (10 N), the
resistance difference between the CNT and CNH coating is 80 mQ
(approximately 140 mQ and 220 mQ, respectively). Although these
resistances seem low, they are extremely high compared to the val-
ues of the copper substrate. The substrate has an ECR of approx-
imately 60 mQ at 10 N. The CNT coating has more than double
the resistance, whereas the CNH coating almost quadruple that re-
sistance. However, these values are still relatively low considering
that copper is one of the metals with the best electrical conduc-
tivity. This makes it is difficult to enhance copper’s intrinsic elec-
trical properties. Any additional layer added to this outstanding
conductor significantly affects the conductivity of the pure metal.
Nonetheless, at low normal loads the ECR values recorded for the
copper substrate are comparable to the resistances of the coatings.
This is because low normal loads do not puncture the native ox-
ide layer that is formed on its surface. After puncturing this oxide
layer however, the resistance of the substrate rapidly decreases. At
0.5 and 1 N the substrate shows the lowest resistance out of all the
samples (approximately 1.5 Q), when only considering the loading
semi-cycle. However, the values do not differ significantly from the
initial values of the CNH coating (about 2 Q). At 2 N the resistance
of the substrate is identical to that of the CNH coating. For the
subsequent loads the resistance continues decreasing, reaching the
lowest value at 10 N. As a consequence of the lower range used
for the substrate’s measurement (0.1 V), the measurements have a
lower uncertainty. Therefore, at 10 N the value corresponding to
the loading semi-cycle differs slightly from the value correspond-
ing to the unloading semi-cycle. This difference detected may be
caused by plastic flow of the substrate at this load. On the sub-
strate, the ECR at low loads in the unloading semi-cycle is higher
than the corresponding values during the loading semi-cycle. This
is a consequence of the deficient contact between the copper sam-
ple and the counter electrode when unloading. As the load in-
creases, the surface of the copper was deformed by the round
counter electrode. During the unloading semi-cycle, as the load is
gradually reduced, the real contact area decreases at a higher rate
(fewer a-spots are in contact) due to the deformation that has oc-
curred during the loading semi-cycle. With the normal load below
2 N the real contacting area is small, causing the ECR values to be
comparable to the CNH coating. The same phenomenon was ob-
served for the CNH coating, showing higher ECR at 0.5 N in the
unloading semi-cycle than in the loading semi-cycle. This is a con-
sequence of the thin nature of the coating. Due to the thickness of
the GF, GO, and CNT coating, the resistance in the unloading semi-
cycle is always lower than in the loading semi-cycle. Thus, enhanc-
ing the electrical contact between the coatings and the counter
electrode even at low loads.

3.5. Post single-cycle ECR coating characterization

After carrying out the ECR measurements, the rivets and the
coatings were observed under CLSM. The parameters of the CLSM
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Fig. 7. CLSM intensity profile of CNP coating (top) and Au rivet (bottom); a-b) GF, c-d) GO, e-f) CNT, and g-h) CNH after one ECR measurement cycle.

are identical to those described in Section 2. Before observing the
rivets under CLSM they were wiped with paper cloth and later
cleaned with compressed air. The images are shown in Fig. 7a-h.
The GF coating and the rivet’s surfaces after ECR are shown Fig.
7a and Fig. 7b, respectively. The GF coating was partially removed
after the electrical measurements. Part of the removed coating was
deposited on the rivet itself. Graphite was also found remaining on
the paper used to wipe the rivet before observing under the micro-
scope. Although, the coating was not entirely removed. The mark
left behind by the indenting counter electrode was circumscribed;
the resulting circle had a diameter of approximately 470 pm. Sim-
ilarly, the coating that was deposited on the rivet after the mea-
surements was circumscribed resulting in a diameter of approxi-
mately 235 pm. The GO coating and rivet after ECR are shown in
Fig. 7c and Fig. 7d, respectively. This coating was also partially re-
moved after the ECR measurements, in similar manner as the GF
coating. Moreover, the counter electrode was also partially coated.
The diameter of the circumscribed mark left behind by the in-
denting counter electrode is approximately 460 pm. Regarding the
coated rivet, it has a diameter of approximately 275 pm. GO par-
ticles were cleaned away when wiping the rivet before observing
under CLSM. Observing the CNT coating and rivet, Fig. 7e and Fig.
7f respectively, it can be seen that the mark left correlates per-
fectly to the deposition on the rivet. The mark and deposition have
an approximate diameter of 250 pm. The coating’s surface shows
that part of the CNT were removed, but to a lesser extent com-
pared to the previous coatings. In the mark we can also see darker
regions, which correspond to CNT agglomerates that remain in the
indented area. Likewise, the image of the rivet shows areas with
high concentration of CNT and areas without CNT. These images
coincide, i.e., the intensity map of the coating shows CNT agglom-
erates in regions where the rivet does not show CNT particles.
Likewise, the rivet shows regions with CNT deposited where the
coating shows partial removal of the coating. No traces of CNT par-
ticles were observed when wiping the rivet after the measurement
cycle. Finally, the CNH coating and rivet are shown in Fig. 7g and
Fig. 7h. The intensity map of the coating shows partial removal of
the nanoparticles on the outer ‘ring’ of the indented area, showing
little to no CNH particles in the center of the circumference. The
diameter of the interaction zone is approximately 220 pm, whereas
the deposited CNH particles in the rivet has a diameter of approxi-
mately 200 pm. A clear correlation between the indented region in
the coating and the CNH deposition in the rivet can be observed.
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As for CNT, no traces of CNH particles were observed after wiping
the rivet.

The different interaction zones of the indenting counter elec-
trode are interesting. They provide information on the compres-
sion that the coatings have undergone, but also on the mechanical
stability of the coatings. Observing the intensity maps of the GF
and GO coatings - Fig. 7a and Fig. 7c, respectively - it is evident
that the coating was removed at a higher rate than in the case of
CNT and CNH, Fig. 7e and Fig. 7g. As described in Section 3.2, the
GF and GO coatings have a very weak interface with the substrate.
The interface presents multiple large voids which hinder the ad-
hesion of the coating to the substrate. Consequently, the coating
is easily removed by the indenting counter electrode. Comparing
the areas where the GF and GO coatings were removed with the
areas on the rivet where the respective CNP were deposited, the
latter is in the range of half of the former (470 pm to 235 pm
and 460 pm to 275 pm, respectively). This shows that the coat-
ing area removed is higher than that deposited on the rivet. Addi-
tionally, these two coatings left behind CNP residue on the rivet,
which was wiped away after the ECR measurements. This further
demonstrates the fragility of these two coatings due to lack of ad-
hesion with the substrate. The higher amount of CNP removed can
be attributed to weaker adhesion to the substrate, compared to the
adhesion between CNP. Consequently, when retracting the counter
electrode, the CNP deposited on the counter electrode remove the
CNP in the vicinity of the contact area. The CNT and CNH coatings,
on the other hand, show a similar behavior regarding the diame-
ter of the circumscribed area affected in the coating and deposited
nanoparticle on the rivet’s surface (250 pm in both cases for CNT
and 220 pm to 200 pm for CNH). As the FIB cross sections from
Section 3.2 demonstrated, these two coatings present a better in-
terface. That is, the coating-substrate interfaces are seamless (es-
pecially compared to the GF and GO). Therefore, the mechanical
stability of the coating is superior. This is the reason why the area
affected in the coatings matches the area affected in the rivets. The
interaction between the CNP and the substrate is stable enough to
prevent additional CNP removal when retracting the counter elec-
trode.

3.6. Dual-cycle electrical characterization

Multiple loading and unloading semi-cycles provide useful in-
formation on the elasticity of the proposed coatings. An advantage
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Fig. 8. Load-dependent ECR of coated samples over two cycles of a) GF, b) GO, ¢) CNT, and d) CNH. The gray line depicts the ECR values on the first loading semi-cycle,
whereas the red line shows the first unloading semi-cycle. The blue and green line depict the ECR values of the second loading and unloading semi-cycles, respectively.

of CNP coatings is the ability of the coatings to return, to a certain
degree, to their original form after the load has been removed.
This elastic restitution of the coatings ensures repeatability in the
contacting area after the first mating and un-mating cycle. Further-
more, this behavior improves the contacting area, consequently
reducing the constriction resistance. Two-cycle ECR measurements
were carried out on the four coatings produced. The ECR curves
are shown in Fig. 8. As the figure shows, the coatings behave
similarly on both measurement cycles. The most elastic coating
measured was the CNH coating, since the curve corresponding to
the first cycle is nearly the same for the second cycle. The least
elastic coating measured was the CNT coating, showing high ECR
values initially (for low loads in the first loading cycle). However,
as the measurement cycle progresses, the resistance decreases and
remains relatively low. The GF and GO behave in a similar manner.
These coatings are not as elastic as the CNH coating, but these
also do not show a significant decrease after the first loading cycle
like the CNT coating. Between GF and GO, GO shows slightly more
elasticity than GF. This is due to the inherent high flexibility and
mechanical strength of the graphene nanoparticles. Furthermore,
as observed in Section 3.2, GO particles form large networks. When
loading on these GO clusters they will deform, copying the curved
shape of the counter electrode. Contrarily, GF particles do not form
clusters or agglomerates. In addition, GF particles are randomly
oriented when deposited. Graphite interlayers interact weakly with
one another. Therefore, when loading on a GF particle - displacing
the particle from its original position - there is no restitution
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force. Consequently, the elasticity of the coating is relatively low.

The elasticity of the CNH coating can be attributed to two
key factors, i.e., the compactness of the coating and intrinsic
properties of the nanoparticle. The latter refers to the fact that
CNH particles, when compressing a nanohorn axially, are capable
of absorbing energy. When the compressing force is removed, the
energy absorbed returns the nanohorn to its original shape. This
property fundamentally guarantees an elastic coating. Although
the CNH coating presents a porous network, the voids are small
in dimensions. Therefore, when applying a normal load on the
coating, the force does not significantly compact the coating; thus,
the coating behaves elastically since the displacement is marginal.

Although the CNT coating does not show an elastic behavior
in the first loading semi-cycle, in the subsequent semi-cycles it
behaves moderately elastic. Nonetheless, this coating shows the
lowest ECR values. All measurements taken after the first loading
semi-cycle above 1 N normal load show an ECR value below
1000 mQ. The minimum resistance value for this coating was ob-
served at 10 N in the first unloading semi-cycle, with a resistance
of approximately 150 mQ. However, this coating also shows the
highest initial ECR value in the first loading semi-cycle at 0.5 N,
with an approximate value of 8460 mQ. The initial high values of
ECR may be a consequence of the large CNT agglomerates. Due to
the geometry of CNT, when compressed radially, the electrostatic
forces restitute the original shape of the CNT when the load is re-
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Table 3
. Summary of key findings.
GF GO CNT CNH

Topography Very low homogeneity =~ Low homogeneity Mild homogeneity =~ High homogeneity
Compactness High porosity Moderately high porosity Mild porosity High compactness
Mean thickness [um 12.8 £ 0.9 42 + 1.2 55+15 1.8 £0.2
Coating-substrate interface =~ Weak Weak Moderate Seamless
Deposition rate Moderate Low Low Very high
ECR at 10 N /mQ 373 985 141 219
Elastic restitution Moderate Moderate (Initially) Low Very high

moved. However, CNT agglomerates are formed by weakly-bonded
CNT. Thus, the first loading semi-cycle breaks apart the CNT ag-
glomerates, producing smaller agglomerates. Therefore, in the sub-
sequent semi-cycles the resistance of the system is different from
the first semi-cycle since the contacting surfaces are not the same.

In all cases, for high normal loads, the resistance of the sys-
tem in the first cycle is higher than in the second cycle. This is a
consequence of the deformation of the substrate. In the first load-
ing semi-cycle, the substrate is mirror polished. As the load in-
creases, the counter electrode penetrates the CNP coatings reach-
ing the substrate. Consequently, the hard gold rivet indents the sur-
face of the substrate deforming it. On the second cycle the counter
electrode contacts the deformed surface. This should decrease the
constriction resistance, approximating the real contact area to the
apparent contact area. However, if that were the case, the resis-
tance should decrease instead. The increase in electrical resistance
in the second cycle (compared to the first unloading semi-cycle)
may be a consequence of a deficient contact between the elec-
trodes. For the analyzed coatings, the resistance values at 10 N in
the first cycle is between 60% and 70% of the ECR values - at the
same load - in the second cycle. Furthermore, the unloading semi-
cycles show the lowest average resistance values throughout the
entire semi-cycles. This behavior is a consequence of the coating.
When unloading, the contact area between the counter electrode
and the sample is gradually decreases. However, as the load on the
coatings decreases, the CNP gradually return - approximately - to
their initial positions, mimicking the geometry of the counter elec-
trode. Therefore, as the load decreases the decrease in contact area
is compensated by the coating, improving the electrical contact be-
tween the counter electrode and the coated sample.

The following table (Table 3) summarizes the key findings of
this work. Through this study, it was determined that CNH coatings
produce the most homogeneous topographies, followed by CNT,
then GO, and GF the most heterogeneous topographies. Regarding
compactness, CNH produce highly compact coatings, followed by
CNT, then GO, with GF producing the most porous coatings. CNT
and CNH coatings present adequate adhesion compared to GO and
GF coatings, which show weak interactions with the substrate. The
highest deposition rate was observed for CNH. GF follows, although
with a much lower deposition rate. GO and CNT show similar de-
position rates, the lowest out of the CNP in question. CNT present
the lowest ECR at 10 N, followed by CNH and GF. GO shows the
highest ECR at 10 N, with values close to 1000 mQ. GF and GO
coatings behave moderately elastic in multi-cycle ECR measure-
ments. CNT showed the least elastic behavior, however after the
first semi-cycle the elasticity moderately increased. CNH showed
the highest elasticity out of the four CNP.

4. Conclusions

Four different CNP were deposited on copper substrates via
EPD. Load-dependent ECR measurements showed that, for normal
loads above 4 N, the resistance of the systems was always be-
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low 1 Q, except for coatings produced with GO. The oxygen atoms
present in GO act as scatter sites for the electros, hindering this
coatings conductivity. Additionally, oxygen generates lattice defects
in the graphene structure which further compromise the conduc-
tivity. CNT and CNH coatings proved the most favorable coatings.
At 10 N the CNT and CNH coatings showed the lowest and second
lowest ECR, respectively. Furthermore, although the CNT coating
did not show an elastic behavior for the first loading semi-cycle,
it did behave elastically for subsequent semi-cycles. On the other
hand, the CNH coating shows a clear elastic behavior throughout
both measurement cycles. Additionally, these coatings’ interfaces
with the substrate are seamless, thus guaranteeing a better adhe-
sion and mechanical stability. Finally, these two coatings produce
thin and uniform - in the case of CNH - coatings. Accordingly, these
two CNP coatings have the potential application of protecting and
lubricating electrical connectors for the following reasons:

e Both CNT and CNH have been proven effective as solid-state lu-
bricants.

o They produce relatively compact coatings and have a hydropho-
bic behavior for atmospheric protection by manipulating their
surface chemistry.

e Both CNT and CNH have high thermal conduction coefficients,
thus dissipating the heat produced by Joule’s effect.

e Above 4 N normal load, CNT and CNH showed ECR values be-
low 400 mQ.

In future works, it is of interest to analyze the ideal coating
thicknesses (i.e., EPD duration) for the different CNP based on the
ECR values measured. Moreover, tribological testing on the coat-
ings produces is of interest. Fretting and scratch tests would help
quantify the lubricating behavior of the CNP coatings and their
adhesion, respectively. Additionally, different copper alloys are of
interest, thus obtaining a wider understanding on how the sub-
strate influences the deposition rate, adhesion, and electrical be-
havior of the systems. Furthermore, substituting GO with rGO can
be a promising alternative for electrical contact applications. The
absence of oxygen and fewer lattice defects in the graphene struc-
ture should improve the ECR of the coating. In addition, sessile
drop tests are of interest; therefore analyzing the wetting behav-
ior of the different CNP coatings.
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The piezoresistive effect of materials can be adopted for a plethora of sensing applications,
including force sensors, structural health monitoring, motion detection in fabrics and wearable,

etc. Although metals are the most widely adopted material for sensors due to their reliability and
affordability, they are significantly affected by temperature. This work examines the piezoresistive
performance of carbon nanoparticle (CNP) bulk powders and discusses their potential applications
based on strain-induced changes in their resistance and displacement. The experimental results

are correlated with the characteristics of the nanoparticles, namely, dimensionality and structure.
This report comprehensively characterizes the piezoresistive behavior of carbon black (CB), onion-
like carbon (OLC), carbon nanohorns (CNH), carbon nanotubes (CNT), dispersed carbon nanotubes
(CNT-D), graphite flakes (GF), and graphene nanoplatelets (GNP). The characterization includes
assessment of the ohmic range, load-dependent electrical resistance and displacement tracking, a
modified gauge factor for bulk powders, and morphological evaluation of the CNP. Two-dimensional
nanostructures exhibit promising results for low loads due to their constant compression-to-
displacement relationship. Additionally, GF could also be used for high load applications. OLC’s
compression-to-displacement relationship fluctuates, however, for high load it tends to stabilize. CNH
could be applicable for both low and high loading conditions since its compression-to-displacement
relationship fluctuates in the mid-load range. CB and CNT show the most promising results, as
demonstrated by their linear load-resistance curves (logarithmic scale) and constant compression-to-
displacement relationship. The dispersion process for CNT is unnecessary, as smaller agglomerates
cause fluctuations in their compression-to-displacement relationship with negligible influence on its
electrical performance.

Keywords Carbon black, Carbon nanohorns, Carbon nanotubes, Graphene nanoplatelets, Graphite flakes,
Onion-like carbon

The piezoelectric effect is the phenomenon of electrical charge concentration in materials when a force is applied'.
This effect finds a plethora of applications since it can be exploited for sensors and actuators. Similarly, the
piezoresistive effect is the change in a material’s electrical resistance caused by its dimensional changes, which
can originate from external forces or thermal expansion®. Piezoresistance has a wide range of applications, and
recent innovations in materials science have expanded the potential uses of piezoresistive sensors. These include
structural health monitoring, motion detection in fabrics and wearables, and human-machine interfaces, among
others*. The most commonly used materials for their piezoresistive behavior are metals and metal alloys, semi-
conductors, piezoceramics (such as perovskite and tetragonal/rhombohedral crystals), and conductive polymeric
composites. However, as previously alluded, the piezoresistance behavior of these materials is highly dependent
on temperature, thus requiring temperature compensation®. Carbon-based strain sensors are particularly attrac-
tive due to their temperature independence, which is a substantial advantage over conventional piezoresistive
materials. This eliminates the need for additional dedicated electronics to compensate for thermal impact. The
thermal stability of carbon nanoparticles (CNP) is not only sought after because they eliminate this requirement,
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but they can a withstand extreme temperatures (high and low), as well as thermal fluctuations®. This characteristic
makes CNP a promising material for sensor applications.

Multiple researchers have studied the piezoresistive performance of CNP, however, their studies focus on indi-
vidual nanostructures or incorporate CNP within composite materials*-'%. However, there is a lack of literature
analyzing the behavior and performance of CNP bulk powders. Due to the versatility of the carbon atom, it is
capable of forming different carbon-carbon bonds. Thus, carbon can form different allotropes, which depending
on the hybridization state, changes their properties'>!®. Accordingly, in this study we sought out to evaluate the
piezoresistive behavior of different carbon archetypical structures: i.e., quasi-zero-dimensional (fullerene-type),
one-dimensional (nanotube-type), and two-dimensional (graphene-type) nanostructures. Therefore, the CNP
evaluated in this study are carbon black (CB), onion-like carbon (OLC), carbon nanohorns (CNH), carbon nano-
tubes (CNT), graphite flakes (GF), and graphene nanoplatelets (GNP). Certain CNP tend to form agglomerates
due to Van der Waals interactions. Therefore, to evaluate the effect of CNP agglomeration on its piezoresistance,
the as-received CNT were dispersed to reduce the size of CNT agglomerates (henceforth CNT-D).

The electrical properties of CNP have garnered much attention from the research community, leading to a
profusion of applications for these unique nanostructures. Applications range from the aforementioned sensing
and actuating purposes to applications such as printed electronics and their incorporation as reinforcement
phase in polymeric matrices'’~*°. Additionally, the transport properties of CNP make them suitable for electronic
bridging and as terminal interconnection media in micro- and nano-electromechanical systems. Moreover, the
piezoresistive behavior of CNP can be utilized to determine the effective contact load in electrical connectors.
This is typically calculated through simplified modelling (e.g., finite element method). By placing a CNP inter-
layer between two connectors the contact load can be rapidly and easily determined by measuring the contact
resistance (using Holm’s contact resistance equation). Therefore, understanding the piezoresistive behavior and
determining the electrical resistance of CNP is of considerable interest in the field of sensors, electronics, and
materials science.

In our previous work, different CNP have been used as protective coatings due to their hydrophobic
behavior?®?!, as topography offsetting interfaces due to their elasticity®?, as well as for wear protection?7.
Moreover, CNP-containing composites have been studied for tribological and electrical applications?-**. How-
ever, in these studies, electrical characterization of the coating material or reinforcement phase was always in
conjunction with the substrate or matrix material, respectively. Therefore, it is of significant interest to understand
the electrical performance solely of the CNP. Thereupon, the objective of this work is to analyze the piezoresis-
tive performance of the CNP under unidirectional compressive stress across a wide loading range. The results
will determine the repeatability and reliability of the CNP, as well as identify the loading ranges with the best
performance. This will enable the selection of the appropriate CNP for specific applications - such as wearable
technology, strain sensors, etc. The six CNP analyzed were selected based on their mechanical and electrical
properties, their geometry, their versatility, and their potential to be used as a straightforward piezoresistive
medium. A non-conductive vessel was designed to contain the CNP between two electrodes and electrically
characterized by load-dependent and current-dependent electrical resistance measurements under atmospheric
conditions. The former aims to evaluate the piezoresistive behavior of the CNP, whereas the latter the ohmicity
of the CNP*. The gauge factor (K from Eq. 1)* represents the ratio between the change in electrical resistance
of a piezoresistive material and the mechanical strain that the piezoresistive material has undergone. However,
the CNP in this work are mainly subjected to compaction and to a lesser extent to mechanical strain due to the
porous nature of the bulk powders. Therefore, an analogous relationship (K, factor) is proposed and discussed.
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This work aims to analyze the piezoresistive behavior of bulk powder CNP with varying dimensionality,
morphology, and chemistry. The characteristics of the CNP are subsequently correlated with their piezoresistive
behavior and an adapted gauge factor is proposed to better predict their performance. This analysis is crucial
since there is limited literature available that evaluates the influence of external compression on the conductivity
of bulk CNP powders®*-*". This work expands on the literature by correlating the change in electrical resistance
with the strain—i.e., CNP displacement—and nanostructure dimensionality and morphology. In addition, with
the aforementioned modified gauge factor it is possible to estimate the piezoresistive performance of the CNP
without the need for experimental measurements.

Materials and methods

In this study, six different CNP were analyzed (CB, OLC, CNH, CNT, GF, and GNP). The CB particles (Orion,
Luxembourg) possess over 96% carbon, 0.2-1.3 wt.% hydrogen, 0.2-0.5 wt.% oxygen, 0-0.7 wt.% nitrogen, and
0.1-1 wt.% sulfur, with a mean particle size between 10 nm up to 500 nm, approximately. The OLC were synthe-
sized from carbon nanodiamonds (NaBond Technologies Co., China),—carbon purity greater than 98%, with
individual diameters ranging from 4 to 8 nm—Dby annealing the nanodiamonds in a graphite crucible in a vacuum
furnace (between 1x10™* and 1 x 107> mbar) with a tungsten heater (three hour holding time at 1700 °C with a
heating rate of 10 °C)*®. The single-walled CNH used were dahlia-type, produced by rapid condensation of carbon
atoms without a catalyst (Carbonium SRL, Italy). The as-received high-purity CNH have a horn diameter between
3 and 5 nm, horn lengths between 30 and 50 nm, and a cluster diameter between 60 and 120 nm. The CNT used
were chemical vapor deposition-grown multi-walled CNT (Graphene Supermarket, USA), with an outer diameter
distribution between 50 and 85 nm, an as-received state length from 10 to 15 pm, and carbon purity over 94%.
Dispersed CNT were analyzed with the aim of evaluating the influence of agglomerate size on the piezoresistive
behavior of CNT. CNT agglomerate size was reduced by dispersing the as-received CNT in ethylene glycol (EG)
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at a concentration of 0.2 mgcy/mlgg, followed by 5 min of homogenization (Ultra-Turrax T-25, IKA, Germany)
at 7.5 krpm and 10 min in an ultrasound bath. This colloid was then placed inside a ventilated furnace at 150 °C
for 48 h. GF (Alfa Aesar, Germany) with a median size between 7 and 10 um, 99.8% purity were used. The GNP
used consist of 3-8 graphene monolayers, with lateral dimensions between 2 and 8 pm, a carbon purity greater
than 98 wt.% and a moisture content below 1 wt.% (Graphene Supermarket, USA). For morphological analy-
sis, the different CNP were micrographed by electron microscopy (Helios™ G4 PFIB CXe DualBeam™ Super,
Thermo-Fisher Scientific, The Netherlands) using Through-the-Lens detectors at an acceleration voltage of 5 kV
and a current of 0.1 nA. In addition, the as-received CNP were micrographed by high resolution transmission
electron microscopy (HR-TEM) to better analyze their morphology and dimensionality. The HR-TEM (JEOL
ARM200, Japan) micrographs were acquired at 200 kV and are shown in Fig. 1. As the figure shows, three distinct
dimensionalities can be observed. CB, OLC, and CNH (Fig. 1c-e) are quasi-zero-dimensional nanostructures,
whereas the CNT (Fig. 1b) are one-dimensional nanostructures. Furthermore, GNP and GF (the latter of which
cannot be micrographed by TEM due to the particle’s thickness) are two-dimensional carbon nanostructures. For
the purposes of this study, and based on its performance, GF is considered a two-dimensional particle, despite
it being dimensionally larger.

Electrical testing was performed using a custom tribo-electrical testing rig®. In order to measure the electrical
resistance of the CNP, a few modifications were required, primarily the design of an appropriate vessel for the
CNP. The vessel is a 20 mm long cylinder, with an outer diameter of 23 mm and an inner diameter of 12.7 mm.
The cylinder is made of a non-conductive polymer. The ends of the vessel were capped with two aluminum disks;
these disks are the contacting electrodes in the testing rig. The aluminum disks were ground (P1200 grit silicon
carbide grinding paper) and polished (6 pm, 3 um, 1 pm, and 0.25 pm) to obtain a mirror polished surface. After
polishing, the disks were coated with AugyPd,, via plasma-assisted PVD to reduce the influence of aluminum
corrosion and to improve the electrical connection prior to electrical resistance measurements. The coating was
performed using argon plasma at 2 x 1072 mbar and a current between 20 and 25 mA. A total of 3 deposition
cycles were carried out on all contacting electrodes, each of 2 min duration, for a total of 6 min. The roughness
of the resulting coated aluminum caps was measured via confocal laser scanning microscopy (LEXT OLS4100,
Olympus, Japan) and showed a root mean square roughness of S,;=0.03 pm. In the modified setup, one of the

Figure 1. HR-TEM micrographs of (a) GNP, (b) CNT, (c) CNH, (d) OLC, and (e) CB acquired at x50,000.
Insets show magnified view of the different CNP.
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electrodes is mounted directly onto the testing rig. The other electrode is fixed onto the end of the plastic vessel
via four grub screws. The electrode/vessel system was then mounted onto the sample holder of the testing rig
using conductive double-sided adhesive copper foil (Plano GmbH, Germany).

For piezoresistance measurements, the vessels were filled with 100 mg of CNP. The setup is then mounted
onto the testing rig for electrical characterization. A schematic representation of the electrical resistance meas-
urements is shown in Fig. 2a, b. The uncompressed, porous nanoparticles are depicted in Fig. 2a, whereas Fig. 2b
depicts the improved interconnectivity between the nanoparticles as the load increases. Figure 2c is a schematic
of the aluminum vessel caps.

Piezoresistance of the CNP was measured via load-dependent electrical resistance between 0.25 N and 10 N
(corresponding to pressures ranging from 2 kPa up to 80.3 kPa). At each load, a current of 0.05 mAp was sup-
plied using a Keithley 2400 SMU source. The normal load was held constant during resistance measurements
with an error consistently below 0.05 N (i.e., 0.4 kPa). The voltage drop between the parallel aluminum vessel
caps was measured ten times per load using a Keithley 2182a nanovoltmeter. The displacement between each
established load was measured using a high-precision linear stage (precision of 0.2 pm*) by acquiring the cur-
rent position of the stage once each load was established. Further electrical analysis was carried out through
current-dependent electrical resistance measurements (henceforth, current sweep) with the aim of evaluat-
ing the ohmic behavior—or lack thereof—of the CNP in question. Voltage drop was measured ten times and
averaged at a constant normal load of 2 N (i.e., 16 kPa) sourcing currents between 1 pAp up to 10 mApc. In
both experiments, at least four tests were done per CNP with the bulk particles compacted prior to resistance
measurements to achieve reliable and reproducible results. Therefore, the initial state of the CNP does not affect
subsequent tests. During electrical tests, the ambient temperature and humidity were kept constant at 23 +2 °C
and 57% * 3% r.h., respectively.

Moreover, the dominant deformation mechanism that the CNP underwent was evaluated by the methodol-
ogy proposed by Tamai et al.*’. For this analysis, the load-dependent resistance curves were plotted in double
logarithmic scale and the resistance curves linearly fitted. The slope of the fitted curve corresponds to the n
factor in Eq. (2), where R, is the total resistance, F is the force applied, and the numerator is a constant value
that incorporates resistivity and hardness of the materials in question, as well as the influence of any surface

contaminants present*!.
Constant \"
Re={"F @

When the exponent (slope of the fitted line) takes a value of —1/3 or — 2/3 the methodology suggests that elas-
tic deformation is predominant in the system. Conversely, if the # factor takes a value of — 1/2 or — 1, plastic defor-
mation is dominant. Similarly, the methodology proposed by Tamai et al. can also be used to predict the main
source of electrical resistance in the system. When the # factor takes a value of —1/3 or —1/2, the constriction
resistance is dominant in the system, whereas film resistance dominates for values of —2/3 or — 1. It is important
to note, however, that this analysis is highly theoretical in nature and applicable to a single deforming body. The
purpose of this methodology is to verify the applicability of the method and validate the elasticity of the CNP.

Results and discussions

Ohmic response

The ohmic behavior of the different CNP was evaluated by performing current sweep tests. This experiment
consists of contacting at a constant normal load and measuring the change in electrical resistance as different
current levels are applied, thus providing information on the direct proportionality between the sourced current
and the voltage drop measured. The results from the current sweep for the different CNP are shown in Fig. 3.
The shaded region in Fig. 3 highlights the ohmic regime of the CNP, which is largely consistent for all nanopar-
ticles from 0.05 mA to 10 mA. At lower current levels the resistance tends to increase, although the increase in
resistance for currents below 0.05 mA depends on the particular CNP. The current is flowing through the CNP;
therefore, the percolation path is established. However, the high resistance values observed for the CNP at low

a) b) c)

12.6
F=0N F>0N

Figure 2. Schematic representation of piezoresistance measurements (a) prior to and (b) post compression. (c)
AugyPd,, coated aluminum vessel caps (electrodes).
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Figure 3. Results from current sweep of CNP at 2 N (i.e., 16 kPa). The shaded region from 0.05 to 10 mA
highlights the ohmic regime.

currents suggest that there is significant tortuosity in the system. Tortuosity refers to the ease or difficulty with
which transport, in this case electrons, take place in a porous medium. The high tortuosity within the vessel
is a consequence of the relatively low normal loads used, which inadequately compacts the CNP. Insufficient
compaction results in a more complex conduction path, thus increasing tortuosity and electrical resistance.
However, at the same normal load (2 N), higher currents facilitate electron conduction through the porous media
without requiring additional compression to fill the voids. At lower current levels, one- and two-dimensional
nanostructures (i.e., CNT, CNT-D, GE, and GNP) exhibit a significant increase of approximately one order of
magnitude, whereas CB and CNH maintain consistent values throughout the entire range of currents analyzed.
OLC displays an intermediate behavior, with resistance increasing below 0.05 mA, albeit to a lesser extent than
one- and two-dimensional nanostructures. In other words, CB and CNH show a resistance difference of 35%
and 56% respectively between 0.001 mA and 10 mA, OLC a difference of 281%, whereas CNT, CNT-D, GF, and
GNP show a difference of 823%, 792%, 668%, and 1010%, respectively. This difference is likely due to a higher
potential barrier caused by the poor arrangement of the particles at 2 N***3. The insufficient compaction implies
that voids are not filled and causes a reduction in the contact zones. Specifically for the case of OLC, due to
their synthesis method (thermal annealing of nanodiamond), a non-conductive sp* core remains, which could
influence their transport*°.

Observing the ohmic region of the CNP, at a constant normal load of 2 N (i.e., 16 kPa), the CNP arrange
themselves in a clear hierarchical order. The two CNP with the highest ohmicity (CB and CNH) also exhibit the
highest absolute resistance, with values ranging between 4,000 and 5,000 mQ. In contrast, OLC shows a narrower
ohmic range with an approximate resistance value of 700 mQ. One- and two-dimensional nanostructures, on
the other hand, show a similar ohmic range to OLC. However, these CNP show resistance values below 200 mQ.
The high absolute resistance of CB, CNH, and OLC can be associated with the morphology of the nanoparticles.
Both CB and OLC nanoparticles can be classified as quasi-zero-dimensional nanostructures (refer to Fig. 1d, e).
The former is a combination of fullerenic, amorphous, and graphitic carbon?, whereas the latter is comprised
of concentric fullerenes with increasing diameters*. The classification of CNH is more difficult. Due to their
closed cage structure, they can be classified as a subset of fullerenes with a high aspect ratio, or as a short single-
walled CNT because of the similar chemistry between the two nanoparticles, as well as their elongated shape®®.
However, CNHs’ behavior during current sweep tests aligns more closely with zero-dimensional nanostructures.

The nanostructures with the lowest absolute resistance (i.e., CNT, CNT-D, GF, and GNP) are not fullerene-
type nanostructures, but rather one- and two-dimensional. The results from the current sweep tests indicate
that the two-dimensional structures have lower electrical resistance than one-dimensional (further discussed
in “Appraisal of all CNPs’ piezoresistance”). Few-layer graphene exhibits the lowest resistance (below 100 mQ),
whereas as-received CNT show approximately twice the resistance in their ohmic regime. Comparing the ohmic
response and absolute resistance values of as-received and dispersed CNT does not show significant differences.
Therefore, for the purpose of this study, CNT agglomerate size is not as significant as initially predicted regarding
CNTs transport characteristics.

The lack of ohmicity by the two-dimensional nanostructures (i.e., GF and GNP) in the low current range can
be explained by the anisotropic behavior of these particles. The in-plane (basal plane, or ab direction) conductiv-
ity of GF and GNP is orders of magnitude higher than in the transversal direction (¢ direction)*. Accordingly,
considering the movement of electrons within the vessel between the aluminum caps, it is highly desirable that
the GF and GNP particles align themselves perpendicular to the surface of the aluminum caps rather than in
a parallel manner. However, as will be discussed in “Piezoresistance”, the GF and GNP arrange themselves in
an aleatory fashion within the vessel; nonetheless, after a certain load is reached, the flat nanoparticles take a
predominant orientation which is transverse to the electron flow. GNP, in particular, tend to arrange themselves
for the most part in a parallel fashion since the nanoplatelets lack the mechanical rigidity that GF presents.
Consequently, for low currents, a capacitive effect is dominant in GNP, and to a lesser extent in GF. Thereupon,
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the equivalent circuit is not purely resistive, but rather a combination of resistive-capacitive (R-C circuit). The
capacitive component in GNP and GF arises from the distance between individual graphene layers, causing a
potential barrier*>*. As shown in Fig. 3, this potential barrier is more significant for lower currents. Since this
work pertains to direct current, the capacitive component of the two-dimensional CNP functions as an open
circuit. As the current increases, the electrical resistance of these CNP decreases without the need for further
compaction due to the reduced relevance of the dielectric (i.e., gap between graphene layers). It is worth noting
that graphene and graphite are metal-like (zero band gap) conductors. Therefore, the ohmic behavior for cur-
rent above 0.05 mA is observed in Fig. 3 as the capacitance takes a less dominant role (due to higher currents
enabling the potential barrier to be overcome). The conductive properties of CNT and CNT-D, on the other
hand, are highly reliant on the chirality of the tubes. Statistically, multi-walled CNT—such as the ones used in
this study—always have at least one tube that behaves as a metallic conductor®. Therefore, the absence of ohmic
behavior in CNT and CNT-D can be attributed to their semiconductive properties at low currents, rather than a
capacitive effect, as is the case with GF and GNP. As the current levels increase, the energy required for electrons
to move towards a metallic tube within the same multi-walled CNT—i.e., interlayer potential barrier—becomes
more easily available thus shifting from a semiconductive dominant system towards a metallic-conductive system.
Therefore, as the current increases, the individual CNT’s resistance drops and shows an ohmic behavior. The
interlayer potential barrier of multi-walled CNT is approximately 10 meV>'. Therefore, at room temperature,
where approximately 25 meV of thermal energy is available, interlayer coupling should be generated. Nonethe-
less, the presence of CNT agglomerates in CNT and CNT-D may increase the potential barrier, necessitating
additional energy input (i.e., higher currents) to overcome it.

Piezoresistance

The piezoresistive behavior of the CNP was analyzed by measuring their electrical resistance under different
loads. During the test, the nanoparticle powders were compacted by the electrodes while the voltage drop
between them was measured; thus, recording the electrical resistance as a function of compaction (i.e., normal
load). To minimize uncertainty in the measurements and reduce instrumental error, load-dependent electrical
resistance tests were divided into two sets of loads: low loads (red plot) ranging from 0.25 N up to 2 N and high
loads (black plot) ranging from 2 N up to 10 N. The current used for the measurements was 0.05 mA, ensuring
that the resistance values are within the ohmic regime of the CNP tested (as shown in Fig. 3). This is not trivial
since this indicates that Holm’s contact resistance equation (R¢c = p/24) is valid®. In other words, the resistivity
in the system can be estimated based on the area of a flat circular contact of radius a and the electrical resistance
measured. Due to the ohmic behavior of the system at 0.05 mA and the relatively large pressure applied on the
CNP, the Sharvin resistance (Rs = C/a.?) plays a minor role in the resistance measured®®, where 4, is the con-
striction radius and the constant C depends solely on the electronic properties of the conductor. The reported
resistance values correspond to the sum of the Holm (Drude diffusion®*) and Sharvin (Knudsen diffusion®®)
resistance. However, the main contribution is from the former.

This section discusses the load-resistance curves and CNP displacement. It is important to note that the y-axis
in the load-resistance curves is plotted on a logarithmic scale. Therefore, when referring to linear behavior this
should be taken into consideration. The repeatability, stability, and low error of the resistance values at different
normal loads is highlighted in Figs. S1, S2, and S3. These figures display four electrical resistance measurements
for quasi-zero-dimensional, one-dimensional, and two-dimensional nanostructures, respectively.

Carbon black
The results from load dependent electrical resistance for CB are shown in Fig. 4. Irrespective of the loading range,
CB exhibits a relatively linear relationship between the applied load and the resistance—see Fig. 4a. In the lower
loading range, CB exhibits the largest reduction in resistance. At 2 N the resistance of this nanostructure is only
approximately 40% of the resistance measured at 0.25 N. However, at 10 N, CB’s resistance further decreases to
approximately 20% of the resistance recorded at 0.25 N. The scanning electron microscope (SEM) micrograph
shown in Fig. 4d highlights considerable CB agglomeration, with the magnified micrograph (Fig. 4e) depicting
porous networks caused by the clustering of agglomerates. This supports the electrical performance observed in
Fig. 4a. In the low loading range, most of the voids formed by large adjacent CB agglomerates are closed, thus
causing a considerable decrease in resistance during initial compaction. This behavior is further supported by the
TEM micrograph (see Fig. 1e), which shows that the agglomerates formed by CB are not highly compact. In the
high loading range, however, increasing the normal load is not as effective at reducing resistance since now the
multiple conductive paths have been established within the vessel due to CB and CB agglomerate compaction.
The bar graphs shown in Fig. 4b, ¢ depict the displacement recorded in the three load increments analyzed,
which were 0.25 N and 0.5 N in the lower loading ranges and 0.5 N and 1 N in the higher loading ranges. These
two graphs demonstrate the reliability of CB in terms of the compression-to-displacement relationship. In all
three load increments, the displacement remains relatively constant. For an increment of 0.25 N, the CB mass
within the vessel was displaced by approximately 0.02 mm. The displacement value increased to approximately
0.03 mm and 0.05 mm for increments of 0.5 N and 1 N, respectively. The initial slight variations in displacement
observed are supported by the TEM and SEM micrographs (Figs. 1e and 4d, ) since the compaction of large voids
is required before the initial loads can be established and maintained. Therefore, CB demonstrates promising
results due to its consistency in its compression-to-displacement relationship in the mid-to-high loading range
after the voids formed due to agglomeration are filled, showing slight fluctuations at low loads.
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Figure 4. (a) Load dependent electrical resistance at low and high loads of CB. (b) and (c) Show the
displacement for different compression levels at low and high loads, respectively. (d,e) SEM micrographs of

CB (inset in load-resistance curves).

Onion-like carbon

The piezoresistance curve for OLC in the lower loading range, shown in Fig. 5a, exhibits behavior similar to
that observed in CB, with a sharp reduction in resistance as the load increases. In the high loading range, the
resistance decreases as the normal load increases, but to a lesser extent. This similarity in performance is a
consequence of the porous network observed in the micrographs—see Fig. 5d, e. The spherical morphology of
OLC tends to favor the formation of voids between adjacent agglomerates as demonstrated in the magnified
micrograph (Fig. 5e). Consequently, as the load increases in the lower loading range the particles accommodate
the deformation by moving into the voids, thus filling them, and thus increasing connectivity. The SEM micro-
graphs highlight the tendency of the OLC to form agglomerates in the pm-range. However, recalling the HR-TEM
micrograph (Fig. 1d) OLC bulk powders form a more massive aggregate than the CB powder (Fig. 1e), with the

Low Loads /N
05 075 1 15

0.1+

Resistance /Ri/Rmax

0.01

a) High Loads /N

Resistance /Ri/Rmax

INNENNY

AF=025N AF=05N

I

\

T T
0.25-0.5 0.5-0.75 0.75-1 115

Compression
AF=05N AF=1N
77
il77
“° > b o 9 > 5 QS
,Lfv,;,rfs’:':os_e'\wq\
ompression

Figure 5. (a) Load dependent electrical resistance at low and high loads of OLC. (b) and (c) The displacement
for different compression levels at low and high loads, respectively. (d,e) SEM micrographs of OLC (inset in

load-resistance curves).
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latter showing more scattered CB agglomerates rather than a cohesive mass. This is a key distinction between
OLC and CB, which affects the piezoresistive performance of the bulk powders. Due to OLC’s morphology and
cohesive behavior, these nanostructures tend to show high elasticity. Therefore, the considerably lower resist-
ance values measured are not only a consequence of void compaction, but also due to the compression of the
OLC themselves. Furthermore, the magnified TEM micrograph in Fig. 1d illustrates the enhanced inter-particle
connectivity within the OLC agglomerates. This improved interconnectivity accounts for the 20% resistance
observed at 2 N and the 10% resistance observed at 10 N, both in comparison to the resistance at 0.25 N. It is
worth noting that while CB and OLC are both quasi-zero-dimensional carbon nanostructures, the differences
in their piezoresistive behavior is significantly influenced by intra-particle interactions and particle interactions
within the powder’s agglomerates.

The compression-to-displacement relationship in OLC is not linear, showing multiple fluctuations within
the same load increments—see Fig. 5b, c. The displacement varies from approximately 0.01 mm to 0.04 mm at
increments of 0.25 N, and fluctuates between 0.03 and 0.05 mm at increments of 0.5 N. For increments of 1 N,
the displacement stabilizes above 6 N at 0.06 mm per 1 N. The variability in compression-to-displacement high-
lights the elasticity of OLC. The observed variations between 0.75 and 3 N suggest the onset of particle accom-
modation. Below 0.75 N, the displacement is caused by compaction and filling of the voids, whereas for loads
above 3 N the displacement is due to the elastic deformation of OLC. Between 0.75 and 3 N, the compression-
to-displacement results indicate a hybrid state where the displacement is caused by OLC adjustment and where
elastic deformation begins. Therefore, compaction of the voids does not play such a crucial role, but rather the
compression of the concentric fullerenes at higher loads. This behavior is desirable for electrical performance
since it improves interconnectivity when compacted. However, the use of this nanoparticle for its piezoresistive
performance must be limited to high load applications, preferably above 6 N. This is because, for lower loads,
obtaining consistent and reproducible piezoresistive measurements is difficult (see Fig. S1). This inconsistency
hinders the tracking of particle displacement, or normal load applied, by directly measuring the electrical resist-
ance of the resistance, and vice versa.

Carbon nanohorns

CNH exhibit exceptional linearity in both low and high loading ranges, as shown in Fig. 6a. This performance
is highly desirable in applications that utilize piezoresistance as a working principle. The resistance at 2 N is
approximately 35% of the initial resistance, decreasing to 10% at 10 N. The micrographs in Fig. 6d, e reveal
that the CNH form large agglomerates, which create a complex porous network within the vessel. The TEM
micrograph shown in Fig. 1c, reveals that the size of the CNH agglomerates are significantly smaller than those
observed for the other zero-dimensional nanostructures. As a result, the agglomerates can adjust and compact
as the load increases, making it easier to fill the voids. However, the consistency in the load-resistance curves
is due to the remarkable elasticity of the nanohorns. This elastic behavior of the nanohorns can be attributed to
the CNT-like horns, which are capable of deforming under compressive loads, thus inverting the cone from tip
to base*. Therefore, after the CNH have filled all voids resulting from compressive loads, the cone structures
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Figure 6. (a) Load dependent electrical resistance at low and high loads of CNH. (b,c) Show the displacement
for different compression levels at low and high loads, respectively. (d,e) SEM micrographs of CNH (inset in
load-resistance curves).
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absorb the energy through mechanical deformation. This improves particle interconnectivity and enhances the
conductive paths for electron mobility.

The compression-to-displacement relationship (Fig. 6b, ¢) indicates consistent results. Minor displacement
variations were observed for increments of 0.25 N, but the value stabilizes after initial voids are closed. For
increments of 1 N, the CNH bulk within the vessel is displaced by approximately 0.05 mm. This value was
achieved for loads above 5 N; below 5 N, the displacement approaches 0.06 mm. For increments of 0.25 N and
0.5 N the displacement is approximately 0.02 mm and 0.03 mm, respectively. Thus, CNH demonstrate a wide
range of applicability. The load-resistance curve of these nanoparticles exhibits exceptional linearity, and their
compression-to-displacement relationship yields consistent results for both low and high loads.

Carbon nanotubes
The CNT in their agglomerated state demonstrate a linear load-resistance relationship, as shown in Fig. 7a.
Unlike the zero-dimensional nanostructures, there are no sharp reductions in electrical resistance. At2 N, CNT
show approximately 55% of the initial resistance, and the percentage drops to approximately 35% at 10 N, thus
showing the smallest percentual reduction among the CNP analyzed. The electrical performance is not negatively
impacted by the large voids formed due to CNT agglomerates, as shown in the micrograph in Fig. 7d. However,
the magnified micrograph (Fig. 7e) reveals that individual CNT and small CNT bundles bridge the gaps between
agglomerates, which is a distinctive characteristic of CNT. Therefore, in this case, the voids formed by two nano-
particle agglomerates do not significantly affect the electrical performance, as is the case in zero-dimensional
nanoparticles (CB, OLC, and CNH). Additionally, the lack of a sharp reduction in the load-resistance curves
indicates that the maximum inter-tube distance for tunneling (1.8 nm) was already achieved at 0.25 N*2. To
achieve a distance of 1.8 nm, low compression is necessary. This is because the equilibrium distance between
two single-walled CNT is 3.4 A%, As a result, even at low loads, tunneling or coupling is activated between
adjacent CNT, allowing electrons to move from one tube to another.

The compression-to-displacement relationship of CNT (shown in Fig. 7b, ¢) is similar to that of CB (Fig. 4b,
¢). There are almost no fluctuations within each interval. Initially, CNT are displaced by approximately 0.02 mm.
This value increases to approximately 0.03 mm and 0.06 mm for 0.5 N and 1 N increments, respectively. Due
to the abundant presence of CNT agglomerates, it was expected that considerable displacements would occur
initially. However, the large network of agglomerate within the vessel causes large-scale voids which require
compaction prior to establishing the initial load. Therefore, once a force 0.25 N is reached, most of the large
voids within the vessel have already been filled by the compaction and rearrangement of CNT agglomerates.
As a result, the resistance at 0.25 N is exceptionally low and does not exhibit any measurable abrupt changes.
Furthermore, since most CNT are in their agglomerated form, the minimum distance for electron coupling is
already fulfilled (within each agglomerate). Therefore, the external load is only necessary to establish a contact
between adjacent agglomerates, which occurs at low loads.

Dispersed carbon nanotubes
CNT have a strong tendency to form agglomerates due to Van der Waals interactions. Therefore, the as-received
nanoparticles have a high degree of agglomeration which could negatively affect the piezoresistive performance of
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Figure 7. (a) Load dependent electrical resistance at low and high loads of CNT. (b,c) The displacement for
different compression levels at low and high loads, respectively. (d,e) SEM micrographs of CNT (inset in load-
resistance curves).
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the nanoparticles. Therefore, it is important to analyze the influence of the agglomerate size on the piezoresistive
behavior of the CNP since the electrostatic interactions within the agglomerates are significant. After dispersion,
the CNT will re-agglomerate as the solvent evaporates. However, the overall agglomerate size will be smaller than
in their as-received state®**%. The electrical performance of CNT-D is shown in Fig. 8a. As previously mentioned
in “Ohmic response” (see Fig. 3), the similarity in electrical performance between CNT (Fig. 7a) and CNT-D
(Fig. 8a) was not expected as it was hypothesized that the presence of larger CNT agglomerates would hinder
the electrical performance of the as-received CNT. The resistance at 2 N and 10 N is approximately 50% and 30%
of the initial resistance at 0.25 N, respectively. The micrographs (Fig. 8d, e) show that although the dispersion
process was effective in breaking up large CNT agglomerates, multiple agglomerates remain, albeit to a much
lesser extent (quasi-buckypaper). Prolonging the dispersion process would undoubtedly further minimize the
presence of CNT agglomerates; however, prolonged sonication damages the structural integrity of the CNT?3%,
Therefore, this is not a viable option as structural damage would reduce the desirable mechanical and transport
properties of the CNT. However, despite the fact that CNT agglomerates are still found within the vessel, there
is a large amount of disentangled CNT as shown in the micrographs.

The compression-to-displacement relationship for CNT-D (shown in Fig. 8b. c) is very different from that of
CNT. In the as-received state, negligible fluctuations were observed between the different load increments. After
dispersion, however, the compression-to-displacement relationship resembles that of CNH. In the 0.25 N and
0.5 N increments the displacement values tend to decrease, ranging from approximately 0.035 mm to 0.025 mm
and 0.04 mm to 0.03 mm, respectively. The displacement measured at 1 N increment is initially high at approxi-
mately 0.06 mm and gradually decreases to about 0.05 mm. As previously discussed, the gradual reduction in
the displacement as the normal load increases is due to particle elasticity. This behavior was also observed for
the zero-dimensional particles (i.e., OLC, CNH, and to a lesser extent CB). Elastic behavior was more prominent
in CNT-D since the compression acts upon small CNT clusters rather than on larger agglomerates. The com-
pressive forces caused elastic deformation of the multi-walled CNT instead of the compacting of agglomerated
CNT bundles. The displacement did not stabilize in the analyzed loading ranges, indicating that higher loads
are necessary to establish a consistent compression-to-displacement relationship. Therefore, CNT-D is suitable
for very high-load applications. However, for lower load applications, it is not necessary to reduce the size of
agglomerate, since smaller agglomerates cause the fluctuation of the compression-to-displacement relationship
and the piezoresistive behavior was not significantly affected by the presence of larger agglomerate sizes.

Graphite flakes

The load-resistance curves for GF (shown in Fig. 9a) contrast those observed for zero- and one-dimensional
nanostructures in the fact that the resistance of GF does not decrease as significantly in the lower loading ranges,
but rather in the higher ranges. At 2 N the resistance of GF decreases to approximately 80% the resistance at
0.25 N, with the value decreasing to about 30% at 10 N, thus showing the opposite behavior compared to zero-
dimensional nanostructures (Figs. 4, 5, 6) where the predominant drop in resistance was recorded in the lower
loading range. As opposed to zero- and one-dimensional nanostructures, GF does not form agglomerates. GF
particles are large, with voids formed between adjacent flakes (see Fig. 9d, e). The micrographs demonstrate a
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Figure 8. (a) Load dependent electrical resistance at low and high loads of CNT-D. (b,c) The displacement for
different compression levels at low and high loads, respectively. (d,e) SEM micrographs of CNT-D (inset in load-
resistance curves).
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Figure 9. (a) Load dependent electrical resistance at low and high loads of GE. (b,c) The displacement for
different compression levels at low and high loads, respectively. (d,e) SEM micrographs of GF (inset in load-
resistance curves).

certain degree of GF interconnectivity. However, the large and irregular shape of these particles requires higher
loads to close the voids, which increases compaction within the vessel and improves flake interconnectivity.
Additionally, the compaction of flakes oriented parallel to the surface of the electrodes promotes the reduction
of the inter-graphene layer potential barrier. Reducing the potential barrier establishes more conduction paths,
which in turn reduces the resistance of the bulk GF flakes by eliminating capacitive barriers—which act as open
circuits since the tests were conducted with direct current.

Similarly to zero-dimensional nanostructures (excluding OLC) and as-received CNT, GF also exhibits rela-
tively stable compression-to-displacement relationship (Fig. 9b, ¢), demonstrating the reproducibility of the
recorded results (see Fig. S3). Due to the lack of GF agglomerates, the displacement recorded for load increments
0f 0.25 N is more consistent than that of zero- and one-dimensional nanostructures, at approximately 0.02 mm.
Similarly, displacements of 0.03 mm were recorded at increments of 0.5 N. However, slight variations were
observed at increments of 1 N, with displacement values of approximately 0.05 mm showing higher standard
deviation. However, as the compression increases beyond 7 N, the error tends to decrease while the displacement
values remain constant. This behavior is also supported by the load-resistance curves in the high loading range,
which show linear load-resistance curves as the compression-to-displacement relationship remains constant.

Graphene nanoplatelets
The piezoresistive behavior of GNP is shown in Fig. 10a. This nanoparticle shows a considerable reduction in
resistance for the lower loading range, at 2 N reducing to approximately 40% the resistance measured at 0.25 N.
In the higher loading range, it gradually reduces in a linear fashion to approximately 25% of the initial resistance
(due to the rearrangement of the GNP—analogous to granular flow™), resembling the piezoresistive performance
of one-dimensional nanostructures. As shown in Fig. 10d, e, the majority of the nanoplatelets align horizontally,
in contrast to the observations in GF. This explains the higher initial reduction in resistance. The linear behavior
in the higher loading range suggests that the voids have already been filled by GNP and the gradual reduction
in resistance can be attributed to the compaction of individual nanoplatelets and nanoplatelet clusters. Further-
more, the thinner GNP are mechanically weaker than the thicker GE. Consequently, GNP require lower external
pressure to orient the nanoplatelets parallel to the surfaces applying the load. Additionally, the micrographs
illustrate individual nanoplatelets stacked in a disorderly manner, rather than GNP agglomerates. The magnified
micrograph (Fig. 10e) reveals the presence of impurities (bright spots scattered throughout the nanoplatelet).
These particles are likely a result of the synthesis process. Although the synthesis process details are unknown,
it is reasonable to assume that the impurity particles are amorphous carbon. The impurities are deposited on the
few-layer graphene platelets and are also found free-standing between them. However, the presence of amorphous
carbon does not hinder the electrical performance of GNP, as it exhibits similar behavior to GF (see Fig. 9a).
The compression-to-displacement graphs (Fig. 10b, ¢) for GNP resemble those from GF in terms of values,
but also in the fact that the displacement varies slightly for the load increments. For 0.25 N and 0.5 N increment
the displacement is approximately 0.02 and 0.03 mm, respectively. The 1 N increment shows the most variation,
ranging from approximately 0.06 mm down to 0.04 mm. Although the displacement values are not constant for
the 1 N increments, the standard deviation in all measurements is negligible, thus suggesting the reproducibility
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Figure 10. (a) Load dependent electrical resistance at low and high loads of GNP. (b,c) The displacement for
different compression levels at low and high loads, respectively. (d,e) SEM micrographs of GNP (inset in load-
resistance curves).

of the results. In contrast to GF and OLC, GNPs’ displacement does not reach a stable value in the loading range
analyzed, similarly to CNT-D. Therefore, the use of GNP for its piezoresistive behavior should be limited to low
loads to ensure consistent results. GNP could be used for high load applications, however higher loads than those
in the scope of this study are required.

K, factor

The gauge factor, as shown in Eq. (1), is a useful tool for evaluating the sensitivity of strain sensors. A high gauge
factor indicates an increased output signal. However, by definition, it is not directly applicable to the systems
evaluated in this study because it is not possible to measure the undeformed length and resistance of the bulk
mass within the vessel. The gauge factor equation was adjusted in consideration of the fact that compressive
stress is applied to an aggregate of nanostructures, rather than a single nanostructure (see Eq. 3). In the modified
equation proposed, R, is the resistance value measured, R,s is the initial resistance measured at 0.25 N, AD is
the displacement difference, AD,),,, is the displacement difference between 0.25 N and 10 N, AF is the load dif-
ference, and F,,,,, is the maximum load. Therefore, the bulk powder gauge factor (henceforth K;) evaluates the
linearity of the load-resistance curves (when plotted in a logarithmic scale), the consistency in the compression-
to-displacement relationship and incorporates the loading range. The K, factor values for each CNP are shown
in Table 1 as the average for each load increment.

Ry/Ro.25 AF

Ky = 2 3
AD/ADMIIX lelX ( )

The K, factor proposed for bulk powders under unidirectional compressive stress assesses the reproducibility
of the piezoresistive performance of the powders. The K, factor values indicate the poor performance of OLC
for low loading ranges (i.e., 0.25 N increments). However, for mid-to-high loading ranges, the performance

CNP 025N 0.5N 1IN

CB 0.41+£0.02 |0.33+0.02 | 0.25+0.02
OLC 2.18+1.50 |0.51+0.11 |0.42+0.01
CNH 0.42+0.01 |0.29+0.04 | 0.16+0.02
CNT 0.56+0.02 |0.49+0.05 | 0.38+0.02
CNT-D 0.35+0.02 |0.38+0.01 | 0.38+0.03
GF 0.41£0.01 |0.40+£0.09 |0.26+0.01
GNP 0.42+0.04 |0.34+0.02 | 0.30+0.01

Table 1. K, factor for all CNP based on the load increments.
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improves with slight variations not only in the K}, factor values, but also verified by the load-resistance curves
and compression-to-displacement relationship (see Fig. 5). Moreover, the K, factor for CB, CNH, CNT, and
GNP decreases as the load increments increase, whereas GF remains constant for the first two load increments
and CNT-D remain constant throughout. The fluctuations in K, for the zero-dimensional nanostructures and
CNT can be attributed to their tendency to form agglomerates. As a result, these structures must be displaced
to fill the voids formed between agglomerates, which increases both the initial AD and AD,,,,, causing the K,
factor to vary between loading increments. For GNP, on the other hand, the adjusting and subsequent stacking
of the graphene structures may be responsible for larger initial displacements, which could affect the K, factor
values. In contrast, GF are more mechanically rigid, requiring higher loads for the rearrangement of the large
flakes. As a result, the K, factor values remain relatively constant for increments of 0.25 N and 0.5 N, whereas it
slightly decreases for 1 N increments (see Fig. 9). The K, factor for CNT-D remains exceptionally stable for the
three load increments evaluated due to the low agglomerate state of the nanotubes. It should be noted that the
K, factor for CNT in the high loading ranges is the same as the values observed for CNT-D. This suggests that
larger CNT agglomerates perform similarly to smaller agglomerates at sufficiently high loads. This validates that
voids in bulk powders with larger CNT agglomerates were effectively compacted at higher loads, and further
loading will have the same effect regardless of the agglomerate state of the CNT.

Therefore, the K}, factor can be used as a general guide to rapidly assess the reproducibility and reliability of a
specific CNPs’ piezoresistive performance for different load increments. However, to comprehensively understand
the behavior, it is crucial to analyze the load-resistance curves and the compression-to-displacement relationship.

Appraisal of all CNPs’ piezoresistance
The absolute and normalized load-dependent electrical resistance values for both loading ranges (plotted in
double logarithmic scale to highlight the linear load-resistance relationship) are shown in Fig. 11. This plot sum-
marizes and expands upon the individual discussions for each CNP. Throughout the entire loading range, the
same hierarchical order and groupings observed in Fig. 3 are maintained. This ordering of the CNP coincides
with the particles’ dimensionality, which dominates their quantum mechanical electronic properties. In other
words, the electronic properties of the CNP are highly dependent on their electronic density of states®. As the
dimensionality of the nanostructures changes, so does their electron distribution. Based on Fig. 11a and Fig. 3,
it is evident that the zero-dimensional nanoparticles (CB, OLC, and CNH) exhibit the highest electrical resist-
ance due to strict electron motion confinement in low dimensions due to quantum confinement effects, which
results in a discrete free-electron density of states®®®!, On the other hand, one-dimensional structures (CNT
and CNT-D) display continuous spikes in free-electron density of states. The resistance observed for CNT and
CNT-D in Fig. 11a is significantly lower than that observed for zero-dimensional nanostructures. In contrast,
the two-dimensional structures (GF and GNP) have the highest free-electron density of states among the CNP
analyzed. In this case, the staircase-like energy distribution more closely resembles the free-electron density of
states of a bulk material, where the electron density of states is proportional to the square root of the energy.
One-dimensional and two-dimensional structures, however, have anisotropic transport characteristics. Therefore,
the electron density of states in the axial direction (in one-dimensional structures) and in the ab direction (in
two-dimensional structures) varies significantly from the transversal direction (axial direction and ¢ direction
in one-dimensional and two-dimensional structures, respectively), thus affecting their transport characteristics.
Although two-dimensional structures exhibit a capacitive component due to the potential barrier between
adjacent graphene layers, these nanoparticles demonstrate the lowest resistance. However, as discussed in “Ohmic
response’and shown in Fig. 3, the current used in load-dependent resistance measurements (0.05 mA) is high
enough to overcome the potential barrier. GF, in particular, exhibits a clear slope change before and after 2 N.
The change may be caused by the rearrangement of vertical flakes; however, due to the mechanical rigidity of
this structure, this is unlikely. The change is more likely due to the compaction of flakes that are parallel to the
surface of the aluminum caps. In this case, as the load increases, the dielectric separation (interplanar distance in
the ¢ direction, which is 0.671 nm in the undeformed state*’) decreases, minimizing the capacitive component’s
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Figure 11. (a) Absolute and (b) normalized load dependent electrical resistance for the entire loading range.
Note: the curves were plotted in double logarithmic scale.
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relevance in the circuit. As a result, for sufficiently high normal loads and/or currents, the electrical circuit
becomes purely resistive with a minimal capacitive component, following Ohm’s law (see Fig. 3).

After normalizing the data from Fig. 11a, a different hierarchy is established, as shown in Fig. 11b. The nor-
malized values at 10 N highlight the overall change in resistance as the load increases. In this case, the one- and
two-dimensional nanostructures, which exhibit the lowest absolute electrical resistance, also show the smallest
resistance change from start to finish. After normalization, CB is grouped with the one- and two-dimensional
nanostructures, despite having the highest absolute resistance. This quasi-zero-dimensional structure exhibits
exceptional linearity in its piezoresistance. The other quasi-zero-dimensional nanostructures (i.e., OLC and
CNH) initially have very high resistances of approximately 4 and 10 Q, respectively. However, the resistance of
these CNP drops considerably as the load increases, with both experiencing a reduction of approximately one
order of magnitude. The comparison between the absolute and normalized resistance is important because it
highlights the sensitivity of the piezoresistive behavior. Counterintuitively, higher resistances are more desir-
able because they require measurement equipment with lower resolutions. Additionally, higher slopes in load-
resistance curves are also sought after because they imply higher responsiveness. According to these criteria, OLC
and CNH are the most promising CNP. However, when considering the compression-to-displacement graphs
from Figs. 5b, c and 6b, , it is evident that stable displacement value per 1 N increment require loads above 6 N.
The CNP with stable compression-to-displacement graphs (i.e., CB, GF to a certain extent, GNP for low loads,
and CNT) do not exhibit as significant reduction in resistance during compression. Therefore, instrumentation
with higher precision is necessary to accurately measure electrical resistance. CB may be a promising alternative
due to its relatively high absolute resistance (in the ohm range) and a steeper load-resistance curve compared to
one- and two-dimensional nanostructures (i.e., GE GNP, CNT, and CNT-D).

Moreover, the methodology proposed by Tamai et al. to determine the predominant deformation mechanism
in contacting surfaces was analogously employed in this study*’. This evaluation was carried out to determine
the validity of the methodology in conductive powders. The full range load-resistance curves (Fig. 11a) were
linearly fitted to obtain the corresponding slope values, which are presented in Table 2. As shown in Table 2,
the slope values coincide, to a certain extent, with the theoretical values corresponding to a predominance of
elastic deformation (i.e.,— 1/3 and —2/3). Therefore, the slope analysis confirms that all CNP underwent elastic
deformation within the vessel for the entire of the loading range evaluated. Furthermore, most of the resistance
of the nanostructures originates predominantly from constriction resistance (slope ~—1/3) except for OLC
and CNH where film resistance dominates the system (slope =~ —2/3). Although CB is also a zero-dimensional
nanostructures, film resistance is not the dominant resistance type, which could be due to the content of graphitic
carbon present in this structure. Graphitic carbon may occupy the interstices within each nanoparticle, forming
percolation paths that aid the motion of electrons within and between CB particles. Consequently, constriction
resistance is more dominant. The other zero-dimensional nanostructures, however, are not as interconnected as
CB but rather form individual clusters, contributing to an increased electrical resistance, which corresponds to
the film resistance in this analogy. Therefore, constriction resistance is not as dominant in these CNP. Although
this methodology is purely theoretical and idealized by nature, the experimental results demonstrated here
confirm its validity and applicability—considering the parameters and assumptions outlined in this work.

Conclusions
This study experimentally determined and discussed the piezoresistive performance of bulk carbon nanopar-
ticles. Ohmic response, load-dependent contact resistance, and particle morphology were comprehensively
characterized. The potential applicability of CNP due to their piezoresistive behavior is highlighted. It is shown
that the morphology of the nanostructures plays a crucial role in their piezoresistive performance. Quasi-zero-
dimensional nanostructures exhibit the highest absolute electrical resistance, as observed in CB and CNH.
One-dimensional nanostructures, such as CNT and CNT-D, exhibit significantly lower electrical resistance than
the zero-dimensional structures by approximately one order of magnitude, whereas two-dimensional structures
present slightly lower electrical resistance than one-dimensional nanoparticles. OLC, in particular, fall between
zero- and one-dimensional CNP in terms of electrical resistance.

The resistance of OLC decreases in a linear manner as the load increases (when plotted in a logarithmic scale),
however the displacement fluctuates at low loads. Accordingly, the use of this nanoparticle for its piezoresistive
performance must be limited to high load applications (above 6 N under the conditions of this study). Likewise,

CNP Slope Dominant resistance type
CB —0.38+0.01 | Constriction

OLC -0.63+0.04 | Film

CNH -0.62+0.01 | Film

CNT —0.29+0.01 | Constriction

CNT-D —0.32+0.01 | Constriction

GF —0.38+£0.03 | Constriction

GNP —-0.35+0.01 | Constriction

Table 2. Slope value of linear fitting of load dependent resistance curves (plotted in double logarithmic scale),
R-squared of linear fit between 0.94 and 0.99.
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GNP also exhibit exceptional linearity. However, the compression-to-displacement relationship varies signifi-
cantly for loads above 3 N. Therefore, the use of this nanoparticle should be limited to low load and relatively high
current applications so as to minimize the resistance caused by capacitances (interlayer gap). GF on the other
hand, should be limited to low and high load applications due to fluctuations in its compression-to-displacement
relationship in mid-range loads. In relative terms, CNH presents the largest resistance reduction within the
loading range (along with OLC), decreasing in a relatively linear manner as the load increases. Its compression-
to-displacement relationship is exceptionally constant with minor fluctuations in the mid-range loads. Therefore,
as with GF, its application should be limited to low and high load requirements. However, CNH possesses a
larger ohmic range, albeit its electrical resistance is significantly higher. CB shows very promising results due to
its consistency in its compression-to-displacement relationship in the mid-to-high loading range after the voids
formed due to agglomeration are filled. The load-resistance curves are linear, and CB has a significant resistance
reduction between 0.25 and 10 N. Moreover, CNT performed exceptionally well, having consistent compression-
to-displacement relationship, linear load-resistance curves, and adequate overall resistance reduction. The latter
is a significant advantage since instrumentation with lower resistance precision are required. Smaller agglomer-
ate sizes did not benefit their piezoresistive performance. CNT-D’s electrical performance marginally improved
compared to CNT. Its compression-to-displacement relationship, on the other hand, fluctuates throughout the
entire loading range evaluated, tending to stabilize for high loads. Therefore, CNT-D should be utilized in very
high load applications. Conversely, the reduction of agglomerate sizes (through dispersion) can be neglected
since CNT in their agglomerated state are suitable for low, mid, and high load applications. Moreover, one- and
two-dimensional nanostructures show relatively low electrical resistance at 10 N. Therefore, for sufficiently high
loads, nanoparticle aggregates could be used as interconnection media between two terminals.

The results presented demonstrate the auspicious piezoresistive behavior of carbon nanostructures, empha-
sizing the importance of proper CNP selection based on intended applications. However, further research is
necessary to gain a comprehensive understanding of their performance, efficiency, reliability, and limitations.
Therefore, it is important to study the influence of atmospheric conditions (i.e., temperature and primarily
humidity) and particle size, as well as loading conditions that exceed the ranges from this study. Additionally,
while the measurements reported here showed exceptional repeatability, it is necessary to evaluate the CNPs’
performance in successive loading and unloading cycles in more detail.

Data availability

The data required to support the present findings are present in the manuscript and supplementary information.
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Abstract

The design of an electrical contact is crucial to ensure optimal performance, reliability,
and efficiency of connectors. One key aspect is the surface quality of the contacting bodies —
among other factors such as material selection, contact geometry, etc. In this work, we evaluated
the influence on electrical contact resistance (ECR) of a smooth copper-based surface (brass,
bronze, and tin-plated copper) when contacted against surfaces with different degrees of
roughness. Furthermore, a carbon nanotube (CNT) coating was proposed with the goal of
mitigating the topography-induced influence of the textured counter electrodes. The electrodes
and counter electrodes were thoroughly characterized to understand the contacting mechanisms
through numerical modeling, — namely, Greenwood-Williamson and Jackson-Green models — as
well as using a practical-oriented slope analysis. Load-dependent ECR measurements were
carried out to quantify the effect of roughness on contact resistance. When contacting against
brass and bronze, a clear correlation between roughness and ECR can be established, with
higher roughness equating to lower ECR. In tin-plated copper, on the other hand, this hierarchy
is not as well defined due to the ease with which the tin plating deforms, thus enabling the
penetration of outstanding asperities and consequently establishing a better electrical contact.
CNT-coated counter electrodes showed promising results, partially confirming the hypothesis
proposed. However, unforeseen topography-related interactions with the CNT coating produced
exceptions in the ECR measurements. Nonetheless, for most cases studied the coating did

mitigate the influence of roughness.

Keywords: carbon nanotubes, contact mechanics, electrical contact design, electrophoretic

deposition, rough surfaces.

1. Introduction

When designing an electrical contact, multiple requirements must be satisfied for optimal

contact performance. However, as there is no perfect electrical contact material, tradeoffs must
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be made depending on the specific application of the contact in question. Design choices such as
material, geometry, surface finish, etc. are pivotal for optimal contact performance. Focusing on
material selection, mechanical properties, wear, and corrosion resistance, and particularly
transport properties play an important role not only in performance, but also on durability,
maintenance requirements, and reliability.

Understanding the various parameters that affect electrical contact resistance (ECR) of metals
is crucial for optimal contact design. However, when analyzing these parameters, it is important
to consider practical applications. Although laboratory conditions help to understand the different
phenomena at play, these conditions cannot always be met in industrial manufacturing processes.
Unequivocally, laboratory conditions do not always reflect real-world applications, where
technical contact surfaces are subjected to harsh mechanical and environmental conditions.
Accordingly, it is of interest to conduct a quantitative and qualitative analysis of the influence of
surface topography on the ECR of flat contacting bodies. Therefore, more accurately

understanding the behavior of realistic contacting surfaces.

By studying the loading phase of load dependent ECR, information on the predominant
deformation mechanisms can be acquired, as reported by Tamai et al. [1,2]. This analysis is based
on the total resistance (R;) of a contact, shown in Equation 1. In this equation, p,, pPy, and pcons
are the resistivity of the probe, of the plated material, and of the contaminant film, respectively,
nc 1s a cleanliness factor (an empirical coefficient that takes a value of 1 for clean interfaces), H
is the hardness, F is the load, and d.on: 1s the thickness of the contamination film. The second
term from Equation 1 corresponds to the contamination films present in the contacts [3,4]. All
parameters in Equation 1 are material or system properties, therefore, they are constant
throughout all measurements. Although p,, pPy, and peons are temperature dependent, these can be
considered constant since the temperature does not change sufficiently to have a significant
impact on the materials’ resistivity during experimentation. Therefore, the only parameter that
varies is the applied load F. Consequently, Equation 1 can be simplified and expressed as shown
in Equation 2, where £ is a constant value that encompasses the fixed values and # is an exponent
that can be approximated by the slope value of load dependent ECR when plotted in a double

logarithmic scale.

It is important to consider, however, that this analysis should not be overinterpreted due to its

= Pp + pPp (Tlan>1/2 PeontAcontH Equation 1
‘ 2 4F F
n
Rt _ (%) Equation 2
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theoretical nature. This theoretical framework was established for flat, smooth, and clean
surfaces, as well as the consideration that only one surface undergoes deformation. Therefore,
exponent deviation from theoretical values is expected. Nonetheless, this analysis could prove
useful to predict the deformation that takes place in the system in a quick and straight forward
manner. Further deviation from theoretical values were listed by Leidner et al. [5]. Depending on
the value of n, the deformation mechanism of the system can be predicted. When » takes a value
of -1/3 or -2/3, elastic deformation is predominant in the system, whereas plastic deformation is
predominant when # is equal to -1/2 or -1 [6].

In contacting surfaces, the ECR is the sum of three components, as shown in Equation 3. This
equation states that the total resistance of a system is the sum of the constriction resistance
(caused by the concentration of current in the contacting sites, i.e., a-spots), the film resistance
(consequence of residual films on the contacting surfaces), and the resistance of the bulk material,
Re, Rs, and Ry, respectively [3]. The bulk resistance Ry is constant (separated into Ry; and Ry for
cases when two different materials are in contact), determined by the material choice, whereas
the constriction and film resistance vary significantly depending on surface finish, oxidation
state, and contact cleanliness. Constriction resistance is the primary focus of this study since the
concentration of current flow is strongly linked to the number of asperities in contact, as defined
by Holm in Equation 4 [7], where a is the radius of the circular contact area and p is the
conductivity of the contacting materials. Constriction resistance is size dependent, with different
validities depending on if the contact size is larger than or smaller than the mean free path of
electrons [8]. In the former case Holm resistance is valid, whereas Sharvin resistance is valid for
smaller contact areas. In this study, we will focus solely on Holm resistance. As expressed in
Equation 4, with higher number of a-spots in contact, the real contact area approaches the
apparent contact area. Consequently, the constriction resistance is reduced due to a higher number
of contacting sites.

Therefrom, the slope analysis can provide insight into the predominant resistance type:
constriction or film resistance [2,6,7,9]. When n takes a value of -1/3 or -1/2 it was established
that the constriction resistance dominates the system. Film resistance, on the other hand,
dominates when the exponent n takes values of -2/3 or -1. As with the deformation mechanism
analysis, the actual values will deviate from these theoretical values. Furthermore, more than one

deformation mechanism taking place simultaneously can cause an intermediate value.

Rt = RC + Rf + Rbl + sz Equation 3

R; = Equation 4

P
2-a

137



The contact between two rough surfaces can be modeled by determining an equivalent
roughness. In other words, the system can be simplified by assuming that one surface is perfectly
smooth and undeformable, whereas the other surface possesses a roughness that is equivalent to
the actual roughness of both surfaces [10]. Furthermore, if it is considered that the asperities have
a rounded peak (or summit), then the contacting system can be evaluated as a sphere-on-plane.
To properly simulate the contact situation, the correct mathematical model should be selected. In
fully elastic contact between two smooth bodies, Hertzian contact theory can be used to
determine the contact radius of individual asperities, as well as their mean and maximum contact
pressure [11]. In rough surfaces, as the asperities begin to deform, it is intuitive to believe that
the real contact area grows as the load increases. Consequently, the contacting pressure should
reduce due to the larger area in which the load is distributed, in addition to new smaller contacting
sites also encounter the surface. At a given load, the contact pressure should remain constant as
the asperities deform, however, with increasing loads the contact pressure also increases.
Therefore, the contacting area does not depend on the contact pressure, but rather on the applied
load, as proven by Greenwood and Williamson [12].

A major limitation in Hertzian theory is that the contacting surfaces must be perfectly smooth,
since this model considers a round body contacting a flat body. Greenwood and Williamson (GW)
expand Hertzian contact by stochastically modeling the contacting systems involving roughness
more accurately. Consequently, the GW model extends the analysis from a single asperity to a
more realistic representation with multiple sphere-on-plane contacts. The GW model considers
the following assumptions [10,13]:

1. The asperity distribution is random and can be modeled by a Gaussian distribution.

2. At their peaks, asperities have a constant radius of curvature which is independent of
their individual height.

3. Asasperities deform, these do not interfere with adjacent asperities, i.e., asperities are
mechanically independent.

4. The bulk material does not deform as the asperities are loaded onto its surface (elastic

sphere against a rigid plane).

Prior to applying the GW model, statistical parameters such as the radius of curvature of the
individual asperities (r), the areal asperity density (7), and the standard deviation of the surface
height (o5) must be calculated [14]. Physically, » is the mean radius of each asperity, # is the
number of asperities per unit of area — and o, is the deviation in height of each asperity with
respect to the mean value (i.e., the datum line). These parameters can be determined by using the

spectral moments, as described by McCool [13]. As with Hertzian contact theory, GW model is
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applicable and widely accepted for purely elastic contact situations. However, this model is not
sufficiently accurate in the elasto-plastic regime. In this case, other models which extend the
range of applicability of the GW model must be employed. A plethora of researchers have sought
out to improve upon the GW model, while others derived their own models for plastic
deformation, such as: Kogut-Etsion [15], Chang-Etsion-Bogy [16], Zhao-Maietta-Chang [17],
Shankar-Mayuram [18], and Jackson-Green model (JG) [19,20], among others [21]. The JG
model presents the added advantage that it is not dependent on limiting assumptions — e.g., the
hardness of the material [14]. To establish in which regime our system is functioning, the
plasticity index () must be calculated [12,14,20]. If the plasticity index takes a value below 0.6,
it means that our system deforms purely elastically. When i takes values above 0.6, it indicates
that the onset of plasticity has begun, whereas for y values above 1 the system is in plastic regime.
Based on the y value acquired, the correct model must be chosen since the results vary from
model to model [20]. The y can also qualitatively describe the amount of plastic deformation that
the asperities of the rough surface undergo [21].

In many industrial operations, having thorough control of the manufacturing process can be
resource-intensive, costly, and time consuming. However, for specific applications a certain
surface finish, post process, etc. may be required. Therefore, in this study we go one step further
by proposing a carbon nanotube (CNT) coating on the textured counter electrodes. The aim of
this coating is to potentially compensate the influence of the generated topographies.
Accordingly, the counter electrodes will be coated via electrophoretic deposition (EPD) [22,23].
It is hypothesized that due to the restitutional forces present in the multi-walled CNT, any
influence in ECR developed by the existing topographies, could be neutralized. Along with the
intrinsic elastic restitution of the individual CNT, interaction between CNT and CNT
agglomerates could further promote restitution. Additionally, CNT are electrically conductive
particles, thereby having a limited effect on the overall ECR of the system [22]. Therefore,
sufficiently thick CNT coatings may be capable of limiting any undesirable topography-induced
effects. These nanoparticle coatings also have the added advantage of providing wear protection
due to their outstanding solid lubricity [24], as well as atmospheric protection because of their
intrinsic hydrophobic wetting behavior [23,25]. Consequently, this simple, cost-effective, and
quick post process could be implemented at the last stages of a manufacturing process. This could
not only eliminate secondary finishing processes and quality control processes, but also
incorporate the aforementioned benefits.

Copper and copper-based materials are extensively used in diverse applications due to their
outstanding transport properties, as well as good mechanical properties and corrosion resistance.

The focus of this study is on electrical applications. Therefore, brass, bronze, and tin-plated
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copper (SnCu) will be investigated. These materials were chosen based on their extensive use in
electrical applications, such as: connectors, relays, brackets, sockets, conductive springs, bus
bars, etc. Round, flat-headed copper rivets (counter electrodes) will be ground and polished to
different grit and particle sizes, thus generating different topographies. The textured counter
electrodes will contact the polished electrodes and this system will be electrically and
topographically characterized. Furthermore, the contacting situation of the system will be
modeled and evaluated.

Previous research carried out by Zhai et al. have reported a power law relationship between
normal load and conductance between rough aluminum alloy surfaces [26,27], with the exponent
being closely linked to the topographic characteristics of the surfaces. Furthermore, numerical
and theoretical investigations conducted by Wang et al. have also reported this power-law
relationship [28]. Within the scope of this work, we aim to evaluate the influence of different
stochastic counter electrode topographies (i.e., textures generated by grinding and polishing)
against smooth brass, bronze, and tin-plated copper electrical contacts with loads ranging from
0.25 N up to 10 N. The electrodes and counter electrodes will be characterized via confocal laser
scanning microscopy (CLSM) to attain information on the resulting roughness. Load-dependent
ECR will be carried out to assess the influence of topography on the contacting system’s electrical
behavior. Furthermore, slope analysis on the loading phase of load dependent ECR, as well as
numerical contact mechanics simulations will be calculated to gain insight into the contacting
situation in our system — via GW and JG model. EPD will be used to coat the textured counter
electrodes, which will be subsequently characterized via load dependent ECR. Furthermore,
focused ion beam (FIB) cross sections will be carried out on the coated counter electrodes to
measure the resulting coating thickness, evaluate coating compactness, as well as the coating-

rivet interface.

2. Materials and methods
2.1. Material characterization

2.1.1. Electrodes

To evaluate the influence of counter electrode topography on electrical contacts, three
different materials were studied — i.e., brass (CuZns7), bronze (CuSns), and tin-plated copper
(tinned Cu-Ni-Si alloy, Stol 76M C19005) — henceforth SnCu. Laminated brass and bronze
platelets were used — (25 x 10 x 1) mm. The tin-plated copper samples were obtained from
commercially available strip material (KMD Group, Germany). These Cu strips were plated by
a galvanization process. The SnCu samples were characterized in an as-received state. The brass

and bronze samples, on the other hand, were ground (P1200 grit silicon carbide grinding paper)
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and polished with 6 ym, 3 um, 1 um diamond suspension, and oxide particle suspension to obtain
a mirror-polished surface. The roughness of the materials was measured via CLSM (LEXT
OLS4100, Olympus) with a laser wavelength of 405 nm. To obtain a larger field of view with
high magnification, 3x3 stitching at 20x was carried out. After polishing, the brass and bronze
samples presented a root mean square (rms) roughness between 10-30 nm. On the other hand,

the as-received SnCu samples presented a rms roughness of 220 &+ 20 nm.

A FIB cross section (FEI Helios NanoLab600 Dual Beam Setup) on a SnCu sample was
carried out to measure the plating thickness, shown in Figure 1. In the cross section, the Cu base
material and Sn plating can be observed, as well as the protective Pt deposition. The Sn plating
has a mean thickness of 2.2 £ 0.1 pm. A magnified region at the center of the cross section is
shown where intermetallic phases (IMP) can be more easily identified in the micrograph acquired
with the ion beam. These IMP are highlighted in Figure 1 by the white dashed line. The thickness
of the IMP varies significantly from region to region, showing an average thickness of

0.7 £ 0.1 pm. The formation of the IMP occurs naturally over time due to aging.

Microhardness measurements were carried out using Struers Dura Scan 50 microhardness
tester (Struers Inc., USA) with a load of 0.98 N. The load was applied onto the sample for a

duration of 15 seconds and the resulting imprint was imaged via light optical microscopy using

- R N e L

5um

Figure 1: Cross section of SnCu showing Cu base material, Sn plating, and intermetallic phases formed between Cu and Sn. The
inset shows a magnified micrograph of the cross section acquired with ion beam to achieve better contrast between the Sn plating,
the IMP, and the Cu base material.

Table 1 - Vickers microhardness of copper, brass, bronze, and tin-plated copper.

Material HVo.u
Copper 83+2
Brass 88+3
Bronze 174+ 2
SnCu 95+5
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40x magnification. The resulting hardness of brass, bronze, and SnCu is shown in Table 1. The
hardness of Cu was also measured to illustrate how the alloying and plating elements affect the
hardness of this metal. It is important to consider that the hardness of SnCu is the composition
of the hardness of the Sn plating and the Cu base material.

Although the load is relatively low, the penetration of the indenter is over three times greater
than the mean thickness of the plating, thus proving that the measured hardness is influenced by
the base material. To show the influence of the base material on its hardness, microhardness
measurements at higher load were carried out on SnCu samples. At a load of 9.8 N, SnCu showed
an average hardness of HV =111 + 7, resulting in a penetration depth of approximately 18.5 um.
With triple the penetration depth, a small increase of approximately 16 HV compared to the
measurements carried out at 0.98 N was recorded. The hardness values at this higher load also
surpass the values obtained for the pure Cu sample by about 30 HV. This increase in hardness at
higher loads is caused by the Sn plating.

At an attempt to decrease the influence of the base material on the plating’s hardness, Knoop
microhardness was measured. However, these measurements were consistent with Vickers

microhardness in SnCu samples under identical loading conditions.

2.1.2. Counter electrodes - rivets

The counter electrodes used were flat-headed Cu rivets, with a diameter of 5 mm. These rivets
were ground and polished down to 1 pum polishing suspension. Further polishing was attempted
using oxide particle suspension; however, this process oxidized the surface of the polished
counter electrodes. Consequently, this process was eliminated, opting for 1 pm as the smoothest
topography. Once all rivets were polished, a set of rivets were re-polished to a specific grit/grain
size — 1.e., 6 um, P600, and P320 — thus obtaining four different topographies starting from the
same surface condition. A 3D view of these topographies, rms roughness values, and a linear
profile scan of the rivets is shown in Figure 2. The roughness profile is the mean of a 300 pm
width scan at the center of each counter electrode. This profile scan is important since it depicts
the asperity distribution of each counter electrode. It is especially useful in highlighting the
difference between P600 and P320. Although the rms roughness of P600 is approximately 75%
that of P320, the profile scan shows large-scale peaks and valleys present in the latter, whereas
the irregularities in P600 are smoother and less pronounced. Observing 1 um and 6 um counter
electrodes, the rms roughness difference is significant, with the 1 pm sample representing only
about 20% that of the 6 um sample. The profile scans of the 6 um sample shows many asperities

throughout the scan. The 1 um sample, on the other hand, is predominantly flat.
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P600 S, = 3043 + 240 nm P320 S,..= 4097 + 305 nm
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Figure 2: 3D view of rivet topography generated and linear profile of a) 1 um, b) 6 um, ¢) P600, and d) P320 with average rms
roughness.

Table 2- S-ratio and Raq of topographies produced.

S-ratio Raq/°
Ium 1.020 56+1.7
6um 1.275 30.8+3.4
P600 4.092 163.1 £40.7
P320 4.883 193.4+£51.5

Another key parameter that can be measured using CLSM is the roughness ratio (S-ratio).
This parameter provides crucial information on the increase in the ratio between real and apparent
contact area (S-ratio = real contact area / apparent contact area). For our analysis, these values

are considered merely qualitatively, therefore aiding in comprehending the differences in contact
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situation between the four produced topographies. The S-ratio for each rivet is shown in Table
2. Moreover, the root mean square gradient (Raq) was also determined using CLSM
measurements. This surface parameter provides insight into the slope of the asperities present in
the textured rivets, shown in Table 2. Higher Raq values imply steeper asperity flanks, whereas
smooth surfaces should present values that approach zero. As evidenced in the topographies
generated, as the grit size increases so does the asperity flank slope. As with rms roughness and
S-ratio, a grouping of the 1 pm with 6 um and P600 with P320 is observed, albeit the former
shows a higher deviation from one another.

Vickers microhardness using a load of 0.98 N of three as-received rivets were measured in
six different points, resulting in an average hardness of HVo.1= 154 £ 5. In this work, the increase
in hardness due to the grinding/polishing processes are neglected.

Prior to EPD, the colloid must be prepared. In this work, isopropyl alcohol was used as
solvent (80 ml), with 8 mg of CNT dispersed (0.1 mgent/mlsolvent) [22,23]. Before dispersion,
5 ml of triethylamine were added to the solvent. This additive presents the advantage that it does
not influence the chemistry of the resulting coatings. It was added to aid in the deposition process
by promoting CNT dispersion. Furthermore, this additive gives the CNT a surface charge,
therefore resulting in an anodic deposition [23,25]. Each counter electrode was coated via
potentiostatic EPD at 300 Vpc. The interelectrode distance for the deposition process was set at

10 mm, for a duration of 4 minutes.

2.2. Electrical characterization

The topographical influence on ECR was analyzed via load dependent ECR. For this analysis,
the samples and the counter electrodes were mounted on a self-developed four-probe tribo-
electrical testing rig [29]. Each ECR measurement consisted of one loading and one unloading
semi-cycle. The loads used were 0.25, 0.5, 0.75, 1, 1.5,2,2.5,3,4,5,6,7, 8,9, and 10 N. These
loads were selected since they cover a wide range of application-relevant contacting loads.
Special emphasis was placed on the lower loading ranges, since here the deformation
mechanisms of the asperities play a larger role. A direct current of 10 mA was sourced, recording
the voltage drop between the electrodes using a nanovoltmeter range of 0.1 V. This current and
voltage range were chosen to accurately measure the differences in ECR as a consequence of the
contacting surfaces’ topography. When measuring at a lower current level, the topographical
features are more influential on the resistance measured. Contrarily, at higher current levels the
influence of the topography on ECR could be outweighed, thus reducing the accuracy of the
measurements. Furthermore, with 10 mApc the measurements are carried out under dry circuit

conditions, thus ensuring that no microstructural changes that could affect the results take place
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due to Joule heating during the measurements [30]. All ECR measurements were carried out at
an ambient temperature and relative humidity between 19-24 °C and 40-50%, respectively. Each
measurement was taken at least 5 times to ensure reproducibility and fidelity. Prior to ECR
measurements, the samples and counter electrodes were cleaned in ultrasound (Bandelin Sonorex
Super RK 514 BH, 33 kHz, 860 W) in isopropyl alcohol for 5 minutes.

Load dependent ECR measurements using CNT-coated counter electrodes were carried out
using the same parameters and conditions as with uncoated counter electrodes. In these
measurements, however, the nanovoltmeter’s range was set to 1 V to prevent the device from

saturation when measuring higher voltage drops.

2.3. Contact mechanics

The contact situation of the different systems is of significant importance to better understand
the frictional, electrical, and thermal behavior of the contacting pairs. This deeper understanding
can, in turn, enable the prediction of behavior in different systems by extrapolating the data from
this study. Therefore, the contacting situations were evaluated via two methods: 1) via a slope
analysis method, as described by Tamai et al. [1,2,6], and 2) via the calculation of the plasticity
index, followed by GW or JG model, accordingly [10,12—-14,19,20]. The former allows a fast and
simple method to predict deformation and conduction mechanisms, whereas the latter is a more
robust statistical method that models the contacting surfaces.

In these calculations, the material properties will be those provided by the manufacturer. For
the counter electrodes, no specifications were provided. Therefore, it is considered that the
material properties of the counter electrodes are those of bulk copper. Furthermore, it is also
considered that these material properties do not change after grinding and polishing (i.e.,

deformation induced changes are disregarded).

2.3.1. Slope analysis

The slope analysis method requires the plotting of the loading semi-cycle of load dependent
ECR in a double logarithmic scale. The different ECR values are then linearly fitted, thus
acquiring the slope of the fitted line. The slope can be then interpreted as the exponent n from
Equation 2. Based on the value obtained, the dominant deformation mechanism can be
determined, as well as the dominant resistance type. In this work, this analysis will be contrasted
with the numerical approach to evaluate the accuracy of this method despite the aforementioned

shortcomings and complexity of the analyzed system.
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2.3.2. Numerical approach

The theoretical calculations to understand the contacting mechanisms during load dependent
ECR cannot be carried out by Hertzian theory due to the plastic deformation that the rough
electrodes undergo. Therefore, modeling via GW and JG model are implemented. Modeling

procedure and parameters are thoroughly explained in Appendix I.

3. Results and discussions

3.1. Load dependent ECR

To understand the influence of counter electrode topography on contact resistance, load
dependent ECR measurements were carried out. The results are shown in Figure 3. These plots
show the full measurement cycle — i.e., loading and unloading — in double logarithmic scale.
Visualizing the beginning of the loading phase allows a better depiction of the behavior of the
electrode-counter electrode system at low normal loads, whereas the unloading phase provides
information on the electrical behavior after the system has undergone deformation.

A clear correlation can be observed between topography and ECR based on the measurements
conducted on brass samples, shown in Figure 3a. In other words, as counter electrode roughness
increases, the contact resistance decreases. This relationship can be observed for all roughness
values in hierarchical order. The average resistance of the system is highest when measured with
the 1 um electrode, followed by 6 um, P600, with the lowest average resistance recorded with
P320. This behavior can be explained by the S-ratio of the counter electrodes shown in Table 2.
As the topography generated on the rivets increases, so does the ratio between apparent and real
contact area. Therefore, when measuring ECR with rivets with higher topography, the
approximate real contact area is over 4 times higher in the case of P320 rivet. This reduced the
contact resistance since there are more contacting sites between the two surfaces. In turn, having
a higher number of contacting sites reduces the concentration of current between electrode and
counter electrode. Consequently, constriction resistance is less meaningful. A higher roughness
also facilitates the piercing of contaminant films due to the outstanding asperities exerting a
higher local contact pressure [9]. This also causes an earlier onset of plasticity. Furthermore,
counter electrodes presenting higher roughness are more likely to puncture contaminant and
oxide films present on the surface of the electrode — as well as on the rivets itself — thus causing
a reduction in film resistance. These deductions concur with Equation 3 and Equation 4. A
gradual increase in the normal load enables more asperities to puncture superficial films, thus
diminishing the influence of film resistance. Moreover, as the load increases, two key processes

promote the reduction of constriction resistance. These are: 1) the deformation of asperities, thus
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Figure 3: Load dependent ECR measurements. a) Brass, b) Bronze, and ¢) SnCu. Note: the y-axes are plotted with different
ranges. Note: error in all measurements below 7%.
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increasing the real contact area; 2) due to the deformation of dimensionally larger asperities,
smaller asperities also come into contact with the other surface, thus further increasing the real
contact area. In 6 um, P600, and P320, as the load surpasses 8 N (5 N in the case of 6 um) ECR
values remain, to a certain degree, constant. This ECR value is equal to the bulk materials’
resistance, as well as the minimum value of film and constriction resistance for these systems.
Higher normal loads would not significantly reduce ECR since at this point the bulk materials’
resistance is controlling the system. In addition, asperities may have reached their plastic limit.
Since they can no longer plastically deform, the contact area can no longer increase, thus the
constriction resistance will remain constant. In these three systems, different ‘minima’ are
reached, thus implying different film and constriction resistances. These minimum ECR values
are topography-dependent since the bulk resistance remains constant throughout. Contrarily, all
systems would present the same ECR at 10 N.

The 1 um rivet’s behavior, however, differs from the others in two major ways. On the one
hand, the absolute resistance reduction in the system is larger than when measuring with the other
rivets — decreasing from approximately 430 mQ at 0.25 N to approximately 70 m€ at 10 N, an
83% decrease. In the same loading ranges, the other 6 pm, P600, and P320 rivets presented an
ECR decrease of approximately 75%, 40%, and 67%, respectively. However, at low normal loads
the 1 um rivet’s ECR changes slowly, showing a somewhat constant resistance until 1 N, with a
sharp decrease above this load. The other difference seen when measuring with the 1 um counter
electrode is that the ECR value does not appear to have stabilized at high normal loads. In this
system, higher normal loads could potentially further decrease the constriction and film
resistance components. Among these two components, constriction resistance is believed to play
a more decisive role due to the size of the asperities in 1 um rivets — see Table A2. As a
consequence of the smaller asperity dimensions, a higher number of asperities need to come into
contact with brass’ surface to significantly reduce constriction resistance. Furthermore, the
smaller asperity size generates higher localized pressure on brass’ surface, therefore, superficial
films can be punctured at lower normal loads.

Observing the unloading semi-cycle, it is interesting to point out that the resistance remains
relatively constant throughout the entire semi-cycle. Minor fluctuations in ECR are observed at
loads below 2 N, more noticeably when measured with P320. In all cases, the highest change in
ECR during unloading is observed when reaching 0.25 N. This suggests that some degree of
plastic deformation took place in the asperities during the loading semi-cycle, thus causing an
inadequate contact at such low normal loads between the electrodes as a consequence of less and

smaller contact spots.
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ECR curves for bronze are shown in Figure 3b. Immediately, a significant difference can be
noticed compared to brass, however, the hierarchical order observed with brass is also observed
here. The ECR when measured with 1 pm and 6 um is considerably higher, with 1 pm
measurements in the range of 500-1000 mQ. However, this was expected since the conductivity
of bronze is lower than that of brass and copper. According to the manufacturer, these bronze
samples possess an electrical conductivity of 16% IACS. Bronze’s conductivity is less than 60%
that of brass, which presents an electrical conductivity of 28% IACS according to its
manufacturer. Consequently, measurements carried out with 1 um rivets saturated the
nanovoltmeter at low normal loads. Therefore, the measurements carried out at 0.25 N could not
be acquired with the device’s range set at 0.1 V. It was opted to discard these measurements
instead of increasing the voltage range of the nanovoltmeter to maintain the same uncertainty
ranges in all measurements. However, when considering a linear extrapolation, it can be assumed
that the ECR value at 0.25 N would exceed 1100 mQ.

Although bronze is less conductive than brass and copper, it is significantly harder — see
Table 1. Therefore, when measuring with 1 pm rivets, the small-sized asperities deform at lower
normal loads when contacting the harder bronze surface compared to the softer brass surface.
Consequently, a constant ECR value was reached from 7 N onward. In this system, due to the
hardness of the bronze sample, constriction resistance is quickly reduced due to the extensive
deformation of the asperities that are pressed against the harder surface. Observing Figure 3b, a
sharp decrease in ECR can be observed above normal loads of 1 N, as was the case in brass.
Therefore, it is deduced that below this normal load, asperities do not significantly deform
(enough to reduce the constriction of current) and/or superficial contaminant films are not
punctured. However, due to the small dimensions of the asperities, it is believed that constriction
resistance dominates below 1 N.

Contrarily to the measurements on brass, 6 um, P600, and P320 measurements do not reach
their minimum constriction resistance against bronze — evidenced in Figure 3b. The larger-sized
asperities produced by the grinding and polishing processes can be further deformed by the
harder surface. Therefore, even at normal loads of 10 N, further deformation can take place on
textured rivets. This was not observed in the 1 um rivet due to the small size of the asperities.
These quickly deform as the load increases, reaching their plastic flow limit at around 7 N. When
measuring with P600 and P320 rivets, the loading semi-cycle shows a clear downward tendency.
A further increase in normal load could generate more severe plastic deformation, thus producing
additional reduction in constriction resistance.

ECR values obtained coincide with the predictions based on the S-ratio. In other words, P600

and P320 show significantly lower ECR values than 6 um rivets, with the latter showing
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significantly lower ECR than 1 pm rivets. This was expected based on the increased real contact
area produced by the topography generated on the counter electrodes. However, this behavior
was not observed when measuring against brass. Because of the higher hardness of bronze, the
increased deformation further enhances the real contact area and confirms the predictions based
on the S-ratio. Consequently, a considerable difference in ECR is observed when comparing
I um rivets with P600 and P320 rivets — over two orders of magnitude. On the other hand, in
brass, this difference approached one order of magnitude. Therefore, when working with hard
and relatively low conductive materials, generating a strong topography on the softer electrode
is of utmost importance to ensure minimal electrical resistance.

The high degree of asperity deformation can be evidenced by the behavior of P600 and P320
rivets in the unloading semi-cycle. ECR slowly increases as the load decreases. However, after a
certain point — 2.5 N for P600 and 4 N for P320 — the resistance takes a dip and then sharply
increases at 0.25 N. It is unclear as to why the resistance decreases. One hypothesis would be
that lower asperities that did not plastically deform return to their original position, thus ensuring
adequate electrical contact with the substrate. The resistance reduces since oxide and contaminant
films were punctured during loading. However, plastically deformed asperities would
inadequately contact bronze’s surface, thus increasing the constriction resistance. Another
possible explanation could be that during unloading, rearrangement of the deformed asperities at
low loads temporarily enhances the contact between the two surfaces until the load is sufficiently
low (at 0.25 N) and the contact is exacerbated.

Among the samples in question, SnCu presents the lowest ECR, shown in Figure 3c.
Measurements with 1 um rivets results in ECR values slightly over 100 m and with P600 as
low as 20 mQ at 0.25 N. Again, the S-ratio pairing of P600 and P320 is observed in SnCu.
However, in these measurements P600 showed lower resistance than P320. Although SnCu
presents similar hardness values to copper and brass (see Table 1), it should be recalled that this
is a compound hardness comprised of the tin plating and the copper base metal. The relative
softness of tin is the primary reason as to why it is so extensively used as plating material. In this
system, the tin plating is easily deformed by the asperities of the copper counter electrode, thus
quickly reaching a steady contact area. Therefore, the similarities in S-ratio and rms roughness
of P600 and P320 rivets results in similar ECR values. Throughout the entire measurement cycle
the difference in ECR values between these two rivets falls below 4 mQ (17% difference).
Therefore, although the same hierarchical order observed with brass and bronze is not strictly
valid here, it remains somewhat true to state that a higher degree of roughness leads to lower
ECR values. Nonetheless, with materials that present higher electrical conductivity, the reduction

in ECR with increased roughness is not as crucial as with less conductive materials —e.g., bronze.
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As the normal load increases, the asperities of the counter electrodes penetrate through the

tin plating. Once the asperities reach the base material, the asperities begin to deform. This occurs
at approximately 7 N for P600 and P320 rivets, as evidenced by the decrease in ECR in Figure
3c. The same can be observed in 1 um and 6 pm rivets at approximately 2 N and 4 N,
respectively. However, in this case, asperities do not reach the base material since the tin plating
is thicker than the outstanding height of the asperities. In these rivets, deformation occurs at lower
loads because of the smaller size of the asperities — higher contact pressure — and due to the tin
plating undergoing compression. This occurs faster in 1 um rivets, thus reaching the constant
ECR values at approximately 8 N.
The tin plating presents the added benefit of improving electrical connectivity during unloading.
P600 and P320 rivets show similar ECR values during loading and unloading. When unloading
these asperities in contact not only remain in contact with the copper base material, but also with
the tin plating — as illustrated in Figure 4. Therefore, even after deformation took place, ECR
values remain low at low normal loads. This was not the case with rivets with lower roughness.
As seen in Figure 3¢, at 0.25 N in the unloading semi-cycle, ECR sharply increases in both 1 pm
and 6 um rivets.

Comparing the results shown in Figure 3 (load dependent ECR) and Table 2 (s-ratio and
roughness of textured counter electrodes), the data tends towards the fact that there is an upper
limit on the influence of roughness on the ECR. The tendency is clearer when contacting against
harder surfaces (i.e., bronze and SnCu — see Table 1). In these cases, the softer asperities of the

textured counter electrodes are more easily deformed when pressed against harder surfaces, thus

a)WW’ b) Rc=p/2a AT=2aT=§;ai

Brass, Bronze & SnCu: F=0N

F>0N F>0N

C) Brass & Bronze d) SnCu

/\f\m/\/\/‘v*\/\f/\r\m\/v—w\/\,

Figure 4: Schematic representation of contacting situation at a) F =0 N, ¢) F > 0 N in brass and bronze, d) F > 0 N in SnCu
against a textured counter electrode. b) Shows the equivalent circuit of Equation 3 (total resistance) and a schematic
representation of Equation 4 (constriction resistance).

151



resulting in the onset of plasticity at lower loads. Consequently, the maximum plastic deformation
of the asperities is reached faster and well within the loading range analyzed. In the case of SnCu
specifically, the presence of the soft tin plating further aids in rapidly reaching steady state ECR
due to the softness of the tin plating, coupled with the deformation of the asperities in the counter
electrode with higher roughness values. When contacting against smooth surfaces with similar
hardness values (i.e., brass), on the other hand, the tendency is not as clear. Here, the onset of
plasticity of the asperities requires higher loads, since the similar hardness values of both
materials causes mutual deformation. In other words, the smooth brass surface deforms the
counter electrode’s asperities at the same time as the asperities imprint on the smooth brass

surface.

3.2. Resistance-load curve slope analysis and numerical analysis

3.2.1. Brass

Due to the aforementioned complexities of the system in question, different contacting
counter electrodes group themselves in different force ranges — as evidenced in Table 3. For 1 um
and 6 pm, three different groups were identified, whereas two ranges were identified for P600

and P320. Although, the boundary differs among the different counter electrodes.

In 1 pm, the slope analysis indicates that the asperities deform elastically in the first two force
ranges from 0.25 N up to 3 N. As the load increases beyond 3 N, the plastic deformation indicated
by this analysis is attributed to asperity deformation. The dominant resistance type alternates
between constriction and film between the analyzed ranges. Initially, at loads below 1 N, the
constriction resistance could be caused by small contacting sites between the electrodes. As the
load increases and the contacting surfaces increases, film resistance is more dominant in the
contact between the asperities and the electrode. This transition can be easily observed in the
loading phase of the 1 pm counter electrode in Figure 3a. At loads above 3 N, the oxide films

are punctured (on both surfaces), thus constriction resistance dominates once again.

The 6 um counter electrode is also classified in three ranges. However, as opposed to the 1 um
counter electrode, the first range lies between 0.25 and 0.5 N. Here, plastic deformation of the
oxide film and film resistance dominates the system. In the second range, from 0.5 to 6 N,
constriction resistance is dominant due to the puncturing of the oxide layers and the establishing
of the contact area, evidenced by the change in slope in Figure 3a. The predominant deformation
mechanism according to the slope analysis indicates elastic deformation. Likewise, in P600 and
P320 counter electrodes, constriction resistance and elastic deformation dominate the system in

both of their respective ranges. The change in slope observed in Figure 3a is not significant
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Table 3 - Slope analysis of brass sample in loading phase of load dependent ECR.

Dominant Deformation
Topography | Range | Force range /N | Slope resistance mechanism
110.25-1 0.16 Constriction .
- Elastic
1 pm 2113 0.76 Film
31 3-10 0.56 Constriction Plastic
110.25-0.5 0.99 Film Plastic
6 pm 210.5-6 0.31 Constriction Elastic
316-10 0.11
P600 1]025-3 0.07 Constriction Elastic
2 13-10 0.27
P320 1]0.28-0.75 0.4 Constriction FElastic
2 10.75-10 0.22

enough to produce a change in deformation mechanism according to this analysis.

The results from numerical modeling in brass electrodes are shown in Table 4. These values
were calculated using Equation A5 through Equation A11 inputting the parameters from Table
Al and Table A2, as well as the spectral moments calculated using Equation A1, Equation A2,
and Equation A3.

The physical meaning of each GW parameter is shown in Figure Al. Observing the values
from Table 4, it is logical that the standard deviation of surface and asperity heights (a5 and oy,
respectively) increases as the grit size/suspension particle size increases. Evidently, a coarser
grinding/polishing medium will produce a rougher surface which, in turn, will generate a larger
standard deviation of asperities related to the datum line (dashed line in Figure A1) — i.e., the
mean roughness value. This parameter also helps to quantify the degree to which the roughness
increases as the texturing method changes. In other words, it is interesting to note how o and o,
more than doubles between 1 um and 6 pm, with it representing more than fivefold and sixfold

increase in P600 and P320, respectively, with respect to the 6 pm. This behavior was not reflected

Table 4 - Greenwood and Williamson, and Jackson and Green parameters of brass.

Model | Parameters 1 um 6 nm P600 P320
Os /um 0.287 0.785 3.120 5.231
Gw % /pm 0.275 0.726 2.716 4.935
M /um’ 0.103 0.112 0.127 0.140
r/pum 2.366 0.574 0.099 0.080
] 29.40 96.87 551.05 678.46
®c /nm 0.319 0.078 0.013 0.012
16 P. /nN 745.10 43.87 1.30 0.84
A /nm? 2372.80 139.66 4.12 2.68
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when measuring the roughness ratio — see Table 2. The individual asperity radius values obtained
also correlate with the texture produced. A rougher surface can be more accurately modeled by a
higher number of smaller circular features, rather than by fewer larger ones. This can be
understood easier with the aid of Figure A1, where the finer surface is modeled by seven large
circular features, as opposed to the coarser surface being modeled by multiple smaller circular
features. Accordingly, the rougher surfaces have a mean individual asperity radius below 100 nm,
whereas in the finer topographies 7 is in the pm range. The remaining GW parameter, the areal
asperity density, is unexpected. It was hypothesized that rougher surfaces would have a higher
number of asperities per pm?. In other words, a higher density of asperities per pm?. Although
that is the case, the difference is marginal.

The JG parameters, along with the plasticity index for the different topographies is also
shown in Table 4. A considerable difference can be observed when comparing the plasticity index
values obtained with the varying topographies. Finer topographies generate lower plasticity index
values, thus implying lower degrees of plastic deformation. Contrarily, rougher surfaces present
considerably higher plasticity indices (surpassing 670 for P320) suggesting significant plastic
deformation. As suggested by Greenwood and Williamson [12], the plasticity index of real
surfaces should fall within the range of 0.1 and 100. Furthermore, Jackson and Green have
demonstrated the correlation between increasing plasticity index values with the reduction of
yield strength [20]. Since the material properties of the counter electrodes remains constant
throughout our numerical analysis, with only the surface parameters (i.e., topography) changing,
it is unsurprising that there is such a drastic change in plasticity index values between the counter
electrodes analyzed.

Taking note of the JG parameters, it is evident that smoother topographies possess a higher
load bearing capacity as opposed to rougher surfaces. The 1 um surface presents a critical load
that is one, two, and three orders of magnitude higher than that of the 6 um, P600, and P320,
respectively. This behavior can be explained by the standard deviation of asperity height.
Rougher surfaces present a higher o, value, which physically represents the height of outstanding
asperities. Contrarily, a finer topography — with lower g, values — represents a more homogeneous
surface, as shown by the linear profile scans in Figure 2. Therefore, the applied normal load is
evenly distributed among a higher number of asperities. Although the finer topographies have
smaller asperity diameters at their summit, the load is distributed throughout the higher number
of asperities in contact with the other surface. Consequently, the critical load is smaller for
rougher surfaces since the applied load is concentrated on the higher outstanding asperities
(bottom left surface in Figure A1). This appears to contradict with the values obtained from the

areal asperity density (y from the GW parameters). However, a clear distinction should be made
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between 7 and the real number of asperities in the actual contacting surfaces. Furthermore, the
number of asperities alone is not enough, but the overall height of the asperities. More
homogeneous surfaces will have a higher number of simultaneously contacting asperities, which
can in turn better distribute the load, rather than heterogeneous surfaces where few asperities bear
the load. Similarly, the critical area also considerably decreases as roughness increases.
Moreover, the critical interference indicates that finer topographies must deform to a higher
degree to reach the onset of plasticity. In other words, the small 1 um asperities must deform
more than 0.3 nm in order to transition from elastic to plastic deformation, whereas rougher
surfaces require lower magnitudes of deformation to transition from elastic to plastic. Again, this
emphasizes the load bearing capacity of finer topographies on account of the improved load
distribution.

From the numerical analysis, it can be seen that all the counter electrodes plastically deform.
This contradicts the results from the slope analysis, with this method implying that the rougher
counter electrodes only underwent elastic deformation. However, as evidenced by the plasticity
index and the critical values calculated with the JG model, this is clearly not the case. Plastic
deformation was also expected in all cases when observing the unloading semi-cycle of load
dependent ECR (Figure 3a). As theorized, the complexity of the systems in question, coupled
with the idealized surface requirements in the slope analysis, hinder this method’s ability to
accurately model the deformation, and thereupon, the transport mechanisms at play in our
system. Albeit, in systems where the contacting surfaces fulfil more closely with the

requirements, this model can be accurately used, thus simplifying the analysis [6,9].

3.2.2. Bronze

As was the case with brass (see section 3.2.1), 1 um and 6 um are also be divided into three
distinct force ranges. In bronze, however, P600 and P320 can also divided into three ranges as
opposed to two, as shown in Table 5.

Regardless of the topography that was generated, the slope analysis indicates elastic
deformation for their respective second force range. The change in slope is observed at 1.5 N in
I um and 6 um counter electrodes, although the change is not as significant as in brass.
Moreover, P600 and P320 show small changes in slope throughout the entire loading semi-cycle
(see Figure 3b). Complementary numerical modeling is required to gain further insight into the
deformation mechanism taking place in the system.

Different resistance types dominate the identified ranges in 1 um and 6 pm. Initially, film
resistance dominates the 1 um system for loads below 1.5 N. This film deforms plastically, with

it being punctured between 1.5 and 2 N — detected by slope change (see Figure 3b). Beyond this
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Table 5 — Slope analysis of bronze sample in loading phase of load dependent ECR.

Dominant Deformation
Topography | Range | Force range /N | Slope resistance mechanism
1]0.5-1.5 1.06 Film Plastic
1 -
pm 211.>-6 0.12 Constriction Elastic
3|7-10 0.25
11]0.25-1.5 0.57 Constriction Plastic
6 pm 2] 1.5-4 0.74 Film Elastic
3| 4-10 0.65
11]0.25-0.5 0.54 Plastic
P600 210.5-2 0.06 Constriction )
Elastic
3| 2-10 0.39
110.25-0.5 0.05
P320 210.5-2 0.20 Constriction Elastic
31 2-10 0.44

load, the oxide films on the electrode and counter electrode are punctured. Consequently,
constriction resistance dominates at and above 1.5 N. Inversely, constriction resistance dominates
below 1.5 N and film resistance above 1.5 N in the 6 pm system. However, this behavior is
counterintuitive due to the higher contact pressure above 1.5 N. Therefore, it is believed that the
high contact pressure will puncture the oxide film, thus guaranteeing that constriction resistance
dominates the system. In this regard, the slope analysis’ shortcomings are exposed. P600 and
P320, on the other hand, show constriction resistance dominating the system throughout the
entire loading range. This is likely the case due to the larger radius of the individual asperities,
thus establishing a larger contact area even at lower normal loads.

The GW and JG parameters calculated via the numerical analysis for bronze electrodes are
shown in Table 6. As with brass, the standard deviation of surface and asperity heights correlate

with the method employed to texture the counter electrodes. In other words, as the roughness of

Table 6 — Greenwood and Williamson, and Jackson and Green parameters of bronze.

Model | Parameters 1 pm 6 pm P600 P320
Cs /um 0.266 0.778 3.045 4.256
Gw % /pm 0.256 0.719 2.781 3.974
n/pm-2 0.105 0.112 0.153 0.156
r/pm 2.624 0.577 0.102 0.081
\j 27.99 99.94 468.6 626.85
¢ /nm 0.327 0.072 0.013 0.010
16 P. /nN 841.31 40.73 1.26 0.81
Ac /nm? 2695.35 130.73 4.05 2.58
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the produced surface increases, so does oy and o,. Furthermore, the mean individual asperity
radius also complies with the expected behavior. The areal density of asperities increases as the
roughness of the counter electrode increases. However, the rise in # is not as significant as
initially expected. All the GW parameters of bronze resemble that of the brass counter electrode.
This is unsurprising since both alloys present similar mechanical properties.

The JG parameters of bronze follow the same tendencies as with brass. In all the analyzed
topographies the critical parameters decrease as the roughness increases. Likewise, the plasticity
index increases with roughness, presenting similar values as when contacting against brass.
Although bronze is significantly harder than brass, more severe plastic deformation of the
textured counter electrodes is not observed, as proven by the JG parameters. This is due to the
model’s independence on the material’s hardness [14]. When comparing the plasticity index
values obtained for brass and bronze, it was expected — based on the unloading semi-cycle from
Figure 3b — that the textured rivets would deform to a higher degree when contacting against
bronze due to the higher hardness value. However, the plasticity index does not reflect this

behavior.

3.2.3. SnCu

The slope analysis on SnCu poses the additional challenge of the plating material, thus
inducing more complexity into the system and consequently less applicability of this analysis.
The slope values obtained are exceptionally low — see Table 7. Consequently, in the majority of
the ranges analyzed, the -1/3 n factor was attributed even though the determined slope value is
actually closer to zero. Therefore, the deformation mechanisms and resistance type shown in
Table 7 should not be regarded; albeit the values are reported here to emphasize the deficiency
of this method. In this system, the numerical analysis is of utmost importance.

Table 7 - Slope analysis of SnCu sample in loading phase of load dependent ECR. The low slope values emphasize the deficiency
of this method.

Dominant Deformation
Topography | Range | Force range /N | Slope resistance mechanism
1 0.25-1.5 0.03 Constriction )
Elastic
1 pm 2 1.5-5 0.78 .
Film -
3 5-10 0.18 Plastic
6 pm 1 0.25-4 0.00 Constriction Elastic
2 4-10 0.21
P600 1 0.25-6 0.03 Constriction Elastic
2 6-10 0.26
P320 1 0.25-10 0.04 Constriction Elastic
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Nonetheless, observing Figure 3¢, the resistance remains constant throughout the loading
semi-cycle until a certain critical load. Once the critical load is surpassed, the resistance drops.
In the 1 um counter electrode, the critical load is at 1.5 N, with a sharp decrease in resistance
thereafter. This critical load value is 4 N and 6 N for 6 pum and P600 counter electrodes,
respectively. For the P320 counter electrode, this phenomenon is not observed. Therefore, as the
roughness of the counter electrode increases, so does the critical load for resistance drop. A higher
roughness means that outstanding asperities can penetrate the tin plating at lower loads.
Consequently, the critical load increases with roughness, as seen in Figure 3c. This phenomenon
is schematically shown in Figure 4. This behavior is unique to this electrode since the plating
material is significantly softer than the base material.

The GW and JG parameters calculated for SnCu are shown in Table 8. Initially, the oy and o
of the 1 um counter electrode stand out, showing double the value compared to the previous
electrodes. This is unsurprising since these values correlate to the equivalent surfaces of the GW
model (see Figure Al). Recalling CLSM measurements, SnCu’s surface was not polished,
therefore these commercially available material presents higher roughness than polished brass
and bronze — i.e., SnCu presents a roughness that is one order of magnitude higher than that of
brass and bronze. Nonetheless, as the roughness increases, the o5 and o, resemble more those of
the copper alloys. This is because the roughness of the SnCu electrode is more prominent against
finer rivets. In coarser-textured rivets, 200 nm is negligible compared to over 3000 and 4000 nm
in P600 and P320, respectively. This behavior can be observed in all the GW parameters
calculated for SnCu.

In SnClu, finer topographies show higher plasticity indices than when contacting against brass
and bronze. However, as roughness increases the difference is not as significant (e.g., P600 and
P320). This is a consequence of the soft tin plating. Since the JG parameters are calculated based

on the GW parameters, which are a combination of the surface parameters and material properties

Table 8 - Greenwood and Williamson, and Jackson and Green parameters of SnCu.

Model | Parameters 1 pm 6 pm P600 P320
Gs /pm 0.510 0.891 3.076 4.278
aw = /pm 0.488 0.831 2.813 3.997
N /pm? 0.075 0.107 0.153 0.156
r/um 1.752 0.561 0.101 0.081
\ 50.70 116.99 505.79 674.54
1G ¢ /nm 0.190 0.061 0.011 0.009
P. /nN 322.14 33.01 1.08 0.69
Ac /nm? 1044.68 107.36 3.51 2.24
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of the contacting materials, the tin plating influences the value of the plasticity index. Therefore,
the higher plasticity index is not solely because the asperities of the counter electrode deform,
but rather a combination of the asperities and the tin plating deforming. For higher roughness
values, the outstanding asperities more easily penetrate the tin plating, thus reaching the copper
base material. Subsequently, the deformation of the asperities takes precedence over the tin
plating’s deformation. Similarly, the critical parameters in finer surfaces are smaller than when
contacting against brass and bronze but tend to approach those values in rougher surfaces. In this
case again, the numerical approach contrasts with the deformation mechanism resulting from the
slope analysis. All textured counter electrodes deform plastically during load dependent ECR

measurements.

3.3. Load-dependent ECR with coated counter electrodes

ECR measurements carried out with CNT-coated rivets are shown in Figure 5. As can be
seen, the hypothesis proposed is, in part, ratified. In other words, the CNT coating does diminish
the influence of counter electrode topography on ECR measurements. However, this was not the
case in all the topographies generated, as evidenced by Figure 5a and Figure 5c. In both cases,
the behavior of one textured surface varies. Nonetheless, comparing Figure 5 to Figure 3, it is
clear that the topographical influence is not as significant, since in Figure 3 the topography has
a stronger effect on ECR. Albeit the overall contact resistance of the system increases
considerably. When measuring with uncoated rivets, ECR values range from 20 to 500 m{2, from
10 to 1000 m&2, and from 20 to 120 m«2 in brass, bronze, and SnCu, respectively. On the other
hand, when measuring with coated rivets, ECR values range from 100 to 100,000 mQ in brass
and SnCu, and between 1,000 to 100,000 mQ in bronze. In other words, approximately two
orders of magnitude higher in all cases.

The ECR behavior of brass when measuring with CNT-coated rivets can be seen in Figure
5a. In these measurements, 1 um stands out, whereas 6 um, P600 and P320 show similar
behavior. ECR initially is similar to that at the end of the measurement, which establishes the
elastic restitution of the coating due to van der Waals interactions between CNT. Therefore, CNT
coatings generate reproducible measurements. If the behavior of the coated 1 um rivet is
compared to that of the uncoated rivet (Figure 3a), it can be seen that the ECR evolution during
the loading semi-cycles are similar. Furthermore, ECR values at 10 N are also in the same range,
1.e., approximately 100 m€. Nonetheless, in the case of the coated rivet, the initial ECR values
are approximately one order of magnitude higher. This initial behavior is logical, since the low
normal loads applied are not sufficient to compact the porous CNT coatings [22,23]. As the load

increases, the CNT coating adjusts and compacts. This process fills the voids within the coating.
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Figure 5: Load dependent ECR measurements with CNT-coated counter electrodes. a) Brass, b) bronze, and ¢) SnCu. Note: error
in all measurements below 8%.
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Consequently, the connectivity between the individual CNT and CNT agglomerates improves,
which is reflected in the ECR’s evolution. The increased connectivity equates to a reduction in
ECR as the load increases due to the formation of a percolative path. When loading with 10 N,
the ECR value is approximately two orders of magnitude lower than when loading with 0.25 N.
This can be observed in all cases, not just when measuring with the coated 1 pm counter
electrode. With the other counter electrodes, however, the initial value is about one order of
magnitude higher than that of the 1 um rivet. Therefore, the two-order-of-magnitude reduction
reported still corresponds to a higher overall ECR values of around 1,000 m€Q.

Observing the unloading semi-cycles, similar tendencies can be observed. Contrasting to the
behavior shown in Figure 3a, ECR values steadily increase as the load decreases, whereas the
values remain fairly constant when measuring with uncoated rivets. This is a consequence of two
key distinctions:

1. Asthe load decreases the CNT coating decompacts. Therefore, the improved connectivity
established between adjacent CNT and CNT agglomerates cease, thus increasing the
resistance of the system. This phenomenon is a consequence of the aforementioned
restitutive behavior of the CNT.

2. The CNT coating decreases the contact pressure that is applied onto the electrode. Since
CNT — to a certain extent — uniformly cover the surface of the counter electrode,
outstanding asperities do not individually contact the electrode, but rather the entire CNT-
coated surface. Asperities do come into contact first, but the load is distributed onto the
CNT that fill the topographical valleys. Consequently, the contact pressure is lower, and
therefore the electrodes do not undergo significant deformation, which is the case when
measuring with uncoated rivets. This is a negative side effect of the CNT coatings. In this
case, deformation is a positive outcome since it ensures an adequate contacting surface,
and thus lower ECR values. This can be validated by observing the unloading semi-cycles

reported in Figure 3.

It is unclear as to why the coated 1 um rivet shows dissimilar behavior to the others. A
potential explanation for this behavior could be that due to the almost negligible roughness
(approximately 150 nm), the CNT and CNT agglomerates are more compacted than in counter
electrodes with higher roughness. Therefore, even at lower loads, a higher degree of connectivity
can be established between adjacent CNT and CNT agglomerates, thus ensuring higher electrical
conductivity within the coating and towards the conductive substrate. Additionally, the CNT
coating’s compactness — generated by the low roughness — promotes a real contact area that

approaches that of the apparent contact area. This improved contacting situation further lowers
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ECR values. Although the roughness of the 6 um counter electrode is relatively low, it is still
over four times higher than that of the 1 um rivet. Therefore, this counter electrode shows similar
characteristics as P600 and P320.

With the bronze electrode, shown in Figure 5b, the hypothesis is validated. In all cases, load
dependent ECR shows similar evolution throughout both loading and unloading semi-cycles.
Again, the elastic-restitutive behavior of the CNT coating can be highlighted by the similarity
between ECR values at the start and at the end of the measurements. As with brass, the ECR
when measuring with coated rivets shows similarities to the measurements done with uncoated
I um rivets. However, the starting ECR value is over one order of magnitude higher. As
previously discussed, this is due to the porous nature of the coating and the lack of compression
provided by the low contacting loads. Nonetheless, as the load increases, all coated counter
electrodes show a steady decrease in ECR until reaching approximately 1,000 m€ at 10 N. As
observed with brass, the unloading semi-cycle in bronze also shows increased ECR values as the
load decreases. The justification for this behavior is the same as with brass.

Observing the behavior of SnCu (Figure 5¢), we can again see that one counter electrode
does not behave like the rest, in this case P600. The other textured rivets show similar behavior,
thus partially backing the hypothesis considered in this study. As with the previous electrodes,
coated measurements on SnCu show the restitutive behavior of CNT, with reproducible results
at the cost of higher overall ECR values (of approximately two orders of magnitude). This
electrode, however, shows an interesting behavior during the unloading semi-cycle. In contrast
to brass and bronze, ECR does not significantly change as the load decreases. The resistance does
increase, but at a lower rate. This is due to the soft tin plating that characterizes this electrode. In
this system, the outstanding asperities could, to a minor degree, deform the tin plating regardless
of the CNT coating. Therefore, as the load is removed, the coated asperities remain in contact
with the electrode. Consequently, the decompacting of the CNT coating is not as significant as
in the harder electrodes. This phenomenon does play a role in the increased ECR values, but at
considerably lower loads — e.g., below 0.5 N. Furthermore, from ECR measurements conducted
with coated rivets, and comparing with the behavior when measuring with uncoated rivets
(Figure 3c), it can be stated that deformation takes place in this system, however, it is not
substantial. This can be corroborated by comparing ECR values at 10 N when measuring with
the uncoated and coated rivets. If considerable deformation were to take place in this system,
ECR values should be more akin.

It is unclear why the P600 system behaves drastically different than the P320 counter
electrode, whereas the latter behaves similarly to the finer textured rivets. The higher resistance

presented by 1 pm, 6 pm, and P320 could be caused by inadequate contact between the coated
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rivets and the electrode. Similarly, improved contact between the P600 rivet could be established
between the electrodes, thus reducing the overall ECR. However, this information cannot be
extracted from load dependent ECR.

To further understand the behavior of the coated counter electrodes, FIB cross sections were
carried out on one rivet per topography. The goal is to not only measure the coating thickness,
but also to observe how the CNT arrange themselves when deposited over different topographies
and evaluate the interfacial interactions between CNT and substrate.

The coated 1 um rivet is shown in Figure 6. Observing the micrograph in Figure 6a, CNT
agglomerates can be observed scattered pervasively through the rivet’s surface. In our previous
work [25], the area fraction of CNT agglomerate was determined by image analysis, resulting in
a CNT-agglomerate area fraction of around 44%. The FIB cross section shown in Figure 6b
reveals an irregular, porous coating. This is characteristic of carbon nanoparticle coatings, as
thoroughly explained in our previous studies [22,23]. Due to the fine topography generated, a
seamless coating-base material interface can be observed. Nonetheless, some small voids, as well
as larger void networks — highlighted by the violet arrows — can be observed at or near the
interface. For optimal electron transport, these voids should be closed by applying relatively high
normal loads, thus improving the electrical connection between CNT and CNT agglomerates
with the base material. The cross section also reveals a significant variation in coating thickness.
The CNT agglomerate (to the left of Figure 6b) presents a considerable coating thickness of
approximately 6 um, whereas CNT and smaller CNT agglomerates show a fine, even coating
with an approximate thickness of 0.6 um. This variation is reflected in the standard deviation of

the coating thickness measured in the cross section, shown at the bottom left of Figure 6b.

a)

Figure 6: a) SEM micrograph and b) FIB cross section of CNT-coated 1 pm rivet. Violet arrows highlight voids in the coating.
t is the mean coating thickness measured in the cross section.
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t=4.7+2.2 pm

Figure 7: a) SEM micrograph, b) magnified view of coated surface, and ¢) FIB cross section of CNT-coated 6 um rivet. Yellow
arrows highlight topographic features on the surface. Violet arrows highlight voids in the CNT-coating, whereas blue arrows
highlight topography-related voids. ¢ is the mean coating thickness measured in the cross section.

the 1 um rivet, CNT agglomerates are observed throughout the surface. However, in this counter
electrode, some topographic features can be observed despite the CNT coating — as highlighted
by the yellow arrows. In Figure 7a, a micrograph at lower magnification shows that topographic
features are scarce. However, as evidenced by Figure 7b, these deep grooves are of significant
dimensions. These can be caused by larger, hard particles trapped between the rivets and the
polishing cloth. Nonetheless, few scratches were observed, with most of the coating showing a
relatively homogeneous coating. Observing the FIB cross section (Figure 7¢), the same as with
the 1 pm counter electrode can be stated. Large CNT agglomerates generate considerably thicker
regions in the coatings. Voids are present within the coating, highlighted by the violet arrow. In
contrast with the 1 um rivet, the topography generated on the rivet affects the coating-base
material interface. The rougher rivet’s surface generates voids at the interface, shown by the blue
arrow. It is crucial that the interfacial voids, as well as the voids within the coating, are compacted
to improve the electrical conductivity between the CNT and the base material and the CNT

interconnectivity.
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t=1.3+0.7 pm

Figure 8: a) SEM micrograph of CNT-coated P600 rivet. b) Shows a general overview of the coated surface, whereas ¢) shows
a magnified view of a groove present on the coated rivet. d) FIB cross section of CNT-coated P600 rivet. This coating does not
show significant voids; however, blue arrows highlight topographic-related voids. ¢ is the mean coating thickness measured in
the cross section. Yellow arrows highlight topographic features on the surface, whereas red arrows point towards regions that
were not satisfactorily coated.

The P600 rivet shows a highly heterogenous surface. Observing Figure 8a, b, and ¢, large
topographic features can be observed (yellow arrows), as well as light regions where the copper
substrate can be identified (red arrows). A magnified view of a groove is shown in Figure 8c,
which depicts smaller CNT agglomerates deposited within the scratch, although, copper is
exposed regardless. This could explain why the coated P600 rivet performed better than the other
counter electrodes when measuring load dependent ECR on SnCu. The exposed topographic
features can deform the tin plating, thus augmenting the real contact area and consequently
reducing constriction resistance. Furthermore, the inadequate CNT coating enables lower ECR
values, since it is more likely that copper can directly contact the electrode without CNT
presenting an electrical barrier. The FIB cross section (Figure 8d) also strongly contrasts with
the previous counter electrodes. A considerably thinner coating is revealed, with smaller overall
agglomerates. However, it should be stated that a FIB cross section is a very localized technique.
Therefore, different regions could present significantly higher thicknesses. Nonetheless, the

region observed shows an average thickness of approximately 1 um. The smaller CNT
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100 pm N

Figure 9: a) SEM micrograph of CNT-coated P320 rivet. b) Magnified view of coated surface with yellow arrows highlighting

topographic features. ¢) FIB cross section of CNT-coated P320. Violet arrow highlights voids in the coating, whereas blue arrow
highlights topography-related voids. ¢ is the mean coating thickness measured in the cross section.

agglomerates also prevent the formation of voids within the coating. However, the roughness of
the substrate does enable voids at the CNT-substrate interface, as highlighted by the blue arrows.

The SEM micrographs and FIB cross section of the CNT-coated P320 counter electrode are
shown in Figure 9. From Figure 9a and Figure 9b, CNT agglomerates can be observed scattered
pervasively through the rivet’s surface. Fewer topographic features are observed on the coated
P320 rivet as opposed to the P600 — highlighted by the yellow arrows in Figure 9b. The key
distinction between these two coatings is the thickness achieved. As Figure 9c¢ shows, the
average thickness measured in the cross section is almost threefold that of the P600 coating.
Therefore, the thicker CNT coating covers the topographic features from the rougher rivet. This
explains the behavior of P600 and P320. The thickness of the P320 coating is the reason why this
rivet shows similar ECR values as 1 um and 6 um, whereas the deficient CNT coating over the
P600 rivet allows better conductivity between the electrodes. Albeit the thicker CNT coating over
P320 allows for large voids to form within the coating, as shown in by the violet arrow in the
FIB cross section. Although EPD allows for complex geometries to be seamlessly coated, some
interfacial voids were observed, as highlighted by the blue arrows. These voids are a consequence
of large topographical variations, and the fact that larger CNT agglomerates may not be able to
arrange themselves in these valleys; thus, generating cavities. However, as normal load is
applied, porosities within the coating as well as larger interfacial ones will be occupied by CNT
as the coating compacts. This is the case with larger voids as, for example, at the center of the

cross section. Smaller cavities, such as the one at the right of Figure 9¢, are too small and will
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most likely not be filled by CNT under standard loading conditions. Therefore, these voids pose
a challenge for electron transfer from the coating onto the substrate. Nonetheless, load dependent
ECR measurements (Figure 5) imply that these cavities are not detrimental towards system
conductivity. In the P320 rivet, thicknesses of over 5 um were measured, with the mean coating
thickness being approximately 2.9 + 1.2 um. The mean value is certainly skewed by the thin

regions at the center of the cross section with an average thickness of merely 0.8 um.

4. Conclusions

In this work, four different topographies were generated onto flat-headed copper electrodes.
These textured electrodes were then contacted against smooth brass, bronze, and tin-plated
copper surfaces. A set of textured counter electrodes were coated with CNT via EPD with the
goal of limiting the influence that topography has on ECR. Electrical characterization and contact
mechanics modeling were carried out. From this study, the following key conclusions can be
drawn:

e The ECR of brass, bronze, and SnCu is strongly linked to the roughness of the counter
electrode. As the roughness increases, the contact resistance decreases. This can be explained
by the geometric enlargement (S-ratio). As the roughness increases, so does the contact area
between the electrodes. Therefore, as established by Equation 4, with constant resistivity
the resistance can only decrease if the contact area increases.

e The role of topography in electrical resistance is more significant in harder materials.
Comparing the behavior of brass and bronze to SnCu, the roughness of the surface had a
stronger impact on the former. Whereas in the latter, as roughness increased, its effect on
ECR tends to decrease due to the deformation of the softer plating material. This can be
evidenced by the ECR values of P600 and P320 shown in Figure 3c.

e Asperity deformation takes place during the load dependent ECR measurements. This can
be verified by two key observations:

1. Thereduction in ECR as the load increases. This implies that there is an augment in the

contact area, which can only be a consequence of asperity deformation.

ii.  Observing the unloading semi-cycle, ECR values do not significantly decrease as the
load is reduced. Therefore, even though the normal load is gradually lowered, there is
still adequate electrical contact between the electrodes. This is explained by the plastic
deformation of the asperities during the loading semi-cycle.

e All systems, regardless of roughness, showed a plasticity index of at least 30, thus implying
plastic deformation throughout. Finer topographies reach the onset of plasticity at a lower

normal load as opposed to rougher surfaces. Nonetheless, plastic deformation is guaranteed
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during load dependent ECR. These conclusions from the numerical analysis comply with the
observations from load dependent ECR, contradicting the results from the slope analysis.

e When measuring ECR with coated counter electrodes, the topographical influence can — to
a certain degree — be mitigated. This was the case with bronze samples, but also with 6 um,
P600, and P320 in brass, as well as with 1 um, 6 um, and P320 in SnCu. In CNT-coated
counter electrodes, the crucial factor governing its ECR is how well the coating is compacted
as the normal load changes, as well as the CNT-copper interface. With higher degrees of
compaction, improved electrical connectivity is established between adjacent CNT and
CNT-agglomerates, thus reducing the contact resistance of the system. Furthermore, a
seamless interface is desirable since interfacial porosity requires a higher normal load to
compact CNT and CNT agglomerates. Moreover, synergy between texture and CNT coating
is crucial, as shown by brass-1 um and SnCu-P600. This synergy supports lower ECR values

regardless of the additional nanocarbon layer.
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A. Appendix I

a. Numerical Calculations

Hertzian contact theory is only applicable when the smooth contacting bodies undergo pure

elastic deformation. Since plastic deformation takes place on the textured electrodes the plasticity

index must be determined. Consequently, statistical surface parameters must be calculated using

the spectral moments of the electrode and counter electrode surfaces. These can be obtained from

surface topography measurements acquired using CLSM. With the spectral moments, further

calculations can be executed as described by Jackson and Green [14,19,31]. The spectral

moments can be calculated using the following formulas:

N
1 2 Equation A1
my = NZ(Z)H quation
n=1
N
1 Z (dZ>2 Equation A2
m e —_— uatl
27N dx/,
n=1
N 2
1 2z
my = — d_ Equation A3
*TN dx?
n=1 n

where N is the total number of data points collected from the surfaces and z is the height of the

surfaces relative to their mean values. These formulas (Equation Al, Equation A2, and
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Equation A3) are for two dimensions, with the three dimensional information split into
individual rows, as explained by Jackson and Green [19,20,32]. Reinert et al. further explains the
3D expansion from a 2D data set [14]. The authors calculate the arithmetic average of the
moments (my) and harmonic averaged moments (m> and my) in the principal directions defined
by m> maxima and minima. A set of two orthogonal directions which produce maximum and
minimum values of m> and my, followed by the harmonic average of these two values. In that
same direction, ma1), m42), Mmoc1), and mo) are calculated (irrespective of their maximum and
minimum values). With these values, ms and my are then calculated by harmonic averaging and
arithmetic averaging, respectively [14].

Once the spectral moments have been calculated, the standard deviation of the surface height,
the areal asperity density, and the radius of curvature can be calculated as described by McCool

et al. [13,19]. These are shown in Figure A1 and can be calculated as:

o = /mo Equation A4
my 1 Eauati
n=|(— quation AS

m,/ \6m\/3

Vs
r=0375 |— Equation A6
m

Figure Al: Schematic representation of GW parameters.

With the McCool parameters calculated using Equation A4, Equation AS, and Equation
AG6, the standard deviation of asperity heights (o,) can be calculated using Equation A7 [33].

— 2 _ 3717 x107* Equation A7
Oa = |05 772 cr2

Furthermore, the critical interference, as derived by Jackson and Green [32,34], can be

calculated with Equation AS:
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o = (L',Sy)z Equation A8
2-E

where C = 1.295 exp (0.736v), with v being the Poisson’s ratio of the material that deforms
first (i.e., the textured rivets), S, is the yield strength of the deforming material based on a von
Mises yield criterion (i.e., material hardness divided by the adapted Tabor’s relation), £’ is the
combined elastic modulus of the materials in contact, and »’ is the combined radius of curvature
between the materials in contact. For these calculations we assume that deformation takes place
at the asperities — i.e., following the considerations of GW model. In other words, elastic sphere
against a rigid plane.

Finally, with the standard deviation of asperity height and the critical interference, the

plasticity index can be calculated with Equation A9 [20,33].

g,
1/) = a Equation A9
Wc,r

Moreover, the individual asperity contact force (P.) and area of contact (4.) can also be

calculated according to Jackson and Green [20] using Equation A10 and Equation A11.

3
— (T[ C- Sy) ) Equation A10
¢ 6 E'2
c-S,-r\°
A = 13- 4 Equation A1l

Since all parameters are derived from the spectral moments — i.e., from CLSM surface
analysis — the resolution of image acquisition is of utmost importance, as previously reported by
Jackson and Green [19]. Surface information was acquired at a resolution of 1024x1024,
however, due to computational limitations the actual analyzed area corresponds to a 999x999

matrix by removing information from the outer perimeter.

Table A1 — Material properties for contact mechanics calculations.

Copper Brass Bronze SnCu
Modulus of elasticity /Pa 1.15E11 1.10E11 1.18E11 1.35E11
Poisson’s ratio 034" 035" 034" 0.325"

* Values from [35].
** Values from [36].

The material properties used for all calculations are summarized in Table A1. The modulus

of elasticity values for copper was obtained from Slade [3], whereas the values for brass, bronze,
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and tin-plated Cu were obtained from the specifications of the manufacturers. For SnCu, the
Poisson ratio of tin was used. Since the asperities were produced by grinding and polishing, the
asperity radius can be considered half the particle size obtained with the grinding paper and

polishing suspensions — shown in Table A2.

Table A2 — Theoretical asperity radius according to grinding and polishing particle size.

1 pm 6 pm P600 P320
| Asperity radius /m 5E-07 3E-06 1.29E-05 2.31E-05
B. Appendix II
R¢ Total resistance
R Constriction resistance
Ry Bulk material’s resistance
Ry Resistance of the contaminant film
Pp Resistivity of probe
PPt Resistivity of plated material
Pcont Resistivity of contamination film
Ne Cleanliness factor
H Hardness
F Normal load
a Radius of circular contact area
r Individual asperity radius
n Areal asperity density
s Standard deviation of surface heights
Ca Standard deviation of asperity heights
1 Plasticity index
Oc Critical interference
P Critical load
Ac Critical area
mo Square of root mean square surface height
m; Mean square slope
my Mean square curvature
N Total number of data points collected from surface
z Height of the surface relative to its mean value
v Poisson’s ratio
Sy Yield strength (based on a von Misses yield criterion)
E’ Combined elastic modulus
r’ Combined contact radius
t CNT coating thickness
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Abstract

Carbon nanotubes (CNT) are of great interest to the research community due to their outstanding mechanical, transport,
and optical properties. These nanoparticles have also shown exceptional lubricating capabilities, which coupled with their
electrical conductivity show promising results as solid lubricants in electrical contacts. In this study, three different CNT
coatings were deposited over copper platelets via electrophoretic deposition and subsequently tribo-electrically characterized
including electrical contact resistance evolution during fretting wear, wear protection, chemical analysis of fretting marks,
as well as influence of CNT coating thickness, duration and normal load applied during fretting, and atmospheric humidity.
Thicker CNT coatings show improved wear protection while retaining similar electrical behavior as uncoated copper, or
even improving its electrical contact resistance. Moreover, the compaction of the porous CNT coating is crucial for optimal
electrical performance at low humidity. For longer fretting tests (150,000 and 500,000 cycles), the coatings are displaced
thus affecting the wear protection offered. However, the coatings stabilize and reduce ECR compared to uncoated samples.
Furthermore, thicker CNT coatings can bear higher loads during fretting due to the increased lubricant reservoir, with car-
bonaceous tribofilm remaining at the contacting interface after 5,000 fretting cycles regardless of normal load.
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1 Introduction

Copper is widely used in electrical contacts due to its out-
standing electrical conductivity, its moderate mechanical
properties, its formability, along with its rapid passivation
on account of its thin native oxide layer which is spontane-
ously formed when in contact with ambient conditions, and
its low cost when compared with other contact materials—
e.g., silver, gold, and platinum. As societal trends further
move towards a more electrified future, it is crucial that more
reliable, efficient, cost-effective, and more versatile electri-
cal contacting systems are designed and developed [1-3].
In turn, this can not only increase material efficiency and
reduce maintenance requirements in the systems, but also
improve the overall sustainability of the electrical device.

Fretting wear is a phenomenon that can severely impact
the duty life and optimal operation of electrical contacts.
This does not only affect when in-operation, but also affects
the reproducibility of a stable connection in separable
contacts. Fretting occurs when two contacting bodies are
in relative motion with one another. This motion is highly
localized and of oscillatory nature [4, 5], with amplitudes
typically ranging from a couple of micrometers up to 100 pm
in electrical applications [5, 6]; however, fretting has also
been studied in the nanoscale via techniques such as scan-
ning probe microscopy [7]. Although fretting wear is not
exclusive to electrical contacts, since all systems subjected
to oscillatory motion can be affected, in this study we will
focus on this specific application. The root of fretting wear
cannot always be eliminated since it could be caused by
mechanical vibrations intrinsic to the application—such as
vibrations originating from an engine. Nonetheless, other
sources such as dissimilar thermal expansion coefficient,
mechanical shock, or electromagnetically induced vibra-
tions can be—to a certain extent—mitigated by proper sys-
tem and contact design [5, 8]. Environmental conditions can
also impact fretting wear. Relative humidity in particular
can affect the time it takes for electrical contact resistance
(ECR) to stabilize while an electrical contact is subjected to
fretting wear [5].

This wear mechanism degrades the contacting materials
and entraps debris at the contacting sites, thus generating
a considerable increase in electrical contact resistance [9].
When dealing with materials that form superficial films—
e.g., copper and tin—the breakdown of these layers can be
detrimental to the electrical behavior, but also in terms of
wear resistance. Although the breakdown of copper oxide
should increase the conductivity between the contacting
bodies, the accumulation of debris could potentially hinder
the electrical contact between the electrodes. Furthermore,
the debris trapped at the contacting interface could act as
third bodies, thus transitioning to severe abrasive wear.

@ Springer

As with other wear mechanisms, the effects of fretting
wear can be minimized by proper lubrication of the contact-
ing surfaces. In electrical applications, however, lubrication
hinders the electron transport between the surfaces since it
is an additional barrier. Furthermore, with some exceptions,
most traditional lubricants possess high electrical resistivity,
thus, imposing a significant increase in ECR. Consequently,
liquid lubricants are not favored for electrical applications,
hence opting for lubricant greases or solid lubricant alterna-
tives. However, solid lubricants are not traditionally favored
for fretting wear since these tend to be easily displaced, thus
rapidly leaving the surface exposed to wear.

At an attempt to determine a more suitable solid lubricant
alternative, four different carbon nanoparticles (CNP) coat-
ings were investigated and tribo-electrically characterized
[10]. From this study, we concluded that carbon black and
carbon nanotubes (CNT) showed the most promising results
based on their exceptional ECR behavior, as well as wear
and oxidation protection, with CNT showing better results
in general. Therefore, it is of interest to expand upon these
results to further understand the lubricating capabilities of
CNT coatings.

Carbon is a versatile element which is capable of forming
different carbon—carbon bonds. The different bonds change
the hybridization state of the carbon atoms, which in turn
changes the properties of the formed allotrope [11-13]. The
lubricating capabilities of allotropes such as onion-like car-
bon, carbon nanohorns, and CNT have been previously stud-
ied and reported [14—18]. However, for the specific applica-
tion of electrical contacts, the conductivity of the carbon
allotrope is of utmost importance. Therefore, CNT are a
promising alternative since these CNP have not only been
found to be exceptional solid lubricants, but these nanopar-
ticles are also outstanding conductors [19-24], with a longer
mean free path than copper and quasi-ballistic electron trans-
port properties in metallic CNT [25-28]. This is important to
keep in mind, since depending on the chirality of the CNT,
these nanoparticles can behave as a metallic conductor or as
a semiconductor [29-31]. Consequently, in this study, multi-
walled carbon nanotubes (MWCNT) are used since they are
easier to manufacture—compared to single-walled carbon
nanotubes (SWCNT)—while having similar current carrying
capacity as metallic SWCNT [32]. Furthermore, MWCNT
present the added advantage that they conduct electricity as
a zero band gap conductor since they always possess at least
one metallic tube [33, 34].

Conventional solid lubricants, such as graphite and MoS,,
have specific humidity requirements in order to appropri-
ately lubricate the contacting site. The former requires high
atmospheric humidity—Ilower friction and wear at higher
relative humidity—whereas the latter presents lower friction
and wear at lower relative humidity [35, 36]. This humidity-
dependent behavior has been widely reported for graphite.
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Multiple models have been proposed—e.g., Savage, Rowe
and Bryant, Bollmann and Spreadborough, among others—
however, authors agree that graphite is not an intrinsically
good lubricant, but rather requires ambient moisture to
become one [37-42]. However, it is now understood that
water’s role in graphite’s lubricity is not physiosorbed but
rather dissociative chemisorption, thus leading to the forma-
tion of H and OH ions [37, 43]. Moreover, recent work by
Morstein et al. suggest an extended adsorption model due
to the tribo-induced formation of turbostratic carbon [38].
This structural transition enables graphite to lubricate even
at high loads and low humidity.

A review article from Kumar et al. has summarized the
temperature range of applications of different solid lubri-
cants [44]. In their study, the authors have placed graph-
ite and other carbon materials—such as diamond-like car-
bon and CNT—in similar working ranges. Therefore, it is
of great interest to evaluate the influence of atmospheric
moisture on the wear protection offered by CNT coatings.
It is hypothesized that humidity will not have a significant
influence on the lubricating capabilities of this CNP due to
the sp>-hybridization state of CNT, coupled with the large
aspect ratio of the tubes themselves (1-dimensional material)
[45]. Therefore, it was hypothesized that CNT lubricate by
rolling on the surface, thus acting like a roll bearing [15,
46, 47]. However, if that were the case, friction would be
significantly lower than what is usually reported [14, 46].
New research by MacLucas et al. has demonstrated that the
main lubrication mechanism active in CNT is sliding rather
than rolling [48].

Within the scope of this work, CNT will be deposited
via electrophoretic deposition (EPD) over copper substrates
[13, 49, 50], followed by tribo-electrical characterization
via fretting tests and ECR measurements [10]. The fretting
tests were carried out at constant normal load, with periodic
ECR measurements at set intervals (static ECR) to track the
evolution of ECR as fretting tests progress. Three different
coating thicknesses were evaluated, as well as four different
normal loads to gather insight into their respective influ-
ences on wear and electrical behavior. Fretting tests were
also conducted at low relative humidity to analyze the poten-
tial use of CNT coatings as lubricants even in the absence
of atmospheric moisture. The resulting fretting marks were
subsequently characterized via confocal laser scanning
microscopy (CLSM) to determine the affected area, as well
as scanning electron microscopy (SEM) to micrograph the
fretting mark. Furthermore, chemical analysis via energy
dispersive X-ray spectroscopy (EDS) was conducted to
acquire information on the oxidation state of the fretting
mark, as well as to quantitatively assess material transfer
from the counter electrode onto the coated electrode, done
by the acquisition of elemental mappings.

2 Materials and Method

The substrates used were laminated, flat, oxygen-free, pure-
copper platelets (25 x 10x 1) mm (Wieland Electric GmbH,
Germany). These copper platelets were ground (P1200 grit
silicon carbide grinding paper) and polished at 6, 3, and
1 pm to obtain a mirror-polished surface before coating;
thus achieving a root mean square roughness between 10
and 20 nm. The CNT used were chemical vapor deposition
(CVD)-grown MWCNT (Graphene Supermarket, USA). The
outer diameter of the CNT have a distribution between 50
and 85 nm, an as-received state length from 10 to 15 pm, and
a carbon purity above 94%.

Potentiostatic EPD was carried out at a set voltage of
300 V, with an inter-electrode distance of 15 mm. The dis-
persion parameters and deposition process were thoroughly
explained in Alderete et al. [10, 13, 49, 50]. Three differ-
ent CNT coatings were produced, where the only parameter
that was varied was the deposition time—i.e., the coating
thickness [10, 13]. Therefore, a total of four samples were
analyzed, namely: an uncoated copper reference sample, and
three CNT-coated samples with deposition times of 3, 4, and
5 min (henceforth CNT3, CNT4, and CNTS5, respectively).

After coating the samples were tribo-electrically charac-
terized via a custom multipurpose testing rig [S1]. This setup
allows an ample combination of tribological and electrical
characterization. In this work, we focus specifically on con-
ducting fretting wear tests with periodic ECR measurements
at set intervals (static ECR) to evaluate the influence of CNT
coating thickness, normal load applied, as well as ambient
humidity and test duration. Since this report follows up on
previous work [10], it is of interest to maintain the same fret-
ting parameters to ensure comparability. Contrarily, chang-
ing a parameter might influence the results. For example,
it was reported by Park et al. that varying the amplitude of
fretting tests affects the resulting dynamic ECR [52]. The
authors also analyze different permutations of frequency and
amplitude and show the resulting fretting mark, as well as

Table 1 Summary of tribo-electrical testing parameters

Measurement Load/N Fretting Intervals
cycles /10°  /10°

Relative humidity

cycles cycles
1 0.5 5 0.1 30-40%
2 1
3 25
4 5
5 1 15%
6 150 1 30-40%
7 500
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reporting the time it takes for ECR to stabilize with the dif-
ferent parameter combinations [52]. Therefore, in our study,
fretting tests were conducted with an amplitude of 35 um
and an oscillation frequency of 8 Hz, matching those of our
previous work [10].

ECR measurements were conducted using the four-probe
method sourcing a direct current of 100 mA using a Keithley
2400 SMU. This current level was chosen to stay under
dry-circuit conditions [53]. The voltage drop was meas-
ured using a Keithley 2182a nanovoltmeter with a voltage
range of 1 V. The contacting counter electrode for fretting
and ECR measurements was a silver-nickel core (AgNi ;s)
hard-gold-coated (AuCoy) ,) rivet (Adam Bornbaum GmbH).
These rivets have a curved head, with a mean diameter of
curvature of 4 mm and a root mean square roughness of
0.25 um. The hard-gold coating has an average thickness
of 6.47 +0.18 pm. In the loading ranges evaluated in this
study (0.5-5 N), a maximum Hertzian contact pressure
between 314 and 676.5 MPa is achieved. All atmospheric
tribo-electrical tests were carried out at ambient conditions,
i.e., temperature and humidity ranging from 20 to 25 °C and
30-40% r.h., respectively. The low humidity tribo-electrical
measurements were conducted using a climate test chamber
set at 20 °C and 15% r.h. Seven different fretting conditions
per sample were evaluated, summarized in Table 1. Ten ECR
measurements were carried out before fretting as well as at
each cycle interval and then averaged, with each fretting test

being reiterated at least three times. A new rivet was used
for every measurement.

After tribo-electrical testing the fretting marks were
imaged with SEM (using ETD detector and 5 keV accelera-
tion voltage) and chemically analyzed via EDS (Thermo-
Fisher Helios™ G4 PFIB CXe DualBeam™ FIB/SEM
equipped with an EDS detector EDAX Octane Elite Super).
EDS scans were carried out using an acceleration voltage
of 15 keV, thus acquiring a 2-dimensional chemical distri-
bution map. Topographical and wear analyses were carried
out by imaging via CLSM (LEXT OLS4100, Olympus)
using a laser wavelength of 405 nm. A larger field of view
at higher resolution was attained by stitching a2x2 or 3x 3
grid (depending on wear track size) at 50 X with a 20% over-
lap. With the information acquired via CLSM scans coating
thickness, worn area, and roughness after fretting can be
obtained.

A 5x2 grid at 50 X was stitched in the CLSM to measure
coating thickness. The coatings have an average thickness
of 1.27+0.12 um, 1.62+0.11 pm, and 1.77+0.01 um for
CNT3, CNT4, and CNT35, , respectively.

Fig.1 ECR measurements of
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3 Results and Discussions
3.1 Electrical Behavior
3.1.1 Influence of Normal Load

The ECR evolution based on the analyzed normal loads are
shown in Fig. 1. These fretting tests were all carried out for
a total of 5 k cycles with periodic ECR measurements every
100 cycles. It is noteworthy to highlight that these meas-
urements are highly reproducible, with very low error—
standard deviation of the measurements are plotted in all
ECR curves, however these cannot be appreciated due to the
thickness of the line itself. Furthermore, it should be noted
that since static ECR was measured, the line plot shows the
ECR tendency and not the actual behavior. Observing the
plots from Fig. 1 it can be seen that the behavior of the
uncoated copper substrate is consistent regardless of nor-
mal load. The ECR value of the reference prior to fretting
are high, however, after the first 100 fretting cycles the
ECR value sharply decreases to approximately 20 mQ and
remains constant throughout the measurement. The behav-
ior is unexpected, since the breakdown and reformation of
the oxide layer should cause fluctuations in the resistance
between intervals. However, due to the short period of time
between consecutive ECR measurements—it takes approxi-
mately 20 s for the setup to complete 100 cycles—the thick-
ness of the reformed oxide layer could not be sufficient to
affect the resistance. This behavior could also be associated
with the number of a-spots being established and remaining
constant throughout the fretting cycles, consequently pre-
senting constant ECR.

Focusing on the tests done at 0.5 N, CNT5 stands out
from the rest. This coating presents an initial reduction in
ECR during the first hundred cycles caused by the com-
paction and adjustment of the coating during fretting. The
ECR remains constant for the following couple thousand
cycles, followed by a progressive reduction in ECR. The

sudden reduction at around 2 k cycles could be due to (1)
the breakdown of a large CNT agglomerate at the contact-
ing site, or (2) the displacement of a significant portion
of the CNT coating. Based on the observed behavior, the
former seems more likely. Following the fretting-induced
breakdown of the CNT agglomerate, smaller agglomer-
ates are subsequently displaced from the fretting mark;
thus explaining the progressive reduction in the following
fretting cycles.

Initially, CNT4 shows similar behavior as CNT5. How-
ever, after 500 cycles the ECR sharply falls to values that
approach that of the uncoated reference. As the fretting
cycles progress, a small reduction in ECR is observed, with
values falling below that of the copper reference and reach-
ing values of approximately 10 mQ. CNT3 behaves akin
to the uncoated reference, with ECR values falling below
30 mQ after a few hundred cycles. After 1 k cycles, CNT3
presents lower ECR than the uncoated reference, however,
the resistance is still higher than that of CNT4.

When increasing the normal load, the ECR behavior
tends to not vary as considerably as with low normal loads—
i.e., 0.5 N. In the tests carried out at 1 N, 2.5 N, and 5 N,
ECR values quickly fall below 30 mQ and outperform the
uncoated reference within the first 1 k cycles. CNTS shows
improved performance compared to the uncoated reference
sample, however, the thinner three- and four-minute coatings
consistently outperform the thickest coating.

The normal load during fretting does not have an observ-
able influence on the ECR of an electrical contact. This
was evidenced by the uncoated reference sample, and cor-
roborated with the coated samples from normal loads above
0.5 N. The considerable deviation in the coated samples
at 0.5 N is a consequence of inadequate electrical contact
in the system. At low loads, the coating is not sufficiently
compacted, thus presenting a porous network that hinders
electron transport from the counter electrode towards the
substrate. Furthermore, thicker coatings require more fret-
ting cycles to breakdown the larger CNT agglomerates, thus
initially presenting higher ECR values. When contacting at
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higher normal loads, these elevated contact pressures, cou-
pled with the oscillatory motion, enable the breakdown of
these agglomerates at a much faster rate. Consequently, the
resistance values stabilize reaching a steady state with fewer
fretting cycles.

It is, therefore, crucial that thin coatings are employed in
electrical contacts that operate at low normal loads. Con-
trarily, undesired energy loss will take place at the contact
interface, thus lowering its efficiency. When the contact
operates at higher normal loads, on the other hand, the coat-
ing thickness is irrelevant. However, to optimize material
efficiency, a three-minute CNT coating is sufficient from an
electrical perspective.

3.1.2 Endurance Test

The electrical behavior of the samples at 1 N for longer
fretting durations is shown in Fig. 2. As was the case for
5 k cycles (Fig. 1) the ECR value of the uncoated reference
tends to stabilize at approximately 20 mQ. In the case of the
500 k-cycle test slight fluctuations are observed. Regard-
less of the variation observed, the value does not vary past
30 mQ—values which correlate with those measured in the
150 k-cycle test.

In the longer fretting tests the coatings show a consider-
able improvement in terms of contact resistance. Regardless
of coating thickness, the ECR values are half of that of the
uncoated sample, or even lower. It was initially believed that
longer fretting tests could be more severely influenced by the
breakdown and subsequent reformation of the oxide layer.
However, this is proven otherwise since the ECR values of
the uncoated reference resemble those of the references in
the shorter fretting tests. Nonetheless, the presence of a thin
copper oxide layer that forms between ECR intervals cannot
be disregarded. These tests are conducted with intervals that
last over four times more than the shorter tests, however, the
duration is still relatively short. Therefore, a complete refor-
mation of the oxide layer is unlikely since the spontaneous
formation of Cu,O takes considerably longer [54].

Furthermore, as opposed to what was observed for shorter
fretting tests (Fig. 1), the thickness of the coating does not
have a significant influence on the electrical behavior of the
coated samples. The five-minute CNT coating performs on
par with the thinner coatings, all outperforming the uncoated
reference. It seems that the carbonaceous tribofilm formed
enhances the electron transport at the interface.

3.1.3 Influence of Ambient Humidity
The influence of humidity on the electrical behavior of met-
als when subjected to fretting wear has already been ana-

lyzed by Timsit and Antler (in Slade) [5]. In their work,
the authors report that at lower ambient humidity, copper
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Fig.3 ECR measurements of CNT-coated samples for a total of 5 k
fretting cycles at a constant temperature and humidity (20 °C and
15% r.h., respectively). The line plot indicates the tendency of the
ECR evolution during static ECR measurements

electrical contacts show an improved duration when sub-
jected to fretting wear. In other words, the copper contact
requires considerably more fretting cycles to reach the
ECR threshold of failure proposed by the authors. There-
fore, it could be foreseen that the uncoated copper shows
higher ECR values at lower fretting cycles, stabilizing after
700-800 cycles. After stabilization, the copper reference
shows ECR values that resemble the measurements carried
out at ambient conditions (see Fig. 3). The coated samples,
on the other hand, reach a steady state rather quickly, after
around 300 cycles. However, the steady state values of the
coated samples are of interest since now the uncoated refer-
ence outperforms the coated samples. Under these condi-
tions thicker coatings promote higher ECR values. Although
the increase is marginal, the tendency is clear. This behavior
was not expected since it has been previously reported that
metallic SWCNT show the opposite behavior—i.e., resist-
ance increases as relative humidity increases [55-57]. Since
MWCNT always have a conductive tube, it was expected
that resistance would decrease at lower humidity. However,
this humidity-dependent behavior was reported for humidity
sensing devices. In our analysis a more complex scenario is
taking place due to the addition of tribological testing.

The worsened electrical behavior of the coated samples
could be associated to a tribologically induced degrada-
tion of the CNT, however, this is unlikely on account of the
longer fretting tests carried out (see Fig. 2). As witnessed in
the 150 and 500 k cycle tests, the ECR of the coated sam-
ples outperform the uncoated reference despite the greater
stresses incurred onto the CNT. Therefore, it is implausible
that at 15% r.h. and 5 k fretting cycles more severe wear
took place in the CNT rather than in 150 k and 500 k cycles.
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Fig.4 ECR of CNT4 at different humidity with second order polyno-
mial fitting (r-square =0.991)

To confirm the tribological-independence of the ECR
gain, static-constant-load ECR measurements at 1 N were
carried out with the same instrumental parameters as with
the tribo-electrical tests. Four different ambient humidity
conditions were evaluated (i.e., 30, 35, 40, and 50%), meas-
ured at five different points in CNT4 with twenty measure-
ments per point—giving a total of 100 ECR measurements
per r.h. These values were then averaged and plotted, shown
in Fig. 4. As the graph illustrates, it is clear that higher
r.h. promotes lower ECR values. Therefore, the electrical
behavior observed in Fig. 3 is not caused by the tribological
tests but rather is inherent to our coating systems. Although
the literature suggests that CNT should show the inverse
behavior, it is important to highlight that our system differs
significantly from those previously studied—i.e., studies on
resistive CNT-based humidity sensors. In a study by Lee
et al. they used SWCNT networks analyzing the electrical
response of metallic and semiconducting CNT [56], whereas
Ling et al. worked with thin SWCNT networks with thick-
nesses below 1 um [57]. On the other hand, highly dispersed
and aligned MWCNT have been used by Tsai et al. as sensor
interconnections [55]. The CNT coatings dealt with in this
study differentiate themselves from those previous studies
in the following ways:

e The coatings are made up of a composition of individ-
ual CNT and CNT agglomerates, with a mean agglom-
erate area fraction of approximately 43% [50].

e The coatings are highly porous, thus requiring pres-
sure from the counter electrode to compact and adjust
internally to reduce ECR by increasing the amount of
parallel percolation paths—see focused ion beam cross
sections in [13].

The latter is believed to play a crucial role in the
humidity-dependent behavior of the CNT coatings. It is
hypothesized that ambient humidity promotes lower ECR
values since moist air is a better electrical conductor than
dry air. Therefore, the dry air found in the porous network
of the CNT coatings influences the ECR behavior, pos-
sibly explaining the electrical behavior of the CNT-coated
samples from Fig. 3.

Another phenomenon that could influence the electri-
cal behavior at higher atmospheric humidity is that of
electrowetting [58]. The contact angle of a water drop-
let can be modified in the presence of an electric field
[58, 59], causing the droplet to become more hydrophilic
(flatten out) when a voltage is applied and showing its
most hydrophobic state in the absence of an electric
field. Although the voltages that the authors report are
significantly higher than the voltages recorded in our
ECR measurements, this flattening effect could improve
the contact between individual CNT and CNT agglom-
erates by bridging the voids in the coating even fur-
ther—in addition to compaction due to the normal load
applied—thus improving the system’s conductivity at
higher humidity levels. Furthermore, the small dimen-
sions of the CNT and CNT agglomerates, coupled with
their curvature, could potentially intensify this effect by
concentration the electric field thus causing the flatten-
ing of moisture droplets even at low voltages. Moreover,
the small dimension of moisture droplets—as opposed to
macro-sized droplets—would require lower voltages to
change its wetting behavior.

Therefore, although there is an increase in ECR at
low humidity, these coatings could still be beneficial in
applications where the ambient humidity varies over time.
For specific applications operating for prolonged periods
of time at low humidity, on the other hand, the negative
influence on the electrical behavior of the CNT coatings
is counterproductive, thus promoting loss in contact effi-
ciency. However, it should be noted that 15% r.h. is a
low atmospheric value, with higher typical values in cen-
tral Europe [60, 61]. The wear protection offered should
be carefully analyzed to evaluate if the wear reduction
offered at low ambient humidity could outweigh the gain
in ECR.

3.2 Wear Protection

3.2.1 Influence of Normal Load

SEM micrographs of the fretting marks for each sample at
each load are shown in Fig. 5, with the red dashed line high-
lighting regions where severe wear took place, i.e., gross slip

[62]. Only regions where gross slip took place are consid-
ered for the relative worn area calculations. Observing the
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0.5N 1N

Fig.5 SEM micrographs of fretting marks after 5 k fretting cycles.
The red dashed lines highlight the areas where severe wear is
observed (gross slip). The number at the top left corner of each CNT-

load-dependent behavior of the uncoated copper sample, two
aspects stand out: (1) the wear track tends to decrease in size
as the load increases, with the 5 N fretting mark showing the
smallest worn area, and (2) formation of debris surround-
ing the fretting mark is only observed for load below 2.5
N. The latter is of concern from a tribological standpoint
since debris can be trapped at the contacting site, thus caus-
ing third-body abrasion. This phenomenon, coupled with
adhesive wear, could further promote the transition from
mild to severe wear [63]. The lack of loose debris forma-
tion at 5 N exemplifies this behavior. Since debris are not
prominent in this fretting mark, the only wear mechanism
active is adhesive wear and two-body abrasive wear. The
latter, however, is not as dominant in the system due to the
soft radius of curvature of the counter electrode. Therefore,
in this case, three-body abrasive wear due to debris forma-
tion is more detrimental rather than two-body abrasion.
Although debris pile up can be observed at 2.5 N, these
particles are located at the ends of the fretting tracks. There-
fore, the particles are displaced onto the upper and lower
limits of the oscillatory motion, thus reducing the likelihood
of third-body abrasion. The geometry of the counter elec-
trode also explains the smaller worn area at higher normal
loads. The non-conformal contact established between the
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coated sample exhibits the reduction in worn area relative to the
respective uncoated copper sample

bodies implies a considerably higher contact pressure at the
tip of the rivet, which, in turn drastically increases frictional
forces. Furthermore, metallic oxides generally have higher
shear strength than the unoxidized metal. Therefore, accord-
ing to Tabor’s theory [36], higher shear strength also causes
higher friction. Higher friction restricts, to a certain extent,
the displacement of the counter electrode over the copper
surface. Consequently, the load is more concentrated on the
central part of the amplitude of motion, thus causing smaller
worn areas.

The fretting marks of the CNT-coated substrate look nota-
bly different compared to their uncoated counterparts. The
wear tracks are smaller, as evidenced by the relative worn
area reduction at the top left corner of each micrograph.
Although coating displacement is observed, with the micro-
graphs showing exposed regions of the substrate as well as
clusters of CNT agglomerates surrounding the fretting mark.
The degree to which the coating is displaced varies from
sample to sample; however, it was observed for all coatings.
Nonetheless, coating displacement does not appear to affect
the wear protection offered by the CNT coating. Certain fret-
ting marks showing severe displacement, and even coating
removal such as CNT4 at 2.5 N still offer considerable wear
protection compared to the uncoated reference, with a worn
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area that is over 70% smaller than the copper sample at 2.5
N—areas measured from CLSM scans.

At and below 2.5 N CNT3 shows considerable wear pro-
tection, with a worn area that is between 60 and 70% smaller
compared to their uncoated counterparts. At 5 N, however,
there is a marginal reduction of the worn area at only 10%,
approximately. Nonetheless, the damage incurred at 5 N in
the coated sample does not appear as severe as the uncoated
sample.

CNT4 and CNTS5 show exceptional wear protection. In
all cases a reduction in the worn area of at least 70% can
be observed, regardless of normal load and state of the
coating—i.e., coating damage and/or displacement/piling
up. For these two coatings, fretting at 5 N does not incur
considerable damage onto the substrate’s surface, show-
ing partial slip rather than gross slip as in the uncoated
reference. In fact, CNT4 and CNT5 at 5 N show the least
amount of damage after 5 k cycles. This is attributed to
the lack of debris formation, as well as CNT clusters
that remain at and around the contact site after the fret-
ting cycles, evidenced by the black regions in the SEM
micrographs—and later verified by EDS mappings. This
is especially true for all measurements carried out on the
CNTS5 sample. Due to the considerably thicker coating,
an abundance of CNT remains at the contacting interface,
thus granting greater wear protection throughout the meas-
urement cycles.

Furthermore, the electrical behavior of CNT5S at 0.5 N
is reasonable observing the SEM micrograph (see Fig. 1a).
This image shows a significant amount of CNT remaining
at the contacting site. Although this is extremely desirable
from a solid-lubrication perspective, it is important to note
that CNT are not as conductive as the metallic electrodes—
despite the fact that individual CNT demonstrate exceptional
electron transportability.

With sufficiently thick CNT coatings, the wear protection
offered is independent of the normal load during fretting.
Some variations are observed; however, this is intrinsic to
the heterogeneity of the coatings themselves [13]. Contra-
rily, the thinner CNT3 coating shows a substantial increase
in worn area at 5 N, resembling the uncoated sample. At
lower loads, some wear protection is offered, however, it is
not as significant as in the thicker coatings. Consequently,
a coating thickness threshold is established, with a require-
ment of at least 1.5 to 1.6 um to observe consistent and
load-independent wear protection.

From a tribological standpoint, thicker CNT coatings
are more desirable since they offer a larger lubricant reser-
voir. As evidenced by the micrographs from Fig. 5, thicker
CNT coatings provide a more significant wear protection,
with CNT remaining at the contact site after tribological
testing. However, when taking into account the purpose of
these coatings, thicker coatings may be counterproductive.

150k

500k

CNT 4 _CNT3 Cu

CNT 5

Fig.6 SEM micrographs of fretting marks after 150 and 500 k fret-
ting cycles. The red dashed lines highlight the areas where severe
wear is observed (gross slip). The number at the top left corner of
each CNT-coated sample exhibits the reduction in worn area relative
to the respective uncoated copper sample. Note that the magnifica-
tion of the uncoated samples is smaller than the magnification of the
coated samples

In other words, for electrical applications, thicker coatings
have a more significant impact on the conductivity of the
system. Therefore, a tradeoff must be considered, where a
balance between wear protection and admissible ECR gain
must be weighed.

3.2.2 Endurance Test

The SEM micrographs resulting from the 150 and 500 k
fretting cycles tests on the coated and uncoated samples
are shown in Fig. 6. As expected, the uncoated samples
show substantial wear after 500 k cycles. Since these tests
were carried out at 1 N—and based on the behavior of the
substrate after 5 k cycles—it was also expected that debris
would gather around the fretting mark. However, the amount
of debris observed around the 500 k cycles is significant.
After 150 k cycles, on the other hand, a negligible amount
of debris is observed, especially when compared to the
500 k cycles measurement. These tracks are significantly
larger than the 1 N tracks after 5 k cycles, with the 150 k
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Fig.7 SEM micrographs of
fretting marks after 5 k fretting
cycles at 20 °C and 15% r.h. a
Uncoated copper, b CNT3, ¢
CNT4, and d CNTS5. The red
dashed lines highlight the areas
where severe wear is observed
(gross slip). The number at

the bottom left corner of each
CNT-coated sample exhibits the
reduction in worn area relative
to the respective uncoated cop-
per sample

cycles track being double the size and the 500 k cycles track
three-fold the size of the 5 k track. For this reason, the mag-
nification of the micrograph had to be reduced. The same
can be stated about the CNT-coated samples, with these
representing an even larger multiple compared to their 5 k
counterpart.

The micrographs of the CNT-coated samples reveal that
CNT are not as effective in reducing wear after prolonged
fretting cycles, showing gross slip regardless of coating
thickness. Although all coatings show a reduction in worn
area, the degree to which the coatings reduce wear is not as
significant as was the case in shorter fretting cycles. This is
because the CNT are displaced from the contact site, thus
eliminating the possibility of reducing wear. Therefore, for

Cu ©
S
@)
Cu ©

CNT 4

prolonged fretting cycles, the wear reduction capability
of CNT is irrespective of the coating thickness since the
nanoparticles are displaced from the contacting interface
altogether.

Even though the coatings do not perform as exceptionally
well for prolonged fretting cycles in terms of wear protec-
tion, they do improve the electrical behavior of the system—
see Fig. 2. Therefore, their potential use for electrical sys-
tems should not be discarded. All three coatings outperform
the uncoated reference, with low and stable ECR throughout
the entire measurement. Although wear protection is sparse,
the electrical advantage is beneficial.

Fig.8 EDS maps of uncoated copper and CNT4 showing copper, carbon, oxygen, and gold after 5 k fretting cycles at 0.5 N. EDS maps of all

fretting marks are available in the Online Resources

@ Springer
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3.2.3 Influence of Ambient Humidity

The SEM micrographs of the fretting tests carried out at
low humidity are shown in Fig. 7. The worn area of the
uncoated reference after 5 k cycles at 1 N from Fig. 5
is comparable with the size of the reference at 15% r.h.
However, in the case of the coated samples, all coatings
show an increase in worn area as a consequence of the
lower atmospheric humidity. The increase in relative worn
area is linked to the coating thickness, with thicker coat-
ings showing worse wear protection compared to thinner
coatings. Therefore, it is established that CNT, similarly
to graphite, requires moisture to reduce wear. As the tubes
degrade as a consequence of severe stress, they start to
break apart into individual graphite and graphene sheets.
The tubes’ degradation into graphite-like structures jus-
tifies the more severe wear observed in the SEM micro-
graphs [64]. For this function, MWCNT are better suited
than SWCNT since MWCNT require higher pressures to
break their bonds and degrade the tubes into graphitic
structures. Furthermore, the degradation of MWCNT—
as opposed to SWCNT—would provide a more ample
source of graphitic structures, thus improving lubricity
to a certain extent. Consequently, the MWCNT employed
in this study continue demonstrating wear protection at
low humidity levels after 5 k fretting cycles, with worn
area reductions of at least 50% compared to the reference
sample.

3.3 Chemical Analysis

EDS was carried out to qualitatively determine the chemi-
cal composition of the fretting marks. The resulting EDS
maps of the fretting marks conducted at 0.5 N and 5 k cycles
for the copper reference and CNT4 are shown in Fig. 8.
Although EDS maps for all conditions and samples were
acquired, only these two fretting marks will be discussed in
this section since similar behavior was observed through-
out the remaining fretting marks. EDS maps of all samples
analyzed at 0.5 N, 1 N, 2.5 N, and 5 N are shown in Online
Resource 1, 2, 3, and 4, respectively. Online resource 5
shows the EDS maps of fretting marks after tests at 15% r.h.
of all samples, whereas Online Resources 6 and 7 show the
fretting marks after 150 k and 500 k, respectively.

A key takeaway from the EDS maps of the uncoated cop-
per sample is that oxidation takes place during fretting, as
evidenced by the spike in oxygen intensity at the center of
the wear track. Furthermore, it is of interest to highlight the
extent to which gold was transferred from the counter elec-
trode towards the copper sample. As evidenced, almost the
entirety of the fretting mark contains gold. In addition, the
debris observed in the SEM micrographs (Fig. 5) is purely
made up of gold, as proven by both the copper and gold

intensity maps. This implies that material is supplied to the
copper sample rather than material being purely removed
by fretting. The transfer of gold is promoted by the harder
counterpart—i.e., the oxide layer—since dissimilar hardness
between the contacting surfaces fosters material transfer
from the softer onto the harder surface [5, 6]. The removal of
the softer material and its deposition onto the harder mate-
rial is caused by the sliding motion, where asperity junctions
are stronger than the weaker metal. Moreover, the continu-
ous breakdown of the re-formed oxide film due to fretting
wear further favors the adhesion of gold onto the copper
surface [6]. As fretting cycles progress, gold continuously
adheres to the copper sample and is subsequently removed
from the wear track, resulting in gold debris surrounding the
contacting site. Nonetheless, recalling the SEM micrographs
from Fig. 5, the formation of debris was only observed at
normal loads below 2.5 N and for prolonged fretting cycles,
primarily 500 k cycles.

The EDS map of CNT4 shows some decisive differences
compared to the copper sample. Copper is more homogene-
ously distributed in the coated sample. Here, regions where
copper is not detected is caused by the thickness of the coat-
ing which hinders the emitted x-ray from the base material
from reaching the detector. Accordingly, carbon intensities
are maximum in sites where copper is not detected, and vice
versa. Another key difference is the degree of oxidation
incurred onto the copper substrate during fretting. Observ-
ing the oxygen map closely, no spikes in intensities can be
identified. Therefore, the oxygen detected is found either
in the copper’s surface—in the form of Cu,O—or as func-
tional groups bound to the nanotubes. The last distinction
is the amount of gold that is transferred. Although EDS is
a qualitative technique, the signal-to-noise ratio of gold in
CNT4 shows that the maxima in gold are not as strong as
is the case in the uncoated sample. Furthermore, the gold
that is transferred onto the copper sample is concentrated at
the center of the fretting mark. Moreover, gold debris is not
formed in the CNT-coated sample as a consequence of the
lubricity of the nanoparticles, thus reducing gold’s adhesion.
These distinctions between uncoated and CNT-coated sam-
ples are consistent throughout all fretting marks regardless
of test parameters or coating thickness.

The carbon map of CNT4 also shows the presence of
carbonaceous phase remaining in the contact area even after
5 k cycles regardless of coating displacement, thus explain-
ing the reduction in worn area of the coated samples. This
is the case in all CNT-coated samples, except for prolonged
fretting cycles where the coating is entirely displaced from
the contacting site (see Online Resources 6 and 7). This fact
explains the milder wear protection offered by the coatings
after 150 k and 500 k fretting cycles. As a consequence of
the coating displacement, the coated samples show similar
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Fig.9 CLSM light scan of counter electrode used against copper and CNT4 for the different loading conditions and 5 k fretting cycles. CLSM
scans of all fretting marks are available in the Online Resources (including light, laser and height)

degrees of oxidation and gold transfer—as well as gold
debris formation—as their uncoated counterparts.

3.4 Counter Electrode

CLSM scans of the counter electrode after fretting were car-
ried out, with Fig. 9 showing the damage incurred under dif-
ferent loading conditions when contacting against uncoated
copper and CNT4. For the light, laser, and height scan of all
fretting marks refer to the Online Resources. CLSM scans
of the counter electrodes used at 0.5 N, 1 N, 2.5 N, and 5 N
are shown in Online Resources 8, 9, 10, and 11, respectively.
The scans for counter electrodes used on fretting tests done
at 15% r.h. are shown in Online Resource 12, with Online
Resources 13 and 14 showing the counter electrodes after
150 k and 500 k fretting cycles, respectively.

As Fig. 9 shows, gold debris surrounds the fretting mark
on the counter electrode that contacted the uncoated sample
at 0.5 N as well as 1 N, concurring with the observations of
the uncoated copper electrodes. Furthermore, the affected
regions in the counter electrode dimensionally resemble the
observations on the counter electrode, with higher loads
showing smaller areas where gross slip took place. The
CLSM scans also show that there is no material transfer
from the uncoated electrode towards the counter electrode.
The unidirectional transfer of material from the gold counter
electrode towards the uncoated copper is due to the hardness
difference between the contacting surfaces. In order for bidi-
rectional material transfer to take place, the contacting sur-
faces should possess a hardness difference below 10% [5].
Since the hardness of the counter electrodes is 1.36+0.01

@ Springer

GPa (measured via microhardness measurements on Struers
Inc. Dura Scan with a load of 0.98 N), whereas—accord-
ing to literature—copper oxide thin films have a hardness
between 7.2 +0.2 GPa and 12.3 +0.5 GPa, depending on
grain size [65]. Moreover, as the oxide layers are broken
by the progression of fretting tests, the contact between the
“clean” surfaces improves adhesion of the metallic surfaces
due to the strengthening of the interfacial bonds between the
contacting asperities [6].

The scans conducted on the coated samples are of con-
siderable interest since these prove that carbon was trans-
ferred onto the counter electrodes. This is significant since
the uncoated regions in the contacting site (shown in the
micrographs in Figs. 5, 6, and 7) are not areas where the
coating was removed, but rather there was a relocation of
the coating from the copper substrate towards the gold rivet.
This was seen in all the CNT coatings to varying degree;
variations caused by inherent heterogeneity of the coatings.
Nonetheless, carbon transfer was consistently observed on
the counter electrodes regardless of coating thickness (see
Online Resources 8-14).

Carbon transfer is not only load independent, but also
humidity independent, with CNT being observed on the
counter electrodes on all tests conducted at 15% r.h. (see
Online Resource 12). Nonetheless, carbon transfer at lower
humidity is not as prevalent as in tests carried out at ambi-
ent humidity. At low humidity only CNTS shows prominent
material transfer, with CNT3 and CNT4 showing marginal
amounts of carbon transfer, where CNT3 shows slightly
more material transfer than CNT4. This explains why the
wear protection offered by CNT3 at 15% r.h. outperforms
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CNT4 (see Fig. 7). Therefore, this confirms that wear pro-
tection is not strongly influenced by atmospheric humidity,
but rather an aggregate of contact situation due to coating
heterogeneity, amount of displaced coating, and amount of
material transferred towards the counter electrode.

The counter electrodes used in the durability tests were
also scanned via CLSM. In these cases, however, marginal
traces of carbonaceous depositions can be observed; thus
explaining why the wear protection offered by the coatings
diminishes in these tests. For extended fretting tests, the
prolonged shear stresses degrade the CNT and displace the
carbon tribofilm from the contact site. The damaged CNT do
not adhere to the counter electrode (see Online Resources 13
and 14), instead the graphitized particles are easily displaced
from the contact site [10]. Consequently, wear protection is
reduced with the bulk of transferred carbon being found at
the ends of the fretting mark (as was observed in the fretting
marks of the coated copper samples in Fig. 6).

4 Conclusions

In this work, three different CNT coatings were deposited
over copper substrates. These coatings were tribo-electri-
cally characterized to further understand the influence of
coating thickness, the influence of normal load on fretting
tests, and the wear reduction capabilities of CNT at low
ambient humidity, taking into consideration the electrical
behavior of the coated systems.

Thicker CNT coatings are not easily displaced by fretting
at low normal loads, consequently, the ECR is higher than
that of the uncoated copper. Nonetheless, for loads higher
than 0.5 N this effect is negligible, albeit thicker coatings
present higher ECR values than their thinner counterparts.
From a tribological standpoint, thicker coatings promote
smaller worn areas, with areal reductions between 80 and
90% in CNT?5, for example. As expected, the wear protec-
tion offered by thinner coatings is reduced at higher normal
loads. Therefore, the optimal coating thickness depends on
the predominant objective, namely, electrical or tribologi-
cal. Thinner coatings are preferred for applications where
low ECR is crucial, with wear reduction being secondary.
Whereas thicker coatings are required when improved tribo-
logical behavior is essential at the expense of conductivity.

For prolonged fretting cycles the CNT are displaced from
the contacting site, with marginal carbon transfer towards
the counter electrode. Consequently, the behavior of these
coated samples resembles that of the uncoated. Therefore,
in applications where prolonged fretting wear is expected
these coatings do not contribute significant wear reduction.
Nonetheless, if wear is not a key concern, low and stable

ECR values were achieved for both 150 and 500 k fretting
cycles, outperforming the uncoated reference samples.

At lower ambient humidity the wear protection of CNT is
reduced, showing milder wear reduction compared to fret-
ting tests carried out at ambient humidity. Furthermore, the
electrical behavior also diminishes at lower humidity. The
porous nature of the CNT coatings requires moderate contact
pressures to enable compaction and readjustment of the coat-
ing. Contrarily, dry air located in the voids opposes a higher
resistance than moist air, thus explaining the increased ECR
at low humidity. Therefore, these coatings are not suitable
for exclusive applications in low humidity. For applications
where humidity fluctuates from ambient to below mean val-
ues (and vice versa), theses coatings show promising results
as a versatile solid lubricant.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11249-023-01724-5.
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Online Resource 1: EDS maps showing copper, carbon, oxygen, and gold of all fretting marks carried out
at 0.5 N after 5k cycles.
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Online Resource 2: EDS maps showing copper, carbon, oxygen, and gold of all fretting marks carried out
at 1 N after 5k cycles.
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Online Resource 3: EDS maps showing copper, carbon, oxygen, and gold of all fretting marks carried out
at 2.5 N after 5k cycles.
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Online Resource 4: EDS maps showing copper, carbon, oxygen, and gold of all fretting marks carried out

at 5 N after 5k cycles.
15% r.h.
C

Online Resource 5: EDS maps showing copper, carbon, oxygen, and gold of all fretting marks carried out
at 15% r.h. and 1 N after 5k cycles.
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Online Resource 6: EDS maps showing copper, carbon, oxygen, and gold of all fretting marks carried out
at 1 N after 150k cycles.
C

Cu

CNT4 CNT3

CNT 5

Online Resource 7: EDS maps showing copper, carbon, oxygen, and gold of all fretting marks carried out
at 1 N after 500k cycles.
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05N

Online Resource 8: Light, laser, and height CLSM scan of counter electrodes used in 5k fretting cycles
carried out at 0.5 N.
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Online Resource 9: Light, laser, and height CLSM scan of counter electrodes used in 5k fretting cycles
carried out at 1 N.
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25N

Online Resource 10: Light, laser, and height CLSM scan of counter electrodes used in 5k fretting cycles
carried out at 2.5 N.

Online Resource 11: Light, laser, and height CLSM scan of counter electrodes used in 5k fretting cycles
carried out at 5 N.
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Online Resource 12: Light, laser, and height CLSM scan of counter electrodes used in 5k fretting cycles
carried out at 15% r.h. and 1 N.
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Online Resource 13: Light, laser, and height CLSM scan of counter electrodes used in 150k fretting cycles
carried out at 1 N.
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Online Resource 14: Light, laser, and height CLSM scan of counter electrodes used in 500k fretting cycles

carried out at 1 N.
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ABSTRACT: Copper is extensively used in a wide range of industrial and daily-life applications,
varying from heat exchangers to electrical wiring. Although it is protected from oxidation by its
native oxide layer, when subjected to harsh environmental conditions — such as in coastal regions
— this metal can rapidly degrade. Therefore, in this study we analyze the potential use of carbon
nanoparticle coatings as protective barriers due to their intrinsic hydrophobic wetting behavior.
The nanocarbon coatings were produced via electrophoretic deposition on Cu platelets and
characterized via scanning electron microscopy, confocal laser scanning microscopy, and sessile
drop test; the latter being the primary focus since it provides insight into the wetting behavior of
the produced coatings. Among the measured coatings, graphite flakes, graphene oxide, and
carbon nanotube coatings showed superhydrophobic behavior. Based on their wetting behavior,
and specifically for electrical applications, carbon nanotube (CNT) coatings showed the most
promising results since these coatings do not significantly impact the substrate’s electrical
conductivity. Although CNT agglomerates do not affect the wetting behavior of the attained
coatings, the coatings thickness plays an important role. Therefore, to completely coat the

substrate the CNT coating should be sufficiently thick — above approximately 1 um.
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INTRODUCTION

Copper and copper alloys are extensively used due to their outstanding transport properties.
Accordingly, copper-based materials can be found in a plethora of industrial and daily-life
applications, such as: heat exchangers, electrical and electronic devices, power generation and
distribution, electrical contacts, etc. Although copper is protected from accelerated corrosion due
to its native oxide layer (oxidic passivation), aggressive atmospheric conditions can significantly
degrade the material, particularly when subjected to saline environments.! For electrical
contacts specifically, the oxide layer is detrimental to the bulk material’s conductive properties
since Cuz0 is a well-known p-type semiconductor. Consequently, the system’s overall resistance
is augmented due to the increased film resistance.* This oxide layer forms spontaneously in
normal atmospheric conditions, with Cu forming approximately 50% of the oxide layer after one
hour of exposure.’

Due to the extensive use of copper-based materials, it is of utmost importance to effectively
protect its surface from corrosive atmospheric conditions. Coatings (or platings in electrical
applications) are a widespread method employed to protect and inhibit its surface from
corrosion,»*° with many studies focused on the corrosion behavior of this metal.!®!* Other
approaches include atomic layer deposition, graphene-based coatings, and the production of
superhydrophobic Cu surfaces, among others.!*"!” Research indicate an abondance of factors that
influence the corrosion of copper and copper alloys, such as temperature (influencing the kinetics
of the reaction), humidity, presence of organic matter (biofouling), and fundamentally the
presence of chlorine ions (CI'), among others. Therefore, these materials must be capable of
withstanding diverse atmospheric conditions that can accelerate their degradation. Carbon
nanoparticles (CNP) can play a crucial role in minimizing — or potentially preventing —
accelerated degradation since these nanocarbons can be used as protective barriers. Due to the
hydrophobic nature of the CNP, coating the metallic substrates has the capability to prohibit the

ingress of reactive agents and therefore insulating the metallic substrate from aggressive
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atmospheric conditions. If we consider that tin is used exclusively as plating material to protect
most copper electrical contacts, highly conductive CNP can potentially replace this plating
process since previous studies have demonstrated that these coatings have a marginal influence
on the system’s conductivity while reducing physicochemical wear.'8

In this work, we analyze the viability of electrophoretically deposited CNP coatings over Cu
substrates aimed towards electrical applications. Although the focus of this work is on electrical
contacts, the conclusions can be extrapolated to other applications. Electrophoretic deposition
(EPD) was chosen due to its relative simplicity, easily controllable coating thicknesses, and
modest equipment requirements.'®2” The deposition process is explained in further detail in
18.27.28 The parameters for the deposition process — as well as the selection of the CNP for this
study — were chosen on the basis of their influence on the conductivity of the contacting material.
It is crucial that the CNP coatings do not significantly impact the conductivity of the Cu substrate.
Regarding the EPD parameters, the dominant parameter is the deposition time, which determines
the coating thickness. Herewith, the coating should be sufficiently thick to effectively protect the
surface from aggressive environments, but also have as marginal effect on conductivity as
possible. Therefore, the deposition time should be selected accordingly. Graphite flakes (GF),
graphene oxide (GO), carbon nanohorns (CNH), and carbon nanotubes (CNT) have been
thoroughly characterized in a previous study,'® highlighting their potential use as solid lubricant
alternative in electrical contacts — primarily CNT and CNH. Moreover, these CNP are of
particular interest in this study as a consequence of their hydrophobic behavior.?”?°3? Apart from
GO, all previous studies report hydrophobic behavior of these CNP. The presence of O may
hinder GO’s hydrophobicity. However, reports have shown that by manipulating the chemistry
of GO, hydrophobicity can be achieved.’>*! Furthermore, carbon black (CB) is included in this
study because of its low cost, lubricating properties, and acceptable impact on the substrate’s
conductivity. Previous studies have sought to determine the efficacy of superhydrophobic

surfaces to prevent or reduce the degradation of Cu. However, in these studies,
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superhydrophobicity was achieved by depositing non-carbonous films.!*¥-% Furthermore,
diamond-like carbon has been previously implemented to produce hydrophobic surfaces.?*¢
Among the CNP chosen in this current work, CNT have received the most attention. However,
previous studies of CNT for hydrophobic applications focused on low alloyed and stainless steel
substrates.?’-*337

Within the scope of this work, we aim to examine the wetting behavior of the five CNP under
different aqueous media — i.e., purified water and saline water solution. To determine the wetting
behavior, sessile drop test was carried out to determine the contact angle (CA) between the CNP
coatings and the aqueous media. This characterization method is fundamental to determine the
efficacy of the coatings with respect to atmospheric protection. Additionally, the wetting behavior
is not exclusively dependent on the surface’s chemistry, but also the topography of the coatings
plays a crucial role.*®* Therefore, scanning electron microscopy (SEM) images were acquired
to observe the resulting coatings’ topography. Furthermore, the thickness and roughness of the
coatings was determined via confocal laser scanning microscopy (CLSM); therefore, establishing

a relationship between these parameters and the coatings’ wetting behavior.

EXPERIMENTAL SECTION

The substrates used were laminated, flat, oxygen-free, pure-copper (= 99.95% Cu) platelets
with the following dimensions: (25 x 10 x 1) mm. These Cu platelets were ground using P1200
grit silicon carbide grinding paper, followed by a polishing sequence consisting of 6, 3, and 1 pm
diamond suspensions; thus, obtaining a mirror-polished surface prior to EPD. The deposition
procedure and parameters (except for deposition time) are the same as reported in'®?’. A
schematic representation of the EPD setup is shown in Figure 1, with the deposition parameters
for each CNP shown in Table 1. The coating procedure is the same with all CNP, only the colloid
concentrations and dispersion vary.'® As previously reported,?’ proper selection of an additive for
the EPD process is crucial. Correspondingly, triethylamine was used for this study; therefore,

obtaining a hydrophobic surface that potentially will not significantly hinder the conductive
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properties of the substrate. The main advantage of this additive is that it aids in coating deposition
and in producing a hydrophobic surface. Furthermore, this additive completely evaporates after
deposition — vapor pressure of triethylamine is 57.07 mmHg at 25 °C,*° higher than that of the
solvent (isopropyl alcohol vapor pressure: 45.4 mmHg at 25 °C).*! This is important to consider
since this additive does not alter the chemistry of the coating — as is the case with other additives

such as magnesium nitrate hexahydrate?’-*8

— and its influence on the wetting behavior of the
produced coating can be neglected. After the desired coating duration has passed, the samples
are removed from the colloid with the voltage source still on. This favors the structural integrity
of coatings during removal from the colloid. By maintaining the voltage source, the electric field
between the sample and counter electrode is still present during removal, which prevents the
coating from damage as it is withdrawn from the colloid. Immediately after extraction, solvent
and additive remaining in the coating begins to evaporate under atmospheric conditions. This

process takes between 1 to 2 minutes. Once fully evaporated, the voltage source is switched off

and the sample and counter electrode can be removed from the setup.

Counter
electrode

Substrate

CNP
dispersion

Figure 1: Schematic representation of EPD setup.
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Table 1 — Concentrations and dispersion times for each CNP colloid.

CNP IPA | TEA Homogenizer Ultrasound
Homogenizer
CNP | Concentration | /ml /ml speed /krpm bath / min
/min
/ mg/ml
CB 0.4
10 7

GF 0.2 80 10 10
GO 0.5 5 10
CNH 0.05 70 5 10 12 15
CNT 0.2 80 10 5 7 10

As previously mentioned, five different CNP were deposited (CB, GF, GO, CNH, and CNT).
The CB particles (Orion, Luxembourg) possess over 96% carbon, 0.2-1.3 wt.% hydrogen, 0.2-
0.5 wt.% oxygen, 0-0.7 wt.% nitrogen, and 0.1-1 wt.% sulfur, with a mean particle size between
10 nm up to 500 nm, approximately. The GF (Alfa Aesar, Germany) have a mean size between
7-10 um and 99.8% purity. Due to the size of the graphite flakes, these particles are not
technically nanoparticles. However, these particles were chosen as benchmark, due to their
hydrophobic behavior. For simplicity, GF will be included in the CNP nomenclature, but it is
important to keep in mind that GF are not in the nanometer range. The GO particles possess
51.25 wt.% carbon, 43.99 wt.% oxygen (Nanoinnova Technologies, Spain). The particle size
distribution ranges from 100 nm up to 800 nm, with GO flake agglomerates between 1-3 um.
According to the manufacturer, the average thickness of the GO flakes ranges from 0.7 to 1.2 nm.
The single-walled CNH used were dahlia-type, produced by rapid condensation of carbon atoms
without a catalyst (Carbonium SRL, Italy). The as-received high-purity CNH have a horn
diameter between 3 and 5 nm, horn length between 30 and 50 nm, and a cluster diameter between
60 and 120 nm. The CNT used were chemical vapor deposition (CVD)-grown multiwalled CNT
(Graphene Supermarket, USA). The outer diameter of the CNT have a distribution between 50-
85 nm, an as-received state length from 10-15 um, and a carbon purity above 94%.

The roughness of the substrates prior to coating was determined via CLSM (LEXT OLS4100,
Olympus) working with a laser wavelength of 405 nm. To achieve larger field of view with higher
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resolution, a 2x2 stitching at 50x with an overlap of 20% was carried out. The polished substrates
present a root mean square (rms) roughness between 10-20 nm. Likewise, a 3x3 stitching was
carried out to determine the coating thickness — done by acquiring the height profile at the
interface between a coated and an uncoated region. The SEM micrographs were acquired using
a FEI Helios NanoLab600 Dual Beam Setup using an acceleration voltage of 5 kV and a current
of 1.4 nA.

The CA was measured via sessile drop test using a drop shape analyzer (Kriiss — DSA100B,
Germany). As previously mentioned, two different aqueous media were used: purified water
(HPLC grade) and saline water solution (according to ASTM D1141-98). In CA measurements
with purified water a 3 pl droplet was deposited with a microliter syringe (Hamilton Company,
USA), whereas the saline solution was applied via a pipette — also 3 pl. The volume of 3 pl
suppresses gravitational distortion of the drop’s shape and at the same time covers a sufficiently
large sample area to even out topographical or chemical inhomogeneities.*** Furthermore, the
CA was recorded by fitting the contour of the droplet using an elliptical shape within the
ADVANCE™ Software (Kriiss, Germany). Three droplets were placed on each sample. The CA
measurements were taken 5 seconds after depositing the droplets. All measurements were carried
out with an ambient temperature and humidity in the range of 20-25 °C and 20-35% r.h.,
respectively.

RESULTS AND DISCUSSIONS

Coating Thickness and Topography. The coatings obtained via EPD differ depending on
the CNP that has been dispersed. EPD-related parameters were kept constant in all deposition
processes, i.e., potentiostatic deposition at 300 V and interelectrode distance between 13 and
15 mm. The only parameter that varied was the duration of the deposition process. Each CNP is
deposited at different rates. This deposition rate is directly linked to particle size and the particle’s
conductivity. Larger sized particles tend to have lower deposition rates since the gravitational

and drag forces that the particle must overcome during electrophoresis are more significant for
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dimensionally bigger particles. To counteract these resistive forces, electrophoresis could be
augmented by increasing the voltage and/or decreasing the distance that the particles must travel
(decreasing interelectrode distance). However, in this study these two parameters were kept
constant. By only varying the duration of the deposition process, repeatable and reliable coating
thicknesses can be obtained. A summary of the chosen coatings can be found in Table 2. This
table highlights the deposition time and coating thickness of each coating produced. Since the
intended application of these coatings is aimed at electrical contacts, these coatings were chosen
based on their influence on the electrical contact resistance (ECR) of the substrate. Nonetheless,
as previously mentioned, the conclusions drawn from this analysis on wetting behavior can be
extrapolated to non-electrical related applications. Considering that CB, GF, and GO have a
higher impact on Cu’s ECR,'® only one coating of each CNP was analyzed to qualitatively assess
their potential atmospheric protection. CNH and CNT, on the other hand, do not significantly
increase the ECR of the substrate.!® Therefore, it is of interest to analyze the influence of the
coating’s thickness on the wetting behavior of these two CNP. Consequently, four different
coating thicknesses were analyzed.
Although all CNP (except for GO) tend to be intrinsically hydrophobic, topography plays a

Table 2 - Deposition times and coating thicknesses measured via CLSM.

CNP Deposition time /min Mean thickness /pm
CB 2 2.92 £0.06
GF 8 35.56 £0.45
GO 10 5591 +0.61

5 1.99 £ 0.05

8 3.35+0.13
CNH

10 3.51+0.08

15 529+0.21

1 0.60 £ 0.01

2 1.11 £0.07
CNT

4 1.70 £0.03

5 1.72 £0.03
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Table 3 - Roughness of CNP coatings measured via CLSM.

CNP Srms /nm
CB-2 900.8 = 56.9
GF-8 1,750.2 +49.5
GO-10 1,755.4 £ 62.1
CNH-5 205.4+39.5
CNH-8 280.8 £22.2
CNH-10 340.0 £ 31.0
CNH-15 359.8 +38.1
CNT-1 1,004.2 £ 44.6
CNT-2 833.2+£52.5
CNT-4 961.0+51.9
CNT-5 1,257.2+31.6

crucial role in wetting behavior.*®* The influence of topography can be expressed through
Cassie-Baxter and Wenzel wetting states. In the former, air is trapped in the valleys formed by
the surface’s topography, whereas in the latter the liquid fills the voids originating from
topographic features. According to these models, the CA changes depending on which wetting
state our system resembles. When analyzing the same sample under the different wetting states,
higher CA values are expected in Cassie-Baxter rather than in Wenzel wetting state — due to
increased wettability as a consequence of the infiltration of the droplet into the voids.** The
higher CA is because in the Cassie-Baxter wetting state a composite state is formed between the
solid (CNP coating) and the gas (air bubbles trapped in the topographic voids). Therefore, the
roughness of the produced coating is of great significance and is accordingly shown in Table 3.
The elevated roughness obtained for the GF and GO coatings stem from the topographic
heterogeneity. The topography of these coatings is characterized by large voids (see reference '®),
producing the coatings with the roughest surface. In the GF coating, these voids are a
consequence of the large particle size and due to aleatory stacking of the large flakes on the

substrate. This not only produces voids on the coating’s surface, but also within the coating itself.
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This could potentially jeopardize the coating’s wetting behavior, with the fluid infiltrating into
the coating and thus achieving low CA. In the GO coating, however, the voids are primarily
caused by GO agglomerates, and to a lesser extent due to large individual GO particles — since
characterization on the as-received GO particles showed the presence of larger GO flakes among
the agglomerated GO bundles.!® These voids are also a cause of concern, similarly to the GF
coating. However, these two coatings are thick. The elevated thickness of these coatings could
produce complex pathways which the fluid may not be capable of navigating. Therefore,
although initially the CA could decrease due to fluid infiltration, it is expected that after time the
CA will stabilize at a specific value once the fluid can no longer penetrate the coatings. CB, on
the other hand, shows a more homogeneous coating topography when compared to GF and GO
— approximately half the roughness value. However, it is not as homogeneous as the CNH
coatings. CNH shows a highly homogeneous coating, with low rms roughness values ranging
from 200 to 400 nm. The actual roughness value of CNH coatings depends on the thickness of
the coatings, with thicker coatings showing rougher surfaces and vice versa. The roughness of
the CNH coatings is influenced by fissures that are pervasively found throughout the surface of
this coating type. These fissures could be caused by changes in the dimensions of the CNH
coating during drying and/or the elevated voltage used during EPD, as reported by MacLucas et
al.* These fissures are observable under light microscopy. On the other hand, the CB coating
also shows small fissures, however, these fissures are not as pervasive as in the CNH coating.
Furthermore, the fissures are not observable with light microscopy in the CB coating. The
presence of the fissures was identified solely using SEM. As is the case with the voids in the GF
and GO coatings, the fissures could hinder the atmospheric protection that the CNH and CB
coatings provide, thus exposing the substrate.

The roughness values of the CNT coatings shown in Table 3 highlight that the topography of
these coatings depend, to a slight degree, on the thickness of the coating. CNT coatings show

higher roughness values as the coating thickness increases. The CNT coatings present mild
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homogeneity (as reported in '®) due to large CNT agglomerates that are unevenly deposited
throughout the coated substrate. In general, the topography of the CNT coating tends to increase
as the thickness of the coating increases — as was the case with the CNH coatings. However,
CNT-1 showed higher rms roughness than CNT-2 and CNT4. Nonetheless, this increased
roughness is not inherent to the coating itself, but rather to the heterogeneity of the coating. As a
consequence of the short deposition time, the substrate is not completely coated. Therefore, when
measuring roughness, the method considers a mixed system comprised of coated and uncoated
regions, thus achieving a higher rms roughness. It is important to highlight that this was the case
exclusively for CNT-1. The coatings with higher duration completely coated the substrate.

SEM micrographs of each CNP coatings were acquired and are shown in Figure 2. The
homogeneity of the CB coating can be seen in the micrograph (Figure 2a). However, as the
magnified micrograph shows, there are defects in the coating. It is unclear what the defects are,
however, it is believed that these defects could be caused by CB particles being deposited at an
accelerated rate in specific sites where the electric field peaks during EPD due to increased
conductivity. Another possible explanation could be that a void was generated due to aleatory
stacking of the CB particles. The defect itself is not a cause for concern, but rather the fissure
observed around the defect. As is the case with the CNH coatings, fissures could compromise the
atmospheric protection that this coating type could offer. From Figure 2b and Figure 2c¢, the
heterogeneity of the GF and GO coatings can be observed, respectively. The homogeneity of the
CNH-8 coating is observed in Figure 2d. However, a large network of fissures is observed
throughout the coating’s surface. Albeit focused ion beam cross sections of this coating did not
show the fissures extending inward (see reference '®). Nonetheless, the fissures might jeopardize
the wetting behavior of the CNH coatings. The magnified micrograph shows a defect and a large
fissure in higher detail. Observing the micrograph in Figure 2e, the CNT-5 coating appears
highly heterogeneous due to the medium and large sized CNT agglomerates. However, this

micrograph shows that — in regions where there are no CNT agglomerates — the CNT coating is
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Figure 2: SEM micrograph of a) CB-2, b) GF-8, ¢) GO-10, d) CNH-8, and ¢) CNT-5 coatings. Higher magnification

micrographs highlight defects and fissures in the CB and CNH coatings.

highly homogeneous. Therefore, this coating is classified as mildly homogeneous. This
micrograph also proves that the substrate is fully coated by CNT, which is crucial to prevent
atmospheric conditions from affecting the substrate.

Of the five CNP, CNT coating’s topography is of interest since it is a consequence of the
agglomerates. This means that the topography could be potentially reduced by increasing the
CNT dispersion method, and thus further breaking down the CNT agglomerates prior to
deposition. However, this does not necessarily mean that the coating will be better, since
prolonged dispersion steps tend to damage the structural integrity of the CNT. The highly
localized thermomechanical load applied by the ultrasound bath on the CNT tends to shorten the
tubes, which favors their dispersion. However, this damage and change in the tube’s aspect ratio
diminishes the CNT’s intrinsic desirable properties.*>*’ Therefore, although prolonged
homogenization and sonication steps could produce a more homogeneous coatings, the damage

incurred on the CNT could prove counterproductive.
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Consequently, it is of interest to analyze the area fraction of CNT agglomerates that were
deposited on the Cu substrate. The area fraction will depend on several conditions: e.g., colloid
parameters (CNT concentration, additive used, etc.), CNT dispersion parameters (duration of
homogenization and sonication), and EPD parameters. However, here we aim to obtain a
qualitative analysis of the agglomerate area fraction. Therefore, the Trainable WEKA
Segmentation plugin tool was used in ImageJ (Fiji).*® Prior to WEKA segmentation, an SEM
micrograph of the CNT coating must be opened with Imagel and the image must be adjusted
(contrast/brightness, noise removal, etc.). With the WEKA segmentation tool open, the tool must
be ‘trained’ by marking and identifying the different constituents in the image: i.e., the
agglomerates and the coating. This step can be repeated multiple times to improve the
segmentation algorithm. Once the segmentation tool has been satisfactorily trained, the results
can be extracted, and post processing filters can be applied to improve the fit of the segmentation
tool. With the resulting segmented image, quantitative image analysis can be carried out to
determine the area fraction of the CNT agglomerates. This process was done for three different
SEM micrographs of the 5S-minute CNT coating since here the agglomerates play a larger role on
the roughness. The segmentation process resulted in an agglomerate area fraction of
43.4£2.5 %. An overlay of the SEM micrograph and its resulting segmentation is shown in
Figure 3. This figure shows the CNT agglomerates in red, whereas the green areas represent
regions in the coating that are not constituted by agglomerates. Although the image shows areas
where the segmentation tool is not accurate, it must be reiterated that this tool was used for a
qualitative analysis. The 43.4% area fraction is the mean value obtained from three segmentation
processes. However, this value should be considered merely as an estimate.

Purified Water. The CA of the coatings — as well as that of a polished Cu reference sample —
using purified water are shown in Figure 4. The CA value of the Cu reference is 100°
(hydrophobic surface), which correlates with theoretical values. These measurements were taken

after a prolonged period of time after polishing since the CA of Cu varies significantly with
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Figure 3: Overlay of SEM micrograph and segmented image obtained via Trainable WEKA Segmentation plugin

in ImageJ. Red regions highlight the CNT agglomerates, whereas green highlights regions where the coating is not
constituted by CNT agglomerates. This micrograph shows an approximate area fraction of CNT agglomerates of

43.7%.

time.* This phenomenon is a consequence of Cu surfaces’ adsorption of hydrocarbons present
in the atmosphere. Therefore, the analyzed and coated samples were left to ‘age’ for a prolonged
period of time, thus achieving a stable CA value. This CA value is of interest since it represents
a more realistic scenario, as well as allowing the analysis of the influence that the CNP coating
have on the more hydrophobic Cu surface.

CB’s wetting behavior is strongly related to the combustion process with which the
nanoparticle is produced. A study carried out by Persiantseva et al.>* showed that the CA of CB
— produced using a gas turbine engine and a propane-butane fuel source — is between 60° and
80°, corresponding to hydrophilic particles. Here, however, higher CA values were measured,
with these nanoparticles showing hydrophobic wetting behavior. This suggests that the CB

particles used in our study were likely produced using diesel, kerosene, or wood as fuel source.”!
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This is an important fact to consider since the most common CB manufacturing process is in a
combustion furnace using hydrocarbon fuel — a thermal-oxidative process > — which favors a
more hydrophilic nanoparticle, as is the case in Persiantseva et al.’® The variation in the wetting
behavior of CB produced via these fuels was reported by Wei et al.,>! with values from 65° up to
values surpassing 100°. In our case, this coating achieved a marginally hydrophobic surface with
average CA value of 93°. However, it is believed that a more hydrophobic surface can be
achieved by producing a surface with fewer fissures and defects. Although these fissures are not
as extensive as in the CNH coatings, they could potentially compromise the hydrophobicity of
the CB coating.

As Figure 4 depicts, CNH coatings form a CA corresponding to a hydrophobic surface (CA
above 90° but below 150°). In these coatings, it is interesting to not that the thickness does not
influence the wetting behavior. Figure 4 (left) shows that the CA of CNH coatings ranges from
approximately 110° to 120° irrespective of their thickness. Furthermore, the roughness of the
CNH coatings is dependent on the thickness, with thicker coatings presenting higher roughness.
However, the roughness of the coatings does not significantly influence the CA. Therefore, the
CA of CNH coatings is determined by the intrinsic hydrophobic nature of these nanoparticles,
with chemistry prevailing over topography. Along with topographical changes, defects and
fissures present on the surface do not impact the wetting behavior of these coatings. Although
these features can be seen pervasively throughout the CNH coatings, these are not detrimental
towards the hydrophobicity of the coatings. This could be attributed to the complex micro-porous
network of the coating — see reference '8. However, it can be hypothesized that defect-free
surfaces could potentially present near superhydrophobic or even superhydrophobic surfaces.
Moreover, the lack of superhydrophobicity in CNH coatings can also be credited to the particle’s
morphology. The dahlia-type CNH particles have horn diameters between 3 to 5 nm with their
ends capped. In other words, the ends of the horns are closed by a hemispherical honeycomb

carbon structure. As a consequence of the small individual horn structure, the horn and their
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Figure 4: Left — CA with purified water of coatings and reference sample. Right — progression (from left to right)
of water droplet contacting the coated surfaces, but unable to be deposited due to hydrophobicity. See supporting
information for videos corresponding to wetting sequences. In all cases the baseline was highlighted by a red line.
Left — classified contact angle (>90° hydrophobic, >150° superhydrophobic). Note that a CA value was not obtained

for the superhydrophobic coatings, the bars are used to depict their wetting behavior.

cappings have a pronounced curvature. This strain-induced curvature delocalizes the high-
mobility 7 orbitals, increasing the particle’s reactivity on its external face while decreasing its
reactivity on its internal face (known as pyramidization).>* Therefore, pyramidization favors a
more hydrophilic nanoparticle, thus explaining the lack of superhydrophobicity measured during
sessile drop test in all CNH coatings.

On the other hand, GF and GO coatings showed superhydrophobic behavior. The
hydrophobicity of GO was not expected due to the oxygen atoms present in this CNP, with a
stronger hydrophilic behavior as the concentration of oxygen in the graphene structure
increases.>* Therefore, it was hypothesized that this CNP would have greater affinity towards

water molecules. The superhydrophobic behavior of GF and GO are shown in Figure 4 (right),
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depicting the progression — from left to right — of the water droplet as it approaches (frames 1
and 2) and recedes (frames 3 and 4) from the surface. Although these two coatings performed
exceptionally well, it is noteworthy to highlight that the coatings were affected by the
measurements carried out — as witnessed by the third and fourth frame in the CA measurement
progression. These two frames show that, although the droplet cannot be deposited onto the
surface, part of the coating was removed and retained within the water droplet. However, no
visible damage was observed on the samples’ surface following the measurements. The partial
removal of these coatings might be due to the water droplet’s infiltration in the coating. These
two coatings show many voids on their surfaces, allowing the water droplet to penetrate the
surface of the coating. However, as was hypothesized, the complex void network within the
coatings — and the coatings’ relative thickness — prevents the water droplet from penetrating too
deeply into the coatings. Consequently, these coatings produce a superhydrophobic surface. The
CA observed for these coatings is reduced, since it is believed that these coatings are under a
Wenzel wetting state; notwithstanding, superhydrophobicity was observed. The infiltration of GF
and GO particles into the water droplet was observed immediately after the droplet encountered
the coatings — refer to videos in supporting information. Within the droplet, these particles had
an upward trajectory, indicating a convective flow of the particles. Convective flow is caused by
a temperature gradient in the droplet, with higher temperatures at the top of the droplet (in contact
with the syringe) and lower temperature in the coating-droplet contacting sites. The lower
temperature is attributed to the exceptionally high thermal conductivity of the GF and GO
particles. It is noteworthy that convective flow is more clearly observed in GO rather than in GF.
This can be explained by particle size, since GF particles are larger, gravitational forces play a
more important role. In the GO coating, GO agglomerates are retained within the droplet by the
convective flow, which pushes the GO agglomerates within the droplet and in an upward motion.

In the GF coating however, the GF particles are retained within the droplet and tend to move
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upwards, followed by a downward motion once the droplet has completely receded from the
coating’s surface.

CNT coatings performed consistently hydrophobic. The 1-minute coating generated an
average CA of approximately 145°, not quite reaching superhydrophobicity. However, the thicker
CNT coatings all achieved superhydrophobic wetting behavior. In contrast with the GF and GO
coatings, the CNT coatings were not damaged while measuring; this can be evidenced by the
progression of the CA measurement shown in Figure 4 (bottom right) — video available in
supporting information. Moreover, although in the GF and GO coatings the droplet could not be
deposited, slight adhesion was observed as the droplet contacted and receded from the coatings
— evidenced in the second and third frame of the sequence shown in Figure 4. However, this was
not the case with the CNT coatings. This adhesion — or lack thereof — is observed in the second
and third sequence of the CA progression in Figure 4. Moreover, observing CNT-1, the
conclusion can be drawn that at least 1 um thickness is required in CNT coatings to achieve
superhydrophobic wetting behavior. A previous study by Korczeniewski et al.>® found that the
diameter of the CNT agglomerates is crucial to control the wetting behavior of EPD-produced
CNT coatings. The authors conclude that smaller CNT agglomerate diameters (measured via
dynamic light scattering) and higher substrate roughness correlates to higher CA — with variations
of up to 40°. Moreover, Shirtcliffe et al.>® also reported increased CA in copper-based materials
with increased roughness — with higher roughness surfaces transitioning from Wenzel wetting
state towards Cassie-Baxter wetting state. This is a potential explanation as to why the CNT-1
coating does not reach superhydrophobicity. Since the thickness of CNT-1 is relatively thin —
0.6 um — the roughness of the substrate could influence the wetting behavior of this coating. If it
is considered that the CNT agglomerate size is constant throughout the four CNT coatings, then
the relatively low roughness of the substrate — 10-20 nm — could cause a slight decrease in the
CA of CNT-1. Moreover, uncoated regions show higher affinity towards water, causing further

decrease in CA. Comparing the wetting behavior of the thicker CNT coatings, it is clear that the
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thickness does not influence the CA — all coatings are superhydrophobic. However, it is of utmost
importance that the coating is sufficiently thick to overcome the influence of the substrate and
that the wetting behavior of the CNT dominates, as evidenced in the thinner CNT-1 coating.
Contrarily, a substrate with higher roughness should be adopted to achieve higher CA, as reported
by Korczeniewski et al.>® and Shirtcliffe et al.>® The strong hydrophobic tendencies of CNT is
evidenced in CNT-1. However, the short deposition time did not allow a complete coating of the
substrate. Therefore, the relative poorer performance in sessile drop test of CNT-1 can be
considered to be strongly influenced by the wetting behavior of the substrate, and not exclusively
due to the coating itself. Nonetheless, the intrinsic hydrophobic tendencies of the CNT
significantly increases the CA of the surface from 100° in the Cu reference up to 145°. Although
the heterogeneity and thinness of this coating does not allow for a superhydrophobic surface, the
hydrophobicity of the substrate is not affected but rather improved by the presence of CNT.

To gain a better understanding of the impact of the coating time and the resulting thickness
on the roughness ratio (S-ratio) and the wetting behavior, the S-ratio for each coating was
measured and correlated with the results from the sessile drop tests (shown in Figure 5a). The
physical meaning of the roughness ratio is the relationship between the apparent and real contact
area (s-ratio =real contact area / apparent contact area). The different coatings arrange in different
roughness ratio fields. CNH coatings depict an average S-ratio of 1.08 + 0.02, whereas CNT
coatings have an average S-ratio of 1.42 + 0.03. In these coatings the roughness ratio appears to
be independent of the deposition time and rather be determined by the particles used. GF and
GO, on the other hand, show the highest S-ratio with values close to 3, with CB showing a
roughness ratio value of approximately 1.4. Therefore, from this analysis it can be seen that the
degree of roughness ratio induced by the CNP coatings is determined exclusively by the CNP
that is used and appears to be independent of the deposition time/coating thickness.

Furthermore, observing Figure Sa it is concluded that the CNH coating thickness also does

not have a significant influence on the roughness ratio. The same conclusion can be drawn from
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the CNT coatings. In CNT-1, however, a difference can be observed. Nonetheless, as previously
mentioned, the difference in roughness ratio (i.e., rms roughness) and lack of
superhydrophobicity is solely a consequence of the inadequate coating type. In other words, 1-
minute deposition time is no sufficient to fully coat the substrate, therefore obtaining a mixed
state where the roughness and CA measured is a combination of that of the substrate in uncoated
regions as well as the coating itself. For thicker CNT coatings, the interaction between water and
the copper substrate is no longer a dominant but is rather overruled by the CNT-water interaction.

A more in-depth understanding of the influence of roughness on the wetting behavior of the
coated samples can be attained by determining the CA of a perfectly smooth surface. That is, the
CA of a surface with an S-ratio equal to 1. This value can be calculated by using Wenzel’s
equation which provides a relationship between the measured CA and the quotient between the
roughness factor and the CA of a perfectly smooth surface.’” Therefore, according to a Wenzel
wetting state in hydrophobic surfaces, as the roughness factor increases, so does the measured
CA. On the other hand, in hydrophilic surfaces, as the roughness factor increases, the measured
CA decreases. Due to the high CA and low topography, CNH and CNT coatings continue
showing hydrophobic wetting behavior when topographic features are not accounted for —
highlighted by the blue shaded region in Figure 5a, which shows the area in the plot where the
smooth-surface and measured CA are both in a hydrophobic wetting state. CB shows similar
roughness values as CNT; however, its measured CA is significantly lower. Therefore, the
calculated smooth CA is approximately 92.5° - marginally remaining in a hydrophobic wetting
state. GF and GO also show low smooth-surface CA, with values of approximately 110°.
However, it must be noted that the calculations were based on the assumption that the measured
CA was 170° since the actual value could not be measured due to their superhydrophobic wetting
behavior. This assumption, in addition to the high roughness values, generate the low CA in the
calculations using Wenzel’s equation. Nonetheless, these two nanoparticles remain in a

hydrophobic wetting state. GF and GO show the largest topographic features among the studied
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Figure 5: a) Plot of smooth-surface CA — calculated by Wenzel’s equation — as a function of measured CA. The red
lines show how the theoretical smooth-surface CA should vary as the S-ratio increases. The blue region highlights
the area where the smooth and the measured CA are hydrophobic. b) Relation between static CA and roughness.

Superhydrophobic coatings not showing surface wetting are categorized with a CA of 170°.

nanoparticle coatings. These high roughness values — paired with the morphology of the coatings
observed in Figure 2 — explain the superhydrophobic behavior of these nanoparticles, primarily

of GO. As a consequence of the oxygen content in GO, it is hypothesized that the
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superhydrophobic wetting behavior of this coating type is primarily attributed to the large
topographic features.

As with the S-ratio, when plotting the CA as a function of roughness the coatings arrange
themselves in different regions of the plot (Figure Sb). The CNH coatings all present similar
roughness values — lowest among the studied coatings — and consistently produced hydrophobic
surfaces. Observing the CNT coatings, apart from CNT-1, a clear correlation can be observed
between coating thickness and increased roughness. As the deposition time increases, so does the
roughness of the resulting coating. Although, as previously mentioned, the increased roughness
of CNT-1 is a consequence of insufficient coating time; thus obtaining a rougher surface due to
uncoated regions and CNT agglomerates deposited on the surface. GF and GO possess the
highest roughness of the analyzed coatings. The CA as a function of roughness plot is of
significance for the CB samples, since this plot shows that the lower CA of the CB coating can
be attributed to chemical factors rather than to topographical. CB coating show similar roughness
values as CNT coatings. Nonetheless, CB coating show a borderline hydrophobic wetting
behavior, whereas CNT coatings show superhydrophobic wetting behavior. This suggests that
CB is more strongly oxidized than CNT, resulting in higher affinity towards the water droplet
and consequently reducing the measured CA. As when plotting the S-ratio, GF and GO are
grouped due to their similar roughness values and superhydrophobic behavior. Both plots (from
Figure 5a and Figure 5b) show similar information regarding the influence of the CNP
morphology at the surface level, and the resulting wetting behavior.

Saline Water. As previously discussed, copper is extensively used in a wide range of
applications and is especially susceptive to accelerate corrosion in environments with chlorine
ions (e.g., in coastal regions). Therefore, the coating’s wetting behavior analyzed with artificial
salt water is of great importance. The CA measurements using this medium are shown in Figure
6. At first glance, the same tendencies as with purified water are observed. The CNP coatings

that were superhydrophobic when measured with water remain superhydrophobic when
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Figure 6: CA with saline water solution of CNP and reference sample. Note that a CA value was not obtained for

the superhydrophobic coatings, the bars are used to depict their wetting behavior.

measured with saline water. Likewise, the coatings that presented hydrophobic wetting behavior
remain hydrophobic. However, in this case, the Cu reference presents borderline hydrophobicity,
with an average CA value of 90° as opposed to 100° when measuring with purified water. The
salt molecules in the solution tend to interact with the Cu surface, thus reducing CA. This is also
observed in CNH-10 and CNH15, however, the change in CA should not be overinterpreted since
it could be a consequence of the coating’s structural defects. The same can be stated about CNH-
5 and CNH-8, which show slightly improved hydrophobicity.
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For CB on the other hand, the slight increase in CA (approximately 93° and 100° when
measured with purified water and saline water, respectively) can be attributed to the presence of
Na™ ions in the droplet. It has been previously reported by Powell et al.>® that CB tends to increase
its hydrophobicity when these ions were added in an aqueous media. This coincides with what
was observed in our study. The authors also reported CB’s tendency to floc in the presence of
salt. However, this was not observed in our measurements while conducting sessile drop tests
with saline water — since the saline water droplet did not damage the CB coating and there was
no infiltration into the droplet.

The main conclusion from these measurements is that GF, GO, and thicker CNT coatings
persistently produce superhydrophobic surfaces. Therefore, these coatings show promising
applications as protective barriers from atmospheric moisture, as well as saline environments.
Moreover, although superhydrophobicity was not achieved with CB and CNT-1 coatings, these
coatings outperform the reference sample. Therefore, although the benefit might not be as
significant, these two coatings could potentially delay degradation in Cu when subjected to saline
environments. Likewise, CNH coatings remain consistently hydrophobic when measuring with
this medium, thus their potential use cannot be discarded. Although, their potential protection
would be inferior to GF, GO, and thicker CNT coatings.

CONCLUSIONS
In this work five different CNP coatings were produced via EPD on Cu substrates with the
objective of analyzing their potential use as protective barriers from atmospheric conditions via
sessile drop test. One CB, GF, and GO, and four CNT and CNH coatings were analyzed — as well
as a Cu reference sample — chosen based on previous studies on their influence on the ECR of
Cu samples. The following conclusions can be drawn from this study:
e (B and CNH showed defects and fissures on their surface which could jeopardize their
wetting behavior. Nonetheless, both nanoparticles produce hydrophobic surfaces when

measuring with both media.
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e Inthe CNH coatings, thickness and roughness do not play an important role in the wetting
behavior of the coatings. The chemical tendency of this nanoparticle outweighs these
factors. However, pyramidization can be the justification for the lack of
superhydrophobic CNH coatings.

¢ GF and GO coatings have high roughness with voids on their surface inherent to the
geometry and particle interactions. However, these voids do no hinder the
superhydrophobic wetting behavior of these CNP — irrelevant if the measurements were
carried out with purified water or saline water. Do to their superhydrophobic wetting
behavior, these two coatings could potentially be used as protective barriers in diverse
atmospheric conditions.

e CNT coatings showed superhydrophobic wetting behavior when measured with both
media — with the exception of the thin CNT-1 coating. The topography generated by the
CNT agglomerates does not significantly influence the wetting behavior of the inherently
hydrophobic nanotubes.

e As evidenced by CNT-1, it is crucial that the thickness of the CNT coating is enough to
outweigh the influence of the substrate. In other words, a complete coating of the
substrate is crucial to achieve superhydrophobic wetting behavior.

e (CNT-2, CNT-4, and CNT-5 prove to be the most promising coatings as protective barriers
in diverse atmospheric conditions for copper materials since these coatings show
superhydrophobic wetting behavior. Specifically for copper electrical contacts, these
coatings present the additional advantage that they do not significantly impact the ECR

of the substrate.

ASSOCIATED CONTENT
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The following files are available free of charge.
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e Video of contact angle measurement on superhydrophobic coatings (GF 8 min, GO 10

min, CNT 2 min, CNT 4 min, and CNT 5 min. (.avi & .wmv video files).
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Abstract: The rise in electrification has considerably increased the demand for high-efficiency and
durable electrical contact materials. Carbon nanoparticles (CNP) are a promising coating material due
to their intrinsic transport properties (thus minimizing the impact on conductivity), their proven solid
lubricity (potentially improving tribological performance), and their hydrophobic wetting behavior
(potentially providing atmospheric protection). In this study, carbon nanotube and nanohorn coatings
are produced via electrophoretic deposition on silver-plated surfaces, followed by tribo-electrical
and wetting characterization. The proposed coatings do not negatively affect the conductivity of the
substrate, showing resistance values on par with the uncoated reference. Tribo-electrical characteriza-
tion revealed that the coatings reduce adhesive wear during fretting tests while maintaining stable
and constant electrical contact resistance. Furthermore, CNP-coated surfaces show a hydrophobic
wetting behavior toward water, with graphite and carbon nanotube (CNT) coatings approaching
super-hydrophobicity. Prolonged exposure to water droplets during sessile drop tests caused a reduc-
tion in contact angle (CA) measurement; however, CNT coatings’ CA reduction after five minutes
was only approximately 5°. Accordingly, CNP (specifically CNT) coatings show auspicious results
for their application as wear and atmospheric protective barriers in electrical contacts.

Keywords: carbon nanotubes; carbon nanohorns; electrical contact resistance; graphite; tarnished silver

1. Introduction

Silver is very reputed as an electrical contact material not only due to its extraordinary
conductivity but also due to its chemical stability. A key component in silver’s ubiquitous
use in high-reliability connectors is that it does not oxidize. The lack of oxidation is
advantageous since it precludes the formation of non-conductive or semi-conducting
oxide films, as is the case with other commonly used contact materials (i.e., copper, tin,
aluminum, etc.). Nonetheless, prolonged atmospheric exposure causes the formation of
a semi-conductive silver sulfide (tarnishing) film—reaction shown in (1) [1-12]. Many
methods have been developed to hinder or prevent this reaction, primarily in the form of
protective coatings; however, alkanethiols have garnered the most widespread industrial
adaptation [13-16]. The use of alkanethiols (e.g., hexadecanethiol and octadecanethiol,
HDT and ODT, respectively) delays the formation of silver sulfide by saturating the silver
surface with sulfhydryl groups. HDT and ODT consist of long chains of unsaturated oils
where sulfhydryl groups bond with carbon terminals, thus allowing HDT and ODT to
bond with transition metals. Sulfhydryl passivation forms Ag-S covalent bonds, forming a
dense self-assembled monolayer, thus preventing atmospheric sulfur from reacting with the
silver contact material by saturating the silver surface with the sulfur from the sulfhydryl
groups [16]. However, the efficacy of these self-assembled monolayers is reliant on the
orientation of the free-standing HDT or ODT tail. After the sulthydryl group bonds with
silver, the tail is free to rotate, allowing it to orient itself in an upstanding orderly position
or lying on the silver surface in a disordered fashion. These monolayers are more efficient
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at preventing silver from tarnishing when the tails are oriented in an upstanding position
due to increased thiol bonds with the substrate [16].

2Ag+S — Ag,S (1)

Carbon nanoparticles (CNP) present a viable alternative to other passivation tech-
niques which cannot only improve on the shortcomings of these techniques but could also
present added advantages. Carbon nanostructures have excellent transport properties, a
characteristic of utmost importance when dealing with electrical contact material [17-22].
Furthermore, nanocarbons present the advantage of outstanding lubricating capabilities,
with extensive use as solid lubricants and lubricant oil additives [23-32].

Previous work carried out by Loyd et al. delineated the lubricating capabilities of
graphite, graphene, and CNT specifically for their implementation in low-voltage and
low-current applications [33]. Moreover, previous studies on CNP coatings over copper
substrates have shown favorable results in terms of tribological and electrical performance,
as well as for atmospheric protection due to the hydrophobic tendency of the CNP [34-37].
Therefore, it is the objective of this study to evaluate the impact, drawbacks, and advantages
of CNP coatings on silver substrates. The CNP chosen for this analysis are carbon nanotubes
(CNT) and carbon nanohorns (CNH), nanostructures that have shown the most promising
results on copper substrates with regards to their effect on the system’s conductivity, as
well as wear and atmospheric protection. However, since silver is used in demanding,
high-reliability applications, and considering the significant financial investment that
silver contacts incur, it is crucial to comprehensively understand the impact that CNP
coatings could have on this outstanding conductor, as well as the benefits that could be
gained from CNP-coated silver surfaces. In order to accurately appraise the feasibility
of the proposed coatings, benchmarking samples were also evaluated. Accordingly, the
CNT and CNH coatings were compared with a reference sample, a tarnished sample
(i.e., a silver surface with a thin silver sulfide tarnishing film), and a sample coated with
graphite flakes (GF). The proposed coatings were not only compared to a clean reference
sample (optimal conductivity) but also to a tarnished sample (worsened conductivity) to
gain complete insight into the performance of the CNT and CNH coatings within this
conductivity spectrum. Furthermore, GF-coated samples serve as an industrially accepted
benchmark (due to graphite’s solid lubricity and conductivity), which will better reflect on
the feasibility and applicability of the proposed coatings.

Prior to characterization, all samples were chemically cleaned. The cleaned samples
were subsequently tarnished or coated. The tarnishing process is a chemical process that
involves subjecting the silver surfaces to a saturated sulfur atmosphere, thus rapidly gen-
erating a silver sulfide film on the sample’s surface. The coatings were produced via
electrophoretic deposition (EPD). This method was chosen due to its simplicity, ease in con-
trolling coating thicknesses, its ability to coat geometrically complex surfaces, as well as its
scalability. All surfaces were tribo-electrically characterized via load-dependent electrical
contact resistance (ECR) and static ECR development during fretting wear. Furthermore,
roughness, coating thickness, and assessment of the fretting marks were carried out via
confocal laser scanning microscopy (CLSM). The latter were additionally characterized via
scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS) for
extensive chemical analysis. Moreover, wetting behavior was characterized via sessile drop
test using two different media: deionized water and a potassium sulfide-deionized water so-
lution. These characterization techniques allow for an in-depth analysis of the impact on the
system’s conductivity, as well as the potential wear and atmospheric protection provided
by the CNP coatings in relation to the reference, tarnished, and GF-coated samples.

2. Materials and Methods
2.1. Sample Preparation

Three CNP coatings were the subject of this study (namely, GF, CNT, and CNH). The
GF (Alfa Aesar GmbH, Kandel, Germany) have a median size between 7 and 10 um a
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carbon purity of 99.8%. The CNT used were chemical vapor deposition-grown multi-walled
CNT (Graphene Supermarket, New York, NY, USA). The as-received CNT have a length
ranging from 10 to 15 pm, an outer diameter distribution between 50 and 85 nm, and
a carbon purity over 94%. Furthermore, the CNH used are single-walled, dahlia-type
nanostructures (Carbonium SRL, Brescia, Italy). These particles were produced without
a catalyst by rapid condensation of carbon atoms, resulting in high carbon purity. Horn
diameters range from 3 to 5 nm, with horn lengths from 30 to 50 nm and cluster diameters
from 60 to 120 nm.

The substrates and reference material were silver-plated copper surfaces. A focused
ion beam (FIB) cross-section was conducted (FEI Helios NanoLab600 Dual Beam Setup,
Hillsboro, OR, USA) to determine the plating thickness. The cross-section revealed an
average silver plating thickness of 4 um, as well as a nickel interlayer between the silver
and copper base material (see Figure S1). Due to the thinness of the silver plating, the
samples were neither ground nor polished to avoid the removal of the plating material.
Vickers hardness of the substrate was measured using a microhardness tester (Dura Scan
50, Struers Inc., Cleveland, OH, USA). A total of 35 indentations were carried out using a
load of approximately 2 N and a holding time of 15 s. The imprints were optically observed
using a 40x objective, resulting in an average hardness of 1.33 &+ 0.04 GPa.

Accelerated corrosion (sulfidation) of the silver surfaces was carried out using the
methodology proposed by Huo et al. [38]. This method consists of subjecting the silver sur-
faces to a saturated atmosphere of sulfur vapor. This methodology ensures a well-controlled
and repeatable sulfur-rich atmosphere, which promotes and accelerates the formation of
the silver sulfide tarnishing film. Therefore, an oversupply of sulfur powder (8 g) was
placed in a ceramic container within a beaker. The vessel was covered with a watch glass
and heated to 150 °C, thus evaporating the sulfur and saturating the atmosphere within the
vessel. Thereupon the silver samples were placed inside the sulfur-rich atmosphere for 10
min. After the accelerated tarnishing process, the samples present a highly heterogeneous
silver sulfide layer (see Figure 52). To ensure reproducibility, all tarnished samples used
in this study were sulfurized simultaneously. Therefore, the degree to which the samples
were tarnished did not significantly differ, thus guaranteeing similar behavior regardless of
the sample that was used.

EPD was carried out at a constant voltage of 300 V (potentiostatic process) with
an inter-electrode distance of 15 mm. Prior to the deposition process, the CNP must be
dispersed in isopropyl alcohol by homogenization and ultrasound [35,36]. Triethylamine
(CeH15N) was added to the colloid prior to dispersion. The use of this additive enhances the
stability of the colloidal dispersion as well as providing the CNP with a superficial charge
through the attachment of functional groups (i.e., positive charge, anodic deposition). The
colloid, dispersion, and deposition parameters for all four sample types are detailed in
Table S1 [35]. The four resulting coatings are a 10 min GF coating, a 5 min CNT coating,
a 10 min CNT coating, and a 10 min CNH coating (henceforth GF10, CNT5, CNT10, and
CNH10, respectively). To ensure consistent results, a fresh dispersion was prepared prior to
each coating process. Consequently, the CNP’s concentration and dispersion quality of the
colloid can also be considered constant. Although the use of other solvents (e.g., ethylene
glycol) results in a more stable dispersion [39], isopropyl alcohol was chosen due to its lower
viscosity. A solvent with lower viscosity will minimize viscous drag in the colloid, which
will consequently minimize the CNP’s resistance toward electrophoresis, thus improving
the deposition rate. Moreover, the lower vapor pressure of isopropyl alcohol guarantees
fast and efficient drying of the coated samples after removal from the colloid.

Prior to EPD and accelerated tarnishing, the silver platelets were chemically cleaned
to remove any passivating elements that were added (e.g., octadecanethiol) as a final step
in the manufacturing process. The cleaning process consists of reducing the silver sulfide
layer formed during passivation [40,41]. Removing any potential passivation elements on
the samples’ surface ensures that maximum electrophoresis is achieved during EPD and
that the accelerated tarnishing process is effective without requiring excessive exposure
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times. After chemical cleaning, the samples were thoroughly rinsed with deionized water,
followed by ultrasonication in isopropyl alcohol for 5 min, thus removing potential residue
from the cleaning process.

2.2. Characterization Technigues

The substrate, tarnished, and coated samples were micrographed via CLSM (OLS4100,
Olympus, Tokyo, Japan). CLSM micrographs were acquired using 20x and 50 x magni-
fication and a laser wavelength of 405 nm. These micrographs were used to analyze the
roughness of the samples (shown in Table 1) and coating thicknesses (shown in Table 2),
as well as to qualitatively evaluate fretting marks on both electrodes. Furthermore, fret-
ting marks were also micrographed via SEM (Helios™ G4 PFIB CXe DualBeam™ Super
FIB/SEM equipped with an energy dispersive X-ray spectroscopy detector EDAX Octane
Elite Super, Thermo-Fisher Scientific, Eindhoven, The Netherlands) using ion conversion
and electron (ICE) detector with an acceleration voltage of 5 kV. The same instrument was
used to carry out chemical composition maps of the wear marks via EDS at an acceleration
voltage of 15 kV. With this technique, a qualitative analysis of material transfer can be
conducted. Furthermore, it can be used to determine if the wear resulting from the fretting
tests was severe enough to reach the copper base material.

Table 1. Root mean squared roughness of samples, measured using CLSM.

Surface Roughness/um
Reference 0.26 £ 0.03
Tarnished 0.40 £ 0.04

GF10 1.40 £0.12
CNT5 091 £0.16
CNT10 0.62 £ 0.02
CNH10 0.51 £0.01

As the results from Table 2 show, the resulting coating thicknesses are relatively thin.
Previous studies evaluating CNP-coated copper substrates using the same deposition
technique produced considerably thicker coatings [35,37,42,43]. It was hypothesized that
residue left behind by the chemical cleaning process might affect the conductivity of the
silver samples, thus reducing the deposition rate of CNP onto their surfaces. To rule this
possibility out, an as-received silver sample was coated—without prior cleaning—using
the same parameters. The resulting coating thickness measured coincided with the samples
that were chemically cleaned. The high roughness present in the silver samples could also
play a role in the thinness of the coatings (260 nm against 10-20 nm in mirror-polished
copper) since the electric field generated during EPD is concentrated at the asperities.
The field’s concentration can thus disrupt and diminish the deposition rate of the CNP.
However, this is unlikely to be the cause since it has been previously studied and reported
that EPD has the capability to coat geometrically complex surfaces [44—46].

Table 2. Coating thicknesses measured via CLSM.

Coating Thickness/um
GF10 0.34 +0.10
CNT5 0.14 £ 0.04

CNT10 0.41 £+ 0.05

CNH10 0.32 £+ 0.08

Wetting behavior was characterized by measuring the contact angle (CA) via sessile
drop test using a drop shape analyzer (Kriiss—DSA100B, Hamburg, Germany). A 3 pL
droplet of deionized water and potassium sulfide (K;S) was placed onto the surfaces via
a pipette. The volume of 3 uL suppresses gravitation distortion of the droplet’s shape
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and, at the same time, covers a sufficiently large area on the sample’s surface to even
out topographical or chemical inhomogeneities [47,48]. The potassium sulfide solution
consists of dissolving the compound in deionized water at a concentration of 3 wt.% at
23 °C (according to factory standard LK2070). Once each droplet was settled onto the
sample’s surface, the CA was recorded by fitting its contour using an elliptical shape within
the ADVANCE Software (version 1.14.3, Kriiss, Germany). At least two droplets were
measured per sample, measuring CA after 10, 30, 60, and 300 s. Measuring at different
time intervals provides insight into the dynamic, time-resolved wetting performance of the
surfaces in question and its reliance on the liquid media used during sessile drop test. All
CA measurements were carried out at temperatures and humidity ranging from 19-20 °C
and 24-26% RH, respectively.

Tribo-electrical characterization of the reference, tarnished, and CNP-coated samples
was conducted using a custom testing rig [49]. Characterization was divided into two
experimental methodologies: i.e., load-dependent ECR and ECR evolution during fret-
ting test. Load-dependent ECR consisted of one loading and unloading cycle sourcing
100 mApc and measuring voltage drop between the electrodes (loading cycle: 0.5, 1, 2, 3, 4,
5,6,7,8,9,10 N). This current level was chosen so that the measurement process does not
cause microstructural modification of the contacting surfaces, thus affecting subsequent
measurements (i.e., dry circuit conditions) [50]. In this loading range, a maximum Hertzian
contact pressure of 230 and 623 MPa were achieved for 0.5 and 10 N, respectively. These
values were determined using Hertzian contact theory for sphere-on-plane contact [51,52].
Fretting tests were carried out at a load of 1 N (maximum Hertzian contact pressure of
289 MPa), with an amplitude of 35 um and an oscillation frequency of 8 Hz. A total of
5000 fretting cycles were conducted with periodic galvanostatic (100 mApc) ECR measure-
ments carried out every 100 cycles (static ECR). All tribo-electrical tests were carried out
using a Keithley 2400 source and a Keithley 2182a nanovoltmeter with a range of 0.1 V
(Cleveland, OH, USA). In all cases, the voltage drop was recorded ten times and averaged,
with each test being repeated at least three times to ensure reproducibility. Tribo-electrical
characterization was conducted under ambient conditions, i.e., 21 &= 1 °C and 35 =+ 5% RH.
Since humidity plays an important role in the conductivity of CNT [44,53-56], all electrical
measurements for each coating type were conducted on the same day. Therefore, errors in
the measurements due to changes in atmospheric conditions were minimized.

The counter electrodes used for tribo-electrical characterization are silver-nickel core
(AgNip 15) and hard-gold-coated (AuCoyq») rivets (Adam Bornbaum GmbH, Neuhausen,
Germany). The hard-gold coating has an average thickness of 6.47 4= 0.18 um. The rivets
have a hemispherical head, with a mean radius of curvature at its tip of 4 mm, a root mean
squared roughness of 0.26 um (measured via CLSM), and a hardness of 1.38 £ 0.01 GPa
(measured via Vickers microhardness). A new rivet was used for each measurement.

3. Results and Discussion
3.1. Load-Dependent ECR

Electrical characterization is an important component when considering coatings for
electrical contacts since these layers play a pivotal role in the conductivity and overall
efficiency of the connector. A key aspect that can be tailored during connector design is
the contact load. Therefore, load-dependent ECR curves of the materials used provide
crucial information for connector and connector housing design. The ECR curves for the
reference, tarnished, and coated samples are shown in Figure 1. Immediately, it is clear that
the tarnished sample stands out from the reference and coated samples. Throughout the
loading range, the tarnished sample consistently shows ECR values above 20 m(), whereas
the reference and coated samples show ECR values between 11 and 20 m(). It is interesting
to highlight the variability in the ECR of the tarnished sample in the loading semi-cycle,
whereas the ECR values are constant in the unloading semi-cycle. Between 0.5 N and
2 N, there is a sharp reduction in ECR. This is due to the puncturing of the silver sulfide
tarnishing film by the counter electrode’s asperities [41,57]. However, as loads gradually
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increase (above 2 N), so does the ECR. The counter electrode’s geometry plays a role in this
observation. As the load increases, the apparent contact diameter increases on account of
the hemispherical shape of the rivets used. As the apparent contact area increases, so do the
contacting sites between the counter electrode and the less-conductive (semi-conductive)
tarnishing film, increasing the quasi-metallic contact [57,58]. The newly formed quasi-
metallic contacts between the rivet’s lower asperities and the tarnished sample increase
the predominance of the film resistance, thus playing a more crucial role in the overall
electrical resistance of the system. For sufficiently high loads (from 4 N), however, the
resistance of the film takes a less dominant role due to the puncturing of the film and well-
established metallic contact between the counter electrode and the silver surface beneath
the silver sulfide film. This results in the constant ECR measured from 4 N (in the loading
semi-cycle) until the end of the measurement cycle. This behavior in the tarnished sample
is solely caused by the puncturing of the tarnishing film since the sharp reduction in ECR
is characteristic of this sample, with the clean silver sample not presenting this behavior.
In other words, the asperities in contact with the silver sulfide film undergo additional
constriction of the current, which is eased as the film is punctured by the individual
asperities (between 0.5 and 2 N). The additional constriction of the current is a consequence
of the higher resistivity of the tarnishing film compared with the resistivity of the bulk
material. Between 2 N and 4 N, new quasi-metallic contacts are established between lower
asperities and the tarnishing film, once again increasing constriction resistance’s dominance
in the system. For loads above 4 N, most of the asperities have punctured the film, resulting
in lower constriction resistance due to the current flowing from the counter electrode’s
asperities toward the silver bulk material. Moreover, the current level used to measure ECR
is sufficiently high to overcome the loss of ohmicity produced by not only the tarnishing
film but also other contaminant films and the CNP coatings (current-dependent ECR curves
shown in Figure S3).
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Figure 1. Load-dependent ECR of reference, tarnished, and coated samples. The arrows indicate the
direction in which the loading and unloading semi-cycles progress.

The CNH coating shows the highest resistance among the coated samples, with the
only exception being the GF coating at low loads. However, at 10 N, the ECR of CNH10
is only 2 m() higher than the reference sample at the same load. Therefore, the CNH
coating does not significantly impact the electrical performance of the silver substrate.
Nonetheless, the CNH coating is considerably thin (approximately 0.32 pum). Moreover,
the CNH coating shows the most similarity in terms of ECR values between loading and
unloading semi-cycle. This is due to the high elasticity of the coating, thus showing low
electrical hysteresis. In this regard, the use of CNH coatings for electrical contacts could
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promote reproducible contact areas irrespective of the normal load applied while also
mitigating topographic factors [48]. The high elasticity observed in CNH coatings is due to
two factors: (1) the nanoparticles’ morphology and (2) the microporous network obtained
by EPD. The former allows the CNT-like horns to deform inward from tip to base when
undergoing compressive stress, thus enabling this nanostructure to return to its original
shape after removing the compressive load (elastic restitution) [59]. This characteristic of
the CNH justifies the low electrical hysteresis observed. The latter is a characteristic of
the coatings obtained. The CNH coatings do not present large voids (as is the case with
other CNP coatings) but rather a complex microporous network (see coating cross-section
in [35]). This allows the voids to be rapidly closed during compaction with minimal CNH
readjustment required, thus explaining the relatively constant ECR values measured during
loading and unloading.

GF produces the thickest CNP coating; nonetheless, the resistance values are not
severely impacted by the coating for loads above 1 N. Although the ECR values for the
GF-coated sample are higher than the reference, the ECR coincide at 9 and 10 N. The CNT-
coated samples, on the other hand, show exceptional electrical performance. The thinner
CNT coating shows marginally higher ECR values than the reference sample; however,
past 5 N CNT5 shows lower ECR. The thicker CNT coating outperformed the reference
sample for the entire loading range, highlighting the promising potential of this coating
type. The improved performance can be explained by two aspects: (1) the conductivity
and (2) the elasticity of the CNT. These two aspects combined increase the real contact area
between the counter electrode and the sample. The increased conductivity of the nanotubes,
in conjunction with their elasticity, enables more pathways for electron motion between
the two electrodes. In other words, although the apparent contact area may be the same,
the highly elastic CNT coating increases the real contact area between the electrodes, thus
reducing the ECR. Since CNT5 is thinner than CNT10, this phenomenon does not occur
initially, thus requiring higher loads to establish an adequate electrical contact between the
nanotubes and the counter electrode. Furthermore, the CNT tend to adhere to the counter
electrode after loading, which also promotes lower electrical hysteresis and overall ECR
(CLSM micrographs of counter electrodes post-ECR are shown in Figure S4).

3.2. ECR Evolution during Fretting Test

Tribo-electrical characterization aims to determine the effectiveness of the proposed
coatings at reducing wear with negligible influence on ECR. Consequently, tracking the
evolution of ECR as fretting cycles progress is of utmost importance. The results are shown
in Figure 2. The plot depicts that irrespective of the sample type, all samples showed
higher ECR initially and a slight reduction as fretting cycles progressed. However, this
was to be expected since prior to fretting, the ECR is a combination of the film resistance
(contaminant film, tarnishing film, or the coating itself), constriction resistance, and bulk
material resistance. After the fretting test begins, contaminant films are constantly being
broken down. Therefore, the resistance after the initial fretting cycles is primarily due
to constriction resistance and the bulk material’s resistance. Particularly in the case of
the coated samples, the CNP are displaced due to the fretting motion, which reduces the
amount of CNP present at the contacting site, thus marginally reducing ECR [42,43]. It is
noteworthy to highlight, however, that the ECR values after the first few hundred fretting
cycles are highly stable for all samples. In other words, there are no abrupt fluctuations in
ECR due to fretting. This could be related to the fact that silver and gold do not form oxide
films (as opposed to other metals, e.g., copper). It could also be related to the generation of
a stable conductive carbonaceous tribofilm, which stabilizes the interface. Figure 2 exhibits
that two distinct groupings took place. Namely, the tarnished and GF-coated samples
present higher ECR during fretting than the reference, CNT, and CNH-coated samples.
As was the case with load-dependent ECR (Figure 1), both CNT coatings outperformed
the reference sample. CNT5 initially has a slightly higher ECR than the reference sample.
However, after the first one hundred fretting cycles, it quickly falls below the values
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observed in the reference sample. CNT10, on the other hand, has a lower ECR throughout
the measurement. The CNH coating, nonetheless, also outperformed the reference sample
during fretting tests with an electrical performance similar to that of CNT5, albeit this
could be caused by the heterogeneous nature of the EPD coatings and should not be
over-interpreted.
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Figure 2. Evolution of ECR as fretting cycles progress of reference, tarnished, and coated samples.
Note: error in all ECR measurements below +0.2 m().

Post-fretting micrographs of the marks left behind on the samples and counter elec-
trodes are shown in Figure 3. In the reference sample, a considerable amount of material
was transferred from the counter electrode toward the sample (Figure 3a), whereas marginal
amounts of silver were transferred toward the counter electrode (Figure 3b). Silver debris
is found primarily in the perimeter of the fretting marks and, to a minor extent, within the
gross slip regions in the center of the fretting mark [60]. Gold is only observed adhered
onto the sample’s surface without gold debris surrounding the fretting marks. Bidirec-
tional material transfer was expected during wear tests since the silver sample and the
hard-gold counter electrode have similar hardness values (less than 10% difference—1.33
and 1.38 GPa, respectively) [60]. The tarnished sample fretting mark (Figure 3c,d) strongly
contrasts the wear track observed in the reference sample. Although both fretting marks are
approximately the same size, the mark on the tarnished sample does not have adhered gold.
Furthermore, the counter electrode that contacted the tarnished sample shows minimal
silver debris particles. The lack of material transfer can be explained by the lubricating
capacity of the silver sulfide tarnishing film, albeit the lubricating capacity of the tarnish-
ing film does not significantly reduce worn area [41]. Nonetheless, the presence of the
tarnishing film strongly reduces gross slip, with both the sample and the counter electrode
showing minimal wear. Furthermore, black particles observed in the counter electrode are
silver sulfide particles that adhered during tribological testing.

The micrographs of the GF-coated sample (Figure 3e,f) depict that considerable gross
slip took place in the central region of the fretting mark (in both the sample and the counter
electrode). This is likely due to the ease of GF displacement and the detachment of the
GF coating. Nonetheless, as shown in Figure 3f, large amounts of detached GF particles
adhered to the counter electrode (lower-right region of the fretting mark in Figure 3e,f).
Consequently, minimal amounts of GF remain within the fretting mark, therefore reducing
this coating’s capacity to reduce wear. CNT and CNH-coated samples’ fretting marks
(Figure 3g-i) highly contrast with GF-coated samples. These coatings do not show signifi-
cant displacement or detachment. Consequently, after 5000 fretting cycles, there are regions
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GF10 Reference

CNT10

within the fretting marks that still have CNP which provide protection from wear (regions
highlighted by cyan ovals in CLSM micrographs). Consequently, the CNPs within the
fretting mark protect from wear, as proven by the enclosed region in the counter electrodes
(i.e., regions where partial slip or no damage took place). Moreover, traces of CNT and
CNH adhered to the counter electrode, further promoting wear protection. However, the
amounts of transferred CNT and CNH are negligible compared to the quantity of GF that
was transferred.

Counter electrode Sample Counter electrode

paysiule|

GINO

O0LHNO

Figure 3. CLSM micrograph after 5000 fretting cycles of reference (a) sample and (b) counter electrode,
tarnished (c) sample and (d) counter electrode, GF10 (e) sample and (f) counter electrode, CNT5 (g)
sample and (h) counter electrode, CNT10 (i) sample and (j) counter electrode, and CNH10 (k) sample
and (1) counter electrode. Cyan dashed line highlights regions in the sample where CNP remain
within the fretting mark and their corresponding region in the counter electrode where only partial
slip took place rather than gross slip.

A key distinction between the reference sample and the CNP-coated samples is the
permutation of the dominant transfer electrode. In other words, the former shows that
gold was predominantly transferred from the counter electrode toward the silver sample,
whereas the latter shows that silver was predominantly transferred from the sample toward
the counter electrode. Silver was not transferred in the form of debris (there are minimal
amounts of silver debris present in the CNP-coated samples), but rather, silver adhered
to the gold counter electrode. The material transfer observed during fretting is caused
by adhesive wear, in other words, cold welding. After initial wear, contaminant films are
removed from both surfaces (silver and gold). As fretting cycles progress, the elimination of
the contaminant films enables the adhesion of the two metals [61]. However, the presence
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of carbon in the coated samples reduces the microscopic temperature of the asperities in
the silver sample due to the outstanding thermal conductivity of the CNP. Furthermore, the
carbon coating effectively separates the two contacting surfaces, reducing the likelihood
of metal-metal contact but rather generating a contacting site constituted of metal-carbon-
metal. Therefore, it is reasonable to infer that the permutation of the deposition electrode is
caused by the increased temperature in the counter electrode and a consequent reduction
on the silver surfaces. This hypothesis is further supported by the lack of material transfer
observed in the tarnished sample (Figure 3c,d). Since the silver sulfide tarnishing film
lubricates the contact site, gold adhesion did not take place in the silver sample, whereas
small silver debris particles can be seen in the counter electrode’s micrographs surrounding
the fretting mark.

To further analyze the mechanism behind material transfer, EDS mappings were
carried out. The EDS maps are shown in Figure 4, with the corresponding secondary
electron micrograph shown in Figure S5 and the sulfur EDS map of the tarnished sample
shown in Figure S6. The EDS maps confirm that gold was transferred from the counter
electrode towards the CNP-coated silver samples. Although EDS is a qualitative technique,
it is accurate to state that the presence of the CNP coatings reduces the amount of gold
transferred onto the samples due to the lack of gold signal detected within the fretting
marks in spots where carbon and/or silver signals are stronger. Furthermore, the EDS
maps of the tarnished sample (Figure 4b) also confirm that the lubricating capacity of the
silver sulfide layer prevents the adhesion of gold. Moreover, the EDS maps prove that
after 5000 fretting cycles, the base material was not reached in any of the samples analyzed.
Although copper was detected within the fretting mark in the CNT5 sample (Figure 4d),
the areas enclosed by the white dashed lines showcase that the plating material’s thickness
throughout the samples is heterogeneous. Consequently, there are regions (unaffected by
fretting wear) where the copper base material was detected via EDS. Therefore, the copper
detected within the fretting mark in CNT5 cannot be attributed to a lack of wear protection
from the coating but rather heterogeneity in the plating process.

200 um .
Reference Tarnished

Figure 4. EDS elemental maps of (a) reference, (b) tarnished, (c¢) GF10, (d) CNT5, (e) CNT10, and
(f) CNH10 samples. The left image shows an overlay of carbon (red) and gold (yellow), whereas the
right image shows an overlay of silver (turquoise) and copper (orange). The regions enclosed by the
dashed lines are regions unaffected by fretting wear where the copper base material was detected.
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3.3. Wetting Behavior

Water contact angle measurements were carried out to evaluate the wetting behavior
of the reference, tarnished, and CNP-coated surfaces (Figure 5). All surfaces show a hy-
drophobic wetting behavior within five minutes of placing the water droplet. Nonetheless,
the reference sample shows a marginally hydrophobic behavior, with stable CA values of
approximately 100° within the first minute. After five minutes, however, the CA decreases
to approximately 92°, thus showing borderline hydrophobicity. The tarnished sample
injtially shows a higher CA; however, the value quickly decreases as time passes, reaching
90° after five minutes. GF and CNT show a strong hydrophobic behavior, approaching
superhydrophobic wetting behavior after prolonged droplet exposure. CNH also shows
high CA values; however, its performance does not reach as high CA as GF and CNT.
The slightly stronger affinity toward water from CNH can be caused by the particle’s
morphology. Due to the dahlia-type nanostructures, the nanohorns have a strong strain-
induced curvature, which delocalizes the high mobility 7 orbitals, thus increasing this
nanostructure’s reactivity and consequently affecting its wetting behavior [62]. Nonethe-
less, CNH coatings produced via EPD generate a coating with a complex microporous
network [35]. Therefore, despite the reactivity of the CNH, coating morphology prevents
the penetration of the water droplet, consequently producing a surface-droplet interface
that resembles a Cassie-Baxter wetting state. Based on a previous study, thicker CNH
coatings do not significantly impact its wetting behavior [43]. Therefore, even for thin CNH
coatings, the microporous network is quickly established and is effective at preventing
droplet infiltration.
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Figure 5. Water contact angle measurements 10 s (orange), 30 s (green), 60 s (violet), and 300 s (yellow)
after placing the droplets onto the surfaces. To the left, the macrographs of a droplet on each surface
and the baseline (red) are shown. The shaded regions highlight the surfaces with hydrophobic (gray)
and superhydrophobic (green) wetting behavior.

GF shows near-superhydrophobic wetting behavior; however, after five minutes, the
CA decreases by approximately 10°. This reduction indicates that the water droplet is
slowly infiltrating the coating, primarily due to pores on the surface of the coating. Notwith-
standing, the complexity of the porous network within the coating retains the hydrophobic
wetting behavior of the GF-coated surface, resembling the performance observed for the
CNH-coated surface. On the other hand, both CNT coatings show, to a certain extent, stable
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CA values within the timeframe evaluated. After five minutes of setting the droplet onto
the CNT surfaces, the CA decreases by approximately 5° as opposed to over 10° in the
GF- and CNH-coated surfaces. This performance highlights the hydrophobic nature of
the nanotubes, with thicker coatings showing a tendency toward marginally higher CA.
Therefore, prolonging the deposition process (and thus obtaining a thicker coating) could
promote super-hydrophobicity in the CNT-coated surfaces. Moreover, a smoother substrate
could further increase the CA, improving hydrophobicity [63]. Additionally, Korczeniewski
et al. previously reported that larger CNT agglomerate reduces CA, however, prolonging
dispersion times (homogenization and ultrasound) negatively impacts the structure of the
nanotubes [39,64]. The damage incurred by the CNT (in the form of dangling bonds, among
other structural defects) could prove counterproductive by increasing the nanostructure’s
reactivity, thus reducing its CA.

Based on the wetting behavior observed with water droplets, it was of interest to
evaluate the effectiveness of the coatings with a harsher medium (i.e., potassium sulfide).
As was done with deionized water, 3 pL of the potassium sulfide solution was pipetted
onto the six surfaces (CA results shown in Figure 6). However, the CNP-coated surfaces
did not prevent the infiltration of the solution. The droplet rapidly penetrated the coatings
and dispersed over the surfaces, producing CA below 40°. The GF showed an improved
performance compared to the reference and tarnished samples. After 10 s, GF showed a CA
of approximately 60°. However, the CA rapidly decreased to approximately 50° after 60 S
and below 40° after 5 min. Nonetheless, this is a higher CA of 10-20° after five minutes of
exposure to the highly aggressive potassium sulfide solution.
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Figure 6. Contact angle measurements 10 s (orange), 30 s (green), 60 s (violet), and 300 s (yellow)
after placing a 3 pL droplet of K»S 3 wt.% solution onto the surfaces. To the left, the macrographs of a
droplet on each surface and the baseline (red) are shown. Due to the hydrophilic wetting behavior,
it was not possible to measure CA after 300 s in CNT5 and CNT10. Only CA after 10 s could be
measured in CNH10.

Although the wetting results obtained when measuring CA with potassium sulfide do
not suggest a favorable outcome, it should be noted that the solution is an extreme case
used to analyze the potential protection offered by the carbon coatings. In other words, this
is an accelerated method used to simulate prolonged exposure to sulfur-rich atmospheres.
As previously studied, nanocarbon coatings show exceptional wetting behavior when
measuring CA with other media than water (i.e., salt water) [43]. Therefore, the results
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from the potassium sulfide tests should be used to fully dismiss the potential use cases of
carbon coatings, particularly GF.

4. Conclusions

In this work, silver-plated electrical connectors were coated with CNT and CNH.
The tribo-electrical and wetting performance of these coatings was compared to reference,
tarnished (corroded), and GF-coated samples. Load-dependent electrical contact resistance
proves that the presence of thin CNP films does not hinder the efficiency of the connectors.
CNT-coated samples showed exceptional electrical performance, with similar ECR values
to that of the reference sample throughout the entirety of the loading ranges analyzed.
Although CNH and GF presented slightly higher ECR values than the reference, these
two coatings did not increase the resistance as significantly as the corrosion film (silver
sulfide tarnishing film). Likewise, the tarnished sample showed poor electrical performance
during fretting wear tests. The tarnishing film, however, protects the silver surface from
severe wear, minimizing adhesive wear and gross slip. The CNP-coated surfaces reduced
material transfer during fretting while maintaining consistently low ECR. However, coating
displacement hinders wear protection (primarily affecting GF coatings). Certain regions
of the CNT and CNH-coated samples (and counter electrode) were protected from severe
fretting wear due to the presence of these nanostructures within the contacting site after
5000 fretting cycles. Moreover, the CNP-coated surfaces exhibit a hydrophobic (near-
superhydrophobic in the case of GF and CNT) wetting behavior in sessile drop tests
measured using deionized water, outperforming the tarnished and reference samples.
Prolonged water droplet exposures tend to decrease the CA measured; however, the
reduction in CA for the CNT-coated samples is significantly lower than in the other surfaces
studied. Moreover, the CA measurements with potassium sulfide indicated that although
CNT and CNH do not offer significant protection, GF coatings did show higher CA than
the reference and tarnished samples, even after five minutes of exposure. Nonetheless, it
should be reiterated that the medium used (i.e., potassium sulfide) is extremely aggressive
and was chosen based on the fact that this solution would simulate prolonged exposure to
sulfur-rich atmospheres.

This study features the exceptional characteristics of nanocarbon coatings and their
potential benefits for the electrical contact industry. However, further studies are required to
improve on the aspects presented in this work. Namely, improving wear and atmospheric
protection without impacting electrical performance. The former may be improved by
evaluating different EPD additives that improve coating adhesion (e.g., magnesium nitrate),
thus reducing coating displacement during wear tests. The latter, on the other hand, may
benefit from chemical alterations of the CNP (e.g., CNP decoration), consequently tailoring
the reactivity of the nanostructures for specific atmospheric conditions.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/c10010016/s1, Figure S1: FIB cross section of silver-plated copper
electrical contact. The platinum layer was deposited using the SEM with the purpose of protecting
the sample and to minimize the curtaining effect during ion milling; Figure S2: Silver sample
(a) before and (b) after being subjected to sulfur-rich atmosphere. Highlighted regions show SEM
micrographs of the surface before and after the accelerated tarnishing process; Table S1: Colloid,
dispersion, and EPD parameters; Figure S3: Current-dependent ECR of references, tarnished, and
coated samples; Figure S4: CLSM micrograph of counter electrodes after ECR measurements of
(a) reference, (b) tarnished, (c) GF10, (d) CNT5, (e) CNT10, and (f) CNH10 sample; Figure S5:
Secondary electron micrograph of fretting marks after 5000 cycles of (a) reference sample, (b) tarnished
sample, (c) GF10, (d) CNT5, (e) CNT10, and (f) CNH10. Micrographs (a) and (b) were acquired at
15 kV due to the presence of surface contaminants, whereas the rest were acquired at 5 kV acceleration
voltage; Figure S6: EDS map of the fretting mark after 5000 cycles in the tarnished sample showing
the signal for sulfur.
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Figure S1. FIB cross section of silver-plated copper electrical contact. The platinum layer was de-
posited using the SEM with the purpose of protecting the sample and to minimize the curtaining
effect during ion milling.

Figure S2. Silver sample (a) before and (b) after being subjected to sulfur-rich atmosphere. High-
lighted regions show SEM micrographs of the surface before and after the accelerated tarnishing
process.
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Table S1. Colloid, dispersion, and EPD parameters.
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Isopropyl alcohol volume /ml 0.2 0.2 0.05

CNP concentration /mg/ml 80 80 70
TEA volume /ml 10 5 5
Homogenization speed /rpm 7,000 7,000 12,000
Homogenization time /min 10 5 10
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Figure S3. Current-dependent ECR of references, tarnished, and coated samples.
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Benchmarks

CNT and CNH Coated

Benchmarks

CNT and CNH Coated

Figure S4. CLSM micrograph of counter electrodes after ECR measurements of (a) reference, (b)
tarnished, (c) GF10, (d) CNTS5, (e) CNT10, and (f) CNH10 sample.

Figure S5. Secondary electron micrograph of fretting marks after 5,000 cycles of (a) reference sam-
ple, (b) tarnished sample, (c) GF10, (d) CNT5, (e) CNT10, and (f) CNH10. Micrographs (a) and (b)
were acquired at 15 kV due to the presence of surface contaminants, whereas the rest were acquired
at 5 kV acceleration voltage.
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Tarnished

Figure S6. EDS map of the fretting mark after 5,000 cycles in the tarnished sample showing the
signal for sulfur.
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Abstract:

Silver and copper are among the best metallic conductors, however, there are other aspects in
which these contact materials could be improved on to enhance electrode performance; namely,
thermal stability, mechanical properties, atmospheric protection, among others. In this work,
carbon nanotube (CNT)-reinforced metal matrix composites (MMC) are sintered via powder
metallurgy — seeking to achieve the highest MMC density possible — at two reinforcement phase
concentrations, i.e., 0.5 and 1 wt.%. Through the reinforcement phase it is sought to improve
wear performance of the electrode without affecting the bulk materials’ conductivity. The
densified MMC were characterized via load dependent and current dependent electrical contact
resistance (ECR), as well as evolution of ECR during fretting tests. Further characterization
focuses on fretting mark morphological and chemical analysis via electron microscopy and
spectroscopy, as well as confocal laser microscopy. As the weight percentage of the
reinforcement phase increases, an increase in load dependent ECR was observed; nonetheless,
contact reproducibility increases. The addition of CNT into the metallic matrices also promoted
a reduction in adhesive wear. Moreover, when observing the ECR evolution during fretting, the
reinforced samples rapidly reached steady-state ECR, remaining constant throughout the entire

duration of the fretting test.

Keywords: carbon nanotubes, electrical contact resistance, metal matrix composites
Introduction

Electrical contact resistance (ECR) is one of the most important characteristics of an electrode.
However, for optimal performance, thermal and mechanical requirements must also be fulfilled
by the contact materials. Furthermore, to guarantee electrode efficiency, reliability, and durability,
the contact materials should not react under atmospheric conditions during transport and in

operation, as well as limiting wear in moving components (e.g., sliding contacts) or due to external
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factors (e.g., fretting wear). Different industrially accepted alternatives can be adopted to improve
on these characteristics such as conductive coatings, metallic platings, and the addition of alloying
elements, among others [1]. However, the main challenge when improving a specific
characteristic is that the technique should not be detrimental to the conductive properties of the
contact material. Since copper and silver are the two best metallic conductors [2], it is unlikely
that the addition of foreign elements will improve their conductivity. Therefore, in this case a
tradeoff must be determined, where one or more characteristics are improved at the cost of a

certain tolerable amount of conductivity.

Carbon nanotubes (CNT) have been rigorously studied in the past decades due to their
versatility, outstanding intrinsic physical properties, as well broad potential fields of applications.
Not only do CNT present exceptional mechanical properties (high tensile strength and elastic
modulus), but they also present high thermal conductivity and current carrying capacity, as well
as behaving as solid lubricants and showing superhydrophobic wetting behavior [3]-[9]. Previous
studies carried out by McBride et al. and Liu et al. have analyzed the wear and electrical
performance of gold-coated CNT for electrical switching applications [10], [11]. The authors
proved experimentally and theoretically that CNT improved wear performance in electrical
switches. Furthermore, researchers have also decorated CNT with silver nanoparticles, thus
improving the electrical conductivity of the CNT [12]. Furthermore, CNT-reinforced metal matrix
composites (MMC) have been previously shown to improve the tribological behavior of nickel
matrices [13]-[15]. In this case where the matrix is not as conductive, however, CNT have been
shown to also improve the conductivity of the system [16]. Another potential benefits of using
CNT as reinforcement phase is the reduction of contact melting due to localized heating (e.g.,
arcing) on account of their high reported thermal conductivity [4]-[7], [17]. Furthermore, to
improve upon the chemical compatibility between copper and carbon, copper-nickel-MMC were
electrically characterized by Garcia et al. [18]. The authors reported equal electrical behavior of
the MMC to that of pure copper, even reporting improvements in some cases. Nonetheless, proper
reinforcement phase distribution is crucial to obtain these benefits from the CNT [19].
Furthermore, it is important to not incur excessive damage onto the CNT structure; otherwise, the
desired properties will be affected [20]. Therefore, the literature suggests that colloidal mixing
and powder metallurgy are the best alternative to produce MMC with optimal conductive

properties [21]-[27].

Therefore, this work aims at the production and characterization of silver and copper based,
CNT reinforced MMC as potential electrical contacts for low-voltage applications (such as, for

example, the automotive industry). The main objective is to improve on the bulk materials’

266



tribological behavior without having a substantial impact on their intrinsic conductive properties.
Consequently, within the aim of this work four different MMC will be produced via powder
metallurgy, namely: copper-based and silver-based MMC reinforced with two different CNT
concentrations. Since the reinforcement phase presents electron scattering sites at the metal-CNT
interface, small concentrations of the reinforcement phase will be evaluated, i.e., 0.5 wt.% and
1 wt.%. Furthermore, the production of dense MMC is crucial for optimal electron transport
behavior, since porosities within the MMC will act as further scattering sites, consequently further
impacting the conductivity of the system. Load dependent and current dependent ECR will be
carried out on the produced MMC and on high purity copper and silver reference samples to
evaluate the influence of the reinforcement phase on the electrical behavior of the metallic
matrices, as well as the ohmic response to different direct current levels. Tribo-electrical
characterization will be evaluated via fretting tests with periodic ECR measurements, thus
evaluating the evolution of ECR while subjected to wear. Furthermore, the potential wear
reduction achieved as a consequence of the reinforcement phase can be evaluated by confocal
laser scanning microscopy (CLSM), along with scanning electron microscopy (SEM). Moreover,
CNT distribution in the MMC and chemical analysis of fretting marks can be analyzed via energy

dispersive x-ray spectroscopy (EDS).

Materials and Method
MMC Production

Copper and silver were reinforced with CNT at two different concentrations — 0.5 wt.% and
1 wt.% — via powder metallurgy. Dendritic copper powder with a 325 mesh and 99% purity (Alfa
Aesar GmbH, Germany) and silver flakes with at least 80% of the flakes below 20 um and a purity
0t 99.9% (Alfa Aesar GmbH, Germany) were used as metallic matrices. The reinforcement phase
used were chemical vapor deposition (CVD)-grown multiwalled CNT (Graphene Supermarket,
USA). The nanotubes have an outer diameter distribution between 50-85 nm, an as-received state

length from 10-15 pm, and a carbon purity above 94%.

The metallic matrix powder and reinforcement phase need to be homogeneously mixed prior
to sintering. This was done by a process known as colloidal mixing [18], [21]-[24], which consists
in dispersion the CNT in a suitable solvent (in this case ethylene glycol, henceforth EG), followed
by the addition of the metallic powder, and subsequently evaporating the solvent, thus achieving
a uniform powder mixture. Initially, large CNT agglomerates must be broken down and dispersed
in EG (0.2 mg/ml of CNT/EG). Large bundles are broken down by shear forces for 5 minutes in
a homogenizer (Ultra-Turrax T-25, IKA) at 7500 rpm. After homogenization, smaller

agglomerates are further disentangled by ultrasonication for 10 minutes (Sonorex Super RK 514
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BH, 860 W, 35 kHz, Badelin). These steps are crucial to guarantee optimal CNT properties,
however, the duration should not exceed these values to ensure that the structural integrity of the
CNT is not compromised [20]. The metallic powder (0.2 g/ml of metallic powder/EG to prevent
the powder from precipitating) is then added to the dispersion and homogenized for 5 minutes at
7500 rpm [18], [22], [24]. The colloid is then placed in a ventilated furnace at 150 °C for 12 hours.
Once the solvent has completely evaporated, the powder mixture is removed from the furnace and
crushed with an agate mortar and pestle to disassemble powder agglomerates. The broken-down
powder is reintroduced into the furnace for at least 2 more hours to guarantee that the powder

mixture is completely dry, otherwise the powder will be more prone to porosity during sintering.

Disk-shaped samples (known as green pellets) are made from the powder mixture (8 mm
diameter and a height between 3 and 5 mm) by pressing the powder in a cylindrical steel die at
990 MPa. Hot uniaxial pressing (HUP) was carried out to densify the green pellets by eliminating
internal and open porosities. HUP was carried out in a vacuum oven (working pressure of 2x10"
% mbar) at 264 MPa and an isothermal holding time of 2.5 hours at 750 °C (at a heating rate of
15 °C/min) between two Al>O; pistons inside of a graphite die. After sintering, the sample cooling
was performed within the oven and removed once the temperature fell below 150 °C. Prior to
characterization, the MMC samples were ground and polished to achieve a mirror-polished

surface, achieving a roughness between 30-60 nm.
MMC Characterization

The MMC produced and bulk material references — Ag and Cu samples obtained from silver
rods with 99.95% purity (Alfa Aesar GmbH, Germany) and copper rods with 99.9% purity
(Goodfellow Cambridge Limited, England), respectively — were tribo-electrically characterized
in a self-developed multipurpose testing rig [28]. With the setup, load and current dependent ECR
measurements can be carried out, as well as fretting tests. Load dependent ECR measurements
were done by 4-terminal sensing with a constant current of 100 mApc (sourced by a Keithley 2400
SMU), so as to stay in dry-circuit conditions [29], following a loading sequence of 0.25, 0.5, 0.75,
1,1.5,2,25,3,4,5,6,7,8,9, and 10 N. The voltage drop was measured by a Keithley 2182a
nanovoltmeter with a range of 1 V. Silver-nickel core (AgNio.i15) hard-gold-coated rivets (AuCoo.2)
were used as counter electrodes (Adam Bornbaum GmbH, Germany). The counter electrodes have
a curved head, with a mean diameter of curvature of 4 mm and a root mean square roughness of
0.26 um. The hard-gold coating has an average thickness of 6.47 = 0.18 um, with a stiffness that
is significantly higher than that of the MMC, and a hardness of 1.38 + 0.01 GPa (measured via
Vickers micro indentation), whereas the AgNio.15 core presents a hardness of 0.45-0.9 GPa [2].

Current dependent ECR was carried out with same setup and counter electrodes at a normal load
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Table I - MMC microhardness and relative density

Metallic matrix Ag Cu
wt.% | 0 0.5 1 0 0.5 1
847 + 227 +
Hardness /MPa ol 130 + 26 55 1335+£82 | 887+44 | 760+ 94
Relative density
Py 100 66 86 100 99 99
(1]

of 1 N with the following direct currents: 30 pA, 100 pA, 300 pA, 1 mA, 10 mA, 30 mA, 100 mA,
300 mA, and 1 A. Furthermore, fretting tests were carried out at an oscillation amplitude and
frequency of 35 um and 8 Hz, respectively, using the same counter body. A total of 5000 fretting
cycles were carried out at 1 N normal load, with periodic ECR measurements every 100 cycles
(i.e., static ECR) [30], [31]. Ten ECR measurements were acquired per load/current/fretting
interval, and then averaged, with a minimum of five tests per MMC and metallic reference. All
measurements were conducted with ambient temperature and humidity values between 18-20 °C

and 25-35% r.h., respectively.

MMC Vickers hardness was measured using a Dura Scan 50 microhardness tester (Struers Inc.,
USA) with a load of 0.098 N (HVo.01), with a holding time of 15 seconds, and optically
micrographed using 40x magnification. Nine indentations were carried out per sample and
averaged. Furthermore, the density of the produced MMC (relative to the density of the reference
samples) was determined by weighing the composites and measuring their volume with a
pycnometer using distilled water. The resulting hardness and relative density of the MMC and
reference samples are shown in Table I. As can be observed in Table I, the sintering process
adequately densifies the Cu-based MMC. The Ag-based MMC, on the other hand, do not reach
acceptable relative densities. Low density values not only promote the low hardness values
measured and displayed in Table I, but also negatively impact the conductivity of the silver
composites since extensive porous networks within the composite act as electron scattering sites.
Furthermore, the low hardness values shown in Table I prove that the incorporation of CNT as
secondary phase does not generate the reinforcement effect desired. This is due to the relatively
high sintering temperature and prolonged isothermal holding time during HUP, which enables
grain growth. Consequently, large grains reduce the hardness of the produced composites

according to the Hall-Petch effect.

MMC and fretting marks were imaged with SEM (using ETD detector and 5 keV) and
chemically analyzed via EDS (Thermo-Fisher Helios™ G4 PFIB CXe DualBeam™ Super). EDS
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mappings were acquired to obtain a 2-dimensional view of MMC surfaces and wear tracks,
acquired at an acceleration voltage of 15 keV. CLSM (LEXT OLS4100, Olympus) micrographs

were acquired to measure roughness, dimensions of fretting marks, as well as worn volume.

Results and Discussions
Electrical Characterization
Load Dependent ECR

Load dependent ECR of the Ag-MMC is shown in Fig. 1a. This study shows a clear tendency
where an increase in the reinforcement phase’s concentration generates an increased contact
resistance. Likewise, the mechanical hysteresis (i.e., the difference measured in ECR for the same
load in the loading and unloading semi-cycle) is considerably smaller as the CNT concentration
in the metallic matrix increases. By comparing the ECR values in the loading and unloading semi-
cycles information on the repeatability of the contact can be obtained. Surfaces showing smaller
mechanical hysteresis — i.e., marginal difference in ECR between semi-cycles — present higher
contact reproducibility. Contrarily, surfaces which do not favor reproducible contacting situations
(such as severely plastically deformed surfaces after loading) would present larger mechanical
hysteresis by showing a larger difference in ECR between loading and unloading. Consequently,
in the 1% sample, high contact reproducibility is achieved, as evidenced by the identical electrical
behavior during loading and unloading. This ECR value is constant throughout the entire loading
range at 42 mQ. The sample with lower concentration, on the other hand, shows slight hysteresis
below 9 N, with ECR values varying between 39 and 42 mQ. The unreinforced reference sample
oscillates between 12 and 20 m€2, showing different values in loading and unloading throughout

all the measured loads, thus showing the lowest contact reproducibility.

Observing the ECR behavior of the Cu MMC (shown in Fig. 1b), the same tendency as with
Ag samples is observed — i.e., higher ECR as the reinforcement concentration increases, as well
as lower hysteresis. Compared to Ag samples, the Cu samples show a significant reduction in
ECR as the normal load increases. This is likely due to the presence of the native oxide layer. As
the load increases this layer is punctured, thus producing the sharp decrease in ECR observed.
This phenomenon is clearly visible in the reference sample, with it being less prominent as the
CNT concentration increases. Increased CNT concentrations improve the Cu MMC-counter
electrode contact at low normal loads (when contact pressures are not sufficient to puncture the
native oxide layer) by enabling lower resistance pathways for the flow of current. Consequently,
current flows through the reinforcement phase rather than through the non-conductive oxide film.
Nonetheless, as the load increases and the oxide film is punctured, lower CNT concentrations

promote lower ECR values due to the reduction in film resistance. In this case, the predominant

270



1000
E 100
O
= AQCNT 1 wt.%
- [ T o st SUL LR P SRS R s SRR S
1] R S . - - - <
O L e -4 - - B e -
s 3=< > Loading AgCNT 0.5 wt.%
w . e
‘B L m—— - - R
g 104 ‘ AGCNT 0 wt.%
Unloading
a) 1 T T T T T T T
0 2 4 6 8 10
1000
| \Loading
£ -
£ 100 R
o] O CUuCNT 1 wt.%
E Ers 4** [P [P
— -*.
8 o CuCNT 0.5 wt.%
% R e R ad R e
-u-'; ‘\:‘-‘ _: - W e el .
‘0 . CuCNT 0 wt.%
o 10 5 Unloading
o
1 T T T T T T T T T T T
0 2 4 6 8 10
b) Load /N

Fig. 1. Load dependent ECR of a) Ag and b) Cu CNT-reinforced metallic matrices. The arrows indicate the direction

of the loading and unloading semi-cycles.

resistance type is the bulk resistance of each electrode and the constriction resistance as the current
flow is concentrated in the a-spots. After puncturing the oxide film, the reinforcement phase
presents higher resistance than the copper and gold contact interface, thus explaining the behavior
observed in Fig. 1b. Since Ag does not form oxide layers this behavior was not observed in Ag-

based MMC.

Although higher CNT concentrations produce higher ECR values, this analysis alludes to the
fact that increased CNT-metal contacts tend to eliminate the reliance on load, thus promoting a
constant load-independent ECR value. This was not only observed for Cu, but also for Ag
samples. Rapidly reaching steady-state ECR is desirable since this equates to lower connection
force requirements while maintaining optimal conductivity. In the unreinforced Cu sample, a
normal load above 3 N is required to ensure optimal conduction. This load is reduced to below 1
N for both Cu MMC. Although it would be desirable to reach lower ECR values, the reinforced

samples show highly reproducible electrical behavior, thus eliminating the requirement of
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complex contact and housing designs to increase the load in the contact after insertion to ensure

optimal conductivity.

The improved reproducibility in both CNT-reinforced metallic matrices is due to the high
restitutional forces between CNT and CNT agglomerates. This phenomenon can be observed by
the low mechanical hysteresis displayed by the reinforced samples during load dependent ECR
(shown in Fig. 1a and Fig. 1b). As the load increases the voids within CNT bundles are
compacted. However, when the load ceases, the internal voids are reestablished as the individual
CNT return to their original position. Nonetheless, the ECR indicates that the normal load required
to fill the voids is rather small since in all reinforced samples steady-state ECR is reached within
the 1-2 N range. Although it could be argued that the lower mechanical hysteresis is due to the
lack of proper sintering and thus the composites undergoing plastic deformation at relatively low
loads, this would only be true for the Ag-based composites. However, observing the behavior of
the Cu-based composites (Fig. 1b), the addition of CNT into the metallic matrix also reduces

mechanical hysteresis, with a clear trend of lower hysteresis as CNT concentration increases.
Current Dependent ECR

Current dependent ECR of the Ag-MMC are shown in Fig. 2a. As the plot shows, from 100 pA
up to 1 A both reinforced samples show ohmic behavior, with mean values of 35 and 39 mQ for
the 0.5% and 1% samples, respectively. Both reinforced samples show higher ECR at 30 pA,
however, this low current level shows greater measurement uncertainty. The ohmic range of the
unreinforced sample is smaller, starting at 1 mA. Considering the steady-state ECR values from
Fig. 2a and comparing them with the those from Fig. 1a (also at 1 N), it can be observed that the
values are similar. Nonetheless, in current dependent ECR, the 1% shows slightly lower ECR than
the 0.5%. This could be caused by the heterogeneous distribution of CNT in the MMC surface;
thus causing variations due to different CNT-metal contact throughout ECR measurements. The
difference observed is, however, minor with the overall trend resembling the findings from load

dependent ECR on Ag-based MMC.

The current dependent ECR results of the Cu-based MMC (shown in Fig. 2b) also follow the
trend established in load dependent ECR (see Fig. 1b at 1 N). In current dependent ECR tests, the
contact pressures achieved at 1 N are not sufficient to puncture the native oxide film. Therefore,
as previously discussed, the CNT clusters found at the contact site offer lower resistance than the
film resistance of the oxide layer. Consequently, the CNT reinforced Cu MMC show lower
resistance than the unreinforced Cu samples irrespective of the current level. Furthermore, both

Cu-based MMC show similar behavior, which also correlates to the results from load dependent
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Fig. 2. Current dependent ECR of a) Ag and b) Cu CNT-reinforced metallic matrices.

ECR at 1 N. Although some discrepancies can be observed, these are minor and can be attributed
to the heterogeneous CNT distribution. Moreover, as opposed to Ag, Cu composites show ohmic
behavior in the entire current range measured, with the unreinforced sample showing ohmic

behavior from 100 pA.
ECR Evolution During Fretting Tests

Static ECR was measured on the MMC and reference samples showing the evolution as a function
of fretting cycle in Fig. 3. Observing the Ag samples (Fig. 3a), the same tendency as in load
dependent ECR is observed. All samples show remarkably constant values throughout the 5
thousand fretting cycles, with the reference, 0.5%, and 1% stabilizing at approximately 12, 18,
and 30 mQ, respectively. In the initial cycles the 1% sample shows higher ECR than its steady-
state value, stabilizing after approximately 500 cycles. This behavior was exclusive to the 1%

sample. The 0.5% and unreinforced sample showed constant ECR throughout the fretting test.
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Fig. 3. Static ECR evolution during fretting tests of a) Ag and b) Cu CNT-reinforced metallic matrices.

The higher resistance observed in the first few hundred cycles of the 1% samples could be due to
the heterogeneous distribution of CNT on the surface, as well as the presence of large CNT
agglomerates. As fretting cycles progress, there is a reduction in ECR. The higher concentration
of CNT increases the likelihood of their presence at the contacting site. Therefore, one hypothesis
for this reduction in ECR is the breakdown of large CNT agglomerates during fretting wear. As
CNT bundles are broken down, compacted, and adjusted due to fretting and the normal load

applied, CNT-CNT interconnection improves, thus explaining the reduction observed in Fig. 3a.

The behavior of the Cu samples is considerably different than that of Ag samples. All Cu
samples show higher initial ECR values, showing a sharp decrease after the first couple hundred
cycles. This is due to the native oxide layer that is spontaneously formed when in contact with
oxygen. Prior to fretting, the native oxide layer hinders the flow of current, thus producing the
higher initial ECR values due to the dominance of film resistance. After fretting, however, the

oscillatory motion of the counter electrode breaks down the oxide layer, minimizing film
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resistance and thus causing a reduction in contact resistance, with constriction resistance
dominating the system. This is more prominent in the unreinforced reference. However, the
continuous regeneration and subsequent breakdown of the oxide layer generates debris in the
contacting site. The debris trapped between the electrodes causes variations in static ECR in the
Cu reference, in addition to the higher standard deviation. These fluctuations cause the shift from
the Cu reference being the sample with the lowest initial ECR to it being on par — or even

presenting higher ECR at certain points — than the 0.5% sample.

The reinforced Cu samples do not show fluctuation in static ECR evolution. These two samples
show higher initial values — of approximately 100 m€2 — with the value falling to approximately
13 mQ and 22 mQ for the 1% and 0.5% sample, respectively. In this case, the 1% sample shows
lower ECR values than the 0.5% sample. This could be a consequence of the lubricating
capabilities of CNT. As the CNT concentration increases, the likelihood of contacting a larger
area fraction of CNT increases; which decreases frictional forces during fretting wear. Wear
reduction favors a more stable contacting area, which promotes lower ECR values. Although the
ECR values of the 0.5% do not fluctuate, higher wear caused by fretting is detrimental to the real
contact area between the electrodes; thus, causing inadequate contacting sites and increasing the
overall resistance of the system. This phenomenon was not observed in the Ag sample since that
material is much softer, in addition to the low densities of the Ag MMC. Therefore, the counter
body can deform the Ag sample more easily, thus establishing a better contact area. Even after

thousands of fretting cycles, the improved contact area promotes lower ECR values.

The lower resistance observed in the 1% Cu sample could also be caused by decreased
reactivity between Cu and oxygen. As the CNT are degraded during fretting, the tubes become
more reactive. The increased reactivity promotes the oxidation of the tubes themselves, rather than
reacting with Cu. Consequently, higher CNT concentrations lead to lower ECR values by possibly

slowing down the rate at which copper oxidizes.

Tribological and Chemical Characterization
Silver

SEM micrographs of the silver reference and MMC are shown in Fig. 4. The micrographs of the
reinforced samples (Fig. 4b and ¢) show a considerably larger worn area compared to the
unreinforced sample (Fig. 4a). The worn area was measured using CLSM, with both reinforced
samples showing areas that are approximately three times larger than the unreinforced sample.
Recalling the microhardness and density values of the Ag MMC, this is unsurprising. Porosities
present within the MMC are detrimental to the mechanical stability of the composite, thus

resulting in a more fragile solid. Upon being subjected to stress — be it from elevated normal
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pressures or mechanical stress due to fretting — a considerable amount of plastic deformation takes
place. Therefore, the poor sintering of Ag MMC — previously established by microhardness and
relative density (see Table I) — is verified in tribological tests. This weak structural integrity of
the Ag MMC could be problematic in terms of contact reproducibility, specifically in separable
contacts. It is crucial that the sintering and densification steps in the production of Ag MMC is
improved on, thus guaranteeing optimal structural integrity of the composites produces. This will
not only favor better wear protection but would also favor lower resistance values. Consequently,
the ECR values observed in Fig. 1a, Fig. 2a, and Fig. 3a could further approach those of the

unreinforced reference sample, or even outperform the unreinforced sample [25].

Better Ag MMC sintering can be achieved by either augmenting the temperature in HUP or by
increasing the isothermal holding time. These two changes in the sintering process — along with
the elevated pressure used during HUP — would significantly reduce the trapped air within the
MMC, thus reducing porosity and consequently increasing density and structural integrity — e.g.,
microhardness. The former could improve the quality by taking the green pellet’s sintering
temperature closer to silver’s melting point, whereas the latter gives the air bubbles more time to
exit the material and to densify more adequately. Another alternative would be increasing the
applied pressure during HUP, however, since the pressure used in this study is already
considerably high, it is believed that changes in temperature and sintering time would be a more
straightforward alternative. Moreover, using a coarser Ag powder’s morphology and particle size

could improve densification.

The micrographs of the fretting marks do not reveal the generation of wear debris around the
wear track. Therefore, we do not see detachment of material during fretting of either contacting
bodies. CLSM measurements on the unreinforced sample reveal that there is a considerable
volume of adhered material from the counter electrode, showing high volume (approximately
4000 pm?) above the datum line and marginal values below it. Therefore, adhesive wear is the
predominant wear mechanism active in this case [32]. Further confirmation is shown in the EDS
maps in Fig. Sb, highlighting the pervasive presence of gold in the wear track which undoubtedly

originates from the counter body’s adhesion onto the silver surface.

The worn volume of the Ag MMC, on the other hand, show a higher volume below the datum
line. This is due to the weak mechanical properties caused by internal porosities in the MMC and
does not indicate abrasion. Material transfer also took place in the reinforced Ag samples (see Fig.
5d and f), however, to a lesser extent as in the unreinforced sample. In the reinforced samples,
silver is still detected throughout the contacting site. One possible explanation is that the presence

of CNT reduces the temperature at the fretting interface due to the high thermal conduction of the
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AGCNT 0 wt% | AgGCNT 0.5 wt.%

Fig. 4. SEM micrograph of Ag. a) 0 wt.%, b) 0.5 wt.%, and ¢) 1 wt.% CNT. The insets show a magnified view of

open porosities in the wear track revealing the reinforcement phase.

Fig. 5. EDS mappings of C, and Ag & Au overlay of a)-b) 0%, c)-d) 0.5%, and e)-f) 1%, respectively. Note that the
carbon content in a) does not stem from the presence of CNT, but rather from organic contaminants that may be

present on the surface of the reference sample (by adsorption).

CNT themselves. Furthermore, the presence of CNT in the composites also reduces friction-
induced temperature increase on account of their previously reported solid lubricity [14]. The
carbon EDS maps (Fig. 5S¢ and e) show the presence of CNT clusters within the contacting site,
therefore, providing a solid lubricant reservoir (see the insets of Fig. 4b and ¢), which validates

this hypothesis.
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Copper

The sintering process produced Cu MMC with high relative densities and good hardness values
compared to high purity reference sample. Therefore, it was expected that these MMC would
show worn areas that resemble that of the unreinforced sample, albeit the overall worn area is still
higher in the reinforced samples (see Fig. 6). This could, however, be a consequence of the
lubricity of the CNT. As the surface is damaged, and more CNT are exposed, friction should
reduce. Therefore, lower frictional forces produce larger displacement of the counter body over

the Cu surface.

As was observed in the Ag MMC, gold adhered in a considerable area fraction of the wear
track (see EDS maps in Fig. 7b, d, and f). The gold transfer from the counter body is significant,
with CLSM measurements showing in all cases that the volume above the datum line is higher
than — or very similar to — the volume below it. Nonetheless, reinforced samples show a significant
reduction in overall material transfer, with mean values above the datum line in the range of 45000
and 8000 pm?® for the 0.5 and 1% sample, respectively. It was hypothesized that higher CNT
concentrations would promote lower amounts of material transfer, however, the opposite was
observed in the CLSM measurements of the Cu MMC. CLSM and SEM scans of the fretting
marks also revealed that the main wear mechanism at play in the MMC (Ag and Cu) is adhesive
wear. These techniques demonstrate that a considerable amount of gold is transferred from the
counter electrode towards the MMC and reference samples — further verified with the EDS maps
(see Fig. 5 and Fig. 7). The fretting wear tests also revealed that material transfer occurs in a single
direction. In other words, material transfer only took place from the gold counter electrode towards

the Ag and Cu electrodes. Negligible damage was incurred onto the counter electrodes due to their

CUCNT 0 wt.% CUuCNT 0.5 wt.%

4

100 um /
i)
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: I ¢
i F {
| b PR
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§ |

Fig. 6. SEM micrograph of Cu. a) 0 wt.%, b) 0.5 wt.%, and c¢) 1 wt.% CNT. The insets show a magnified view of

open porosities in the wear track revealing the reinforcement phase.
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Cu

Fig. 7. EDS mappings of C, and Cu & Au overlay of a)-b) 0%, c)-d) 0.5%, and e)-f) 1%, respectively. Note that the

carbon content in a) does not stem from the presence of CNT, but rather from organic contaminants that may be
present on the surface of the reference sample, as well as from the breakdown of native oxide layers of the copper

reference.

considerably higher hardness values compared to the Ag and Cu samples. Therefore, the CLSM

and SEM micrographs are not presented in this work.

Observing the micrographs in Fig. 6b and ¢ and the EDS carbon maps in Fig. 7¢ and e, larger
CNT clusters can be identified compared to those from the Ag MMC. This heterogeneous
distribution of larger CNT clusters generates higher deviations in tribological tests since the results
will be highly dependent on the area fraction of CNT at the contacting site. Therefore, a better
CNT dispersion is required to achieve higher contact homogeneity, thus ensuring the presence of

CNT at the contacting site to reduce wear. However, two challenges arise when dispersing CNT.

1. When lengthening the dispersion process (i.e., homogenization and ultrasonication)
higher mechanical stress is applied on the CNT and CNT agglomerates. To achieve a
better dispersion, the agglomerates should be broken down as best possible. However,
during this process the individual CNT also incur damage, which translates into a
deterioration of the intrinsic physical properties of the CNT [33]. Therefore, when
dispersing CNT great care should be taken to not produce significant damage in the

tube’s, thus causing disadvantageous results.
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2. Chemical compatibility between carbon and copper is not as high as with other
elements (e.g., nickel). Therefore, after dispersion the CNT tend to re-form
agglomerates, thus reducing the reactivity with copper. This causes a more

heterogeneous distribution of large CNT clusters in the Cu MMC.
Conclusions and Outlook

In this work, CNT-reinforced Ag and Cu MMC were sintered via powder metallurgy at two
different concentrations, i.e., 0.5 and 1 wt.%. The Ag MMC were not adequately sintered,
showing very low microhardness and relative density values caused by internal porosities. On
account of the poor sintering quality of the Ag MMC, tribological performance of the unreinforced
samples outperformed the reinforced samples. Furthermore, although the addition of CNT
increased ECR, the reinforcement phase improved contact reproducibility and ohmic range.
However, to properly assess the viability of CNT reinforced Ag composites for electrical and
tribological applications the sintering process must be improved. This can be achieved by
increasing the sintering temperature and/or by increasing the isothermal holding time during HUP.
Improving MMC density would reduce internal and superficial porosities. This would not only
improve tribological behavior by increasing mechanical stability, but could also improve electrical

performance thus attaining ECR values that more closely resemble that of the reference material.

Cu MMC, on the other hand, showed high relative densities and adequate hardness values.
Accordingly, Cu MMC showed promising electrical performance at low normal loads (when the
native oxide film is not punctured) outperforming the reference material, as well as showing high
contact reproducibility (i.e., small mechanical hysteresis) and reducing the dependence of normal
load on ECR for sufficiently high contact pressures after the oxide film was punctured. In
tribological tests, Cu MMC reached and sustained steady-state ECR after a few hundred fretting
cycles, outperforming the unreinforced high purity reference. Furthermore, the addition of CNT
into Cu metallic matrices reduces adhesive wear. Therefore, the Cu MMC produced show great

potential as electrical contact materials.
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Abstract: Carbon nanotube (CNT)-reinforced silver and copper metal matrix composites—at three
different reinforcement phase concentrations (0.5 wt.%, 0.75 wt.%, and 1 wt.%)—were produced via
powder metallurgy and sintered via hot uniaxial pressing. Optical and electron microscopy techniques
were used to characterize the powder mixtures and sintered composites. The latter were also
electrically characterized via load-dependent electrical contact resistance (ECR) and surface fatigue
tests. Particle size and morphology play a crucial role in CNT deposition onto the metallic powder.
CNT were deposited exceptionally well onto the dendritic copper powder regardless of its larger size
(compared with the silver flakes) due to the higher surface area caused by the grooves and edges
of the dendritic structures. The addition of CNT to the metallic matrices improved their electrical
performance, in general outperforming the reference material. Higher CNT concentrations produced
consistently low ECR values. In addition, high CNT concentrations (i.e., 1 wt.%) show exceptional
contact repeatability due to the elastic restitutive properties of the CNT. The reproducibility of
the contact surface was further evaluated by the fatigue tests, where the composites also showed
lower ECR than the reference material, rapidly reaching steady-state ECR within the 20 fatigue
cycles analyzed.

Keywords: carbon nanotubes; electrical switches; hot uniaxial pressing; metal matrix composites;
powder metallurgy

1. Introduction

Low-voltage, direct-current switches are crucial components in modern life. These
small—yet important—devices can be ubiquitously found in many fields of application,
e.g., consumer electronics, sensing devices, transport vehicles, etc. The task that these
components must complete is simple: make and break the electrical circuit (i.e., close and
open the circuit, respectively). Despite the simple nature of the switch’s action, different
mechanisms and circumstances at play during the making and breaking of the circuit—such
as atmospheric conditions and other external factors, contact wear and corrosion, material
transfer and degradation, as well as switch design and material selection—can considerably
complicate the system.

In order to efficiently make and break the circuit, switches must fulfill several require-
ments. The main requirement is a low electrical contact resistance (ECR), since this will
reduce energy loss at the contact interface, thus increasing the system’s efficiency and
reducing heat production. As a repercussion of lower contact temperatures, welding of
the two surfaces is less likely to occur, improving the reliability of the system. This is a
crucial requirement since contact welding could potentially prevent the breaking of the
circuit when prompted. Therefore, low energy loss and high thermal dissipation capacity
are essential in electrical switches. Other requirements include, but are not limited to, arc
extinguishing capabilities, wear, erosion, and corrosion resistance, and minimizing contact
bounce and chatter, among others.
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The focus of this work is on material selection, describing a production method, and
evaluating the low-current performance of carbon nanotube (CNT)-reinforced silver and
copper-based metal matrix composites (MMC). The proposed composite materials could
prove advantageous, presenting a multiscale approach to fulfilling the aforementioned
requirements by tailoring the contact material employed in the electrical switch. Foremost,
CNT presents the capability of conducting electricity exceptionally well, showing the inter-
esting capability of behaving similar to a metallic conductor or semiconductor, depending
on their chirality (structure-dependent electrical conductivity) [1-9]. Multi-walled carbon
nanotubes (MWCNT), however, have the particular characteristic that they statistically
always possess at least one metallic wall [10], where conduction takes place. Therefore,
MWCNT ensures the metallic conduction of electrons, with metallic tubes having a longer
electron mean free path than copper and quasi-ballistic electron transport properties [11-14].
Since MWCNT are easier to synthesize while having similar current carrying capacity as
metallic single-walled CNT [15], MWCNT were implemented in the proposed composites.

In addition to CNT’s electron transport properties, these sp>-hybridzed one-dimensional
nanostructures present exceptional thermal conductivity, albeit with anisotropy caused
intrinsically by their structure. Although the conductance (thermal as well as electrical)
is highly dependent on nanotubes’ structural integrity, theoretical thermal conductivity
values range from 3000 to 6000 W/m-K [16-18], higher than silver’s and copper’s (approxi-
mately 430 and 400 W/m-K, respectively) and even that of pure single-crystalline diamond
(24002500 W/m-K) [19]. This high thermal conduction thus aids in heat dissipation at the
contact interface generated by friction and/or constriction and film resistance [20]. Conse-
quently, the likelihood of switch welding is considerably reduced when CNT are present in
the system, even at elevated current levels. Moreover, multiple studies have reported that
the addition of CNT as a reinforcement phase in nickel matrices has significantly reduced
friction and wear [21-23], as well as CNT coatings providing wear protection while having
a marginal impact on ECR [24-26]. Furthermore, the incorporation of CNT into the system
could provide the electrical switch with secondary advantages due to the chemical inertness
and hydrophobic wetting behavior of this carbon nanostructure [27-29], in addition to their
exceptional mechanical properties [30-33].

Due to all the aforementioned properties and characteristics of CNT—in addition to
the outstanding electrical properties of silver and copper—the objective of this study is to
produce and characterize CNT-reinforced silver and copper metallic matrices. Production
will follow conventional powder metallurgical methods since this is an industrially accepted
technique. The powder mixtures will be prepared by colloidal mixing, and the green pellets
will be densified by hot uniaxial pressing (HUP). These methods are simple, versatile,
and allow a near-net-shaped manufacturing process. After sintering, the produced MMC
will be characterized by optical and electron microscopy—using confocal laser scanning
microscopy (CLSM) and scanning electron microscopy (SEM), respectively. Electrical
characterization consisted of load-dependent ECR and surface fatigue tests on composite
and reference samples. These methods provide insight into the impact of the reinforcement
phase on the electrical behavior of the metallic matrix, on the repeatability of the contact
when subjected to different normal loads, as well as the evolution of ECR after consecutive
making and breaking cycle simulations.

2. Materials and Methods
2.1. MMC Production

Silver and Copper matrices were reinforced with MWCNT using three different con-
centrations through powder metallurgy—mnamely 0.5 wt.%, 0.75 wt.%, and 1 wt.%—and
then sintered via HUP. Silver flakes having 99.9% purity, over 80% of which were below
20 um in size, and 99.9% pure dendritic copper powder with a mesh size of 90%-325 (i.e.,
90% of the particles are smaller than 44 pm) were used as metallic matrices (Alfa Aesar
GmbH, Kandel, Germany). Pristine, chemical vapor deposition-grown MWCNT (Graphene
Supermarket, New York, USA) with an outer diameter distribution between 50-85 nm,



J. Compos. Sci. 2023, 7, 284

30f17

an as-received state length from 10-15 um, and a carbon purity above 94% were used as
reinforcement phases.
The production of the MMC is comprised of three distinct processes:

1.  CNT dispersion and metallic powder mixture (colloidal mixing process);
2. Cold pressing (consolidation of green pellet);
3.  Sintering (densification via HUP).

The first process consists of dispersing the CNT in ethylene glycol (EG). Therefore,
0.2 mgenT/mLgg are added in a beaker and then subjected to a homogenization (Ultra-
Turrax T-25, IKA, Staufen, Germany) at 7500 rpm for 5 min. Large CNT agglomerates
(formed by van der Waals interactions [34,35]) are thus broken down through shear forces.
Subsequently, the colloid is placed in an ultrasound bath to further disentangle the smaller
CNT bundles. After CNT dispersion, the metallic powder can be incorporated into the
colloid, followed by homogenization for 5 additional minutes at 7500 rpm. The solvent
must then be evaporated by placing the colloid in a ventilated furnace set at 150 °C for 24 h.
The CNT-metallic powder mixture is then removed from the furnace and crushed using
an agate mortar and pestle for 5 min to break apart powder agglomerates. The crushed
powder is then returned to the furnace for 24 more hours to ensure proper drying since the
presence of moisture during sintering negatively impacts MMC density. These steps are
schematically represented and shown in Figure 1.

48 hours
e

=

[

|

%

—p
D

5 minutes

Figure 1. Powder mixture process, schematic representation.

The dry powder mixtures are then pressed with a hydraulic press (Matra-Werke
GmbH, Hainburg, Germany) using a cylindrical steel die at 990 MPa, thus obtaining an
8 mm diameter disk-shaped sample (green pellet) with typical heights between 3 and 5 mm.
To significantly increase sample density, the green pellet is then sintered via HUP in a
vacuum chamber (working pressure of 2 x 10~® mbar), a process that eliminates internal
and open porosities. For HUP, the green pellet is placed between two alumina pistons
inside a graphite die and pressed at 264 MPa. The sample, alumina pistons, and graphite
die are then placed inside a cylindrical steel die and placed inside a water-cooled induction
coil within the vacuum chamber (schematically represented in Figure 2). The sample is
then heated to 750 °C with an approximate heating ramp of 15 °C/min, followed by an
isothermal holding time of 2.5 h. The sample then cools inside the vacuum chamber until it
reaches a temperature between 150 and 200 °C. The sintered sample can then be removed
from the chamber.
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Figure 2. Schematic representation of HUP.

2.2. Characterization Techniques

The powder mixtures were characterized by SEM (Helios™ G4 PFIB CXe DualBeam™
Super, Thermo-Fisher Scientific, Eindhoven, The Netherlands) using Everhart-Thornley
(ETD) and Through-the-Lens (TLD) detectors and a 5 keV acceleration voltage. With this
technique, the deposition of the CNT on the metallic powders could be observed, and the
homogeneity of the mixture could be qualitatively assessed.

After sintering the powder blends, relative density and microhardness measurements
were carried out. Relative density was measured using distilled water and an adjusted
10 mL pycnometer, according to Gay-Lussac. Vickers hardness measurements were carried
out using a microhardness tester (Dura Scan 50, Struers Inc., Cleveland, USA), a load
of 0.098 N (HVj 1), and a holding time of 15 s, the resulting imprints were optically
micrographed using 40 x magnification. A 3 x 3 indentation grid (separated from one
another by 0.5 mm) was carried out per sample. The final hardness value considered is the
average of the nine indentations.

Electrical characterization was conducted using a custom testing rig using four-
terminal sensing with a constant current of 100 mApc (sourced by a Keithley 2400 SMU,
Cleveland, USA) [36,37]. This current level was chosen to ensure dry circuit conditions [38].
Two different electrical tests were performed: (1) load-dependent ECR and (2) surface
fatigue tests. The former consists of conducting two loading and unloading semi-cycles
(following the sequence: 0.5,1,1.5, 2,25, 3,3.5,4,45,5,6,7,8,9, and 10 N), whereas the
latter consists of loading and unloading for 20 cycles at 1 N, 3 N, and 5 N to evaluate the
performance of the MMC during monotonic loading. The results from surface fatigue tests
are complex to graphically represent; therefore, 2D kernel density estimations were also
plotted. These plots provide information on the overall trend of electrical performance
during fatigue. ECR was measured ten times per load (using a Keithley 2182a nanovolt-
meter with a range of 1 V, Cleveland, USA) and averaged. Silver-nickel core (AgNiy 15),
hard-gold-coated rivets (AuCogy)—average coating thickness of 6.47 & 0.18 pm—were
used as counter electrodes (Adam Bornbaum GmbH, Neuhausen, Germany). These rivets
have a curved head—a mean diameter of curvature of 4 mm—and a root mean squared
roughness of 0.26 pm. A new counter electrode was used after every test. Both load-
dependent ECR and surface fatigue tests were carried out at least three times per sample to
ensure result reproducibility. The tests were conducted under laboratory conditions, with
temperature and relative humidity ranging from 19-23 °C and 35-45% r.h., respectively.
The electrical performance of the MMC was contrasted with high-purity reference materials,
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namely: 99.95% and 99.9% purity silver (Alfa Aesar GmbH, Kandel, Germany) and copper
(Goodfellow Cambridge Limited, Huntingdon, England) rods, respectively.

3. Results and Discussions
3.1. Powder Characterization

The metallic powders used in this study were micrographed by SEM (Figure 3a,b).
The SEM micrographs in Figure 3c,d show the result of colloidal mixing after fully
evaporating the solvent and drying the mixture, whereas Figure 3e,f show a magnified
feature of the mixture. SEM micrographs of the pristine CNT used as reinforcement are
shown in Figure S1.

Pristine silver flakes Pristine dendritic copper

Figure 3. SEM micrograph of: (a) pristine silver flakes and (b) dendritic copper, CNT reinforced
(c) silver flakes and (d) dendritic copper. (e, f) show a magnified micrograph of the CNT reinforced
silver and copper powder, respectively.
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Observing the silver-CNT mixture, regions with high CNT content can be observed,
as highlighted by the green square in Figure 3e as well as at the bottom left of Figure 3c.
Although the CNT dispersion is not as homogeneous as desired, regions with CNT deple-
tion still present individual or small CNT bundles. These are found primarily at or near the
edges of the silver flakes, as highlighted by the cyan arrows. The copper-CNT mixture, on
the other hand, shows a much more homogeneous CNT distribution throughout the pow-
der mixture. Small CNT bundles are deposited uniformly on the grooves and edges of the
dendritic copper powder. This has also been observed and reported by Guiderdoni et al. for
higher CNT concentrations [39]. They state that a proper distribution of the dispersed CNT
leads to improved integration into Cu matrices after sintering. However, the final density
of the high CNT content composites was strongly reduced (73%). Although the silver flakes
are smaller than the dendritic copper (average particle sizes of 20 pm and 44 um, respec-
tively), the morphology of the copper powder increases surface area. This increased surface
area in turn promotes CNT deposition onto the metallic powder. Nonetheless, this powder
mixture presents the potential drawback of relatively large CNT agglomerates found within
the mixture (highlighted by the red arrow). The presence of CNT agglomerates (similar to
those observed in Figure Sla) could negatively impact the resulting CNT distribution in
the sintered MMC. In this case, the silver-CNT mixture could prove more adequate since
only small CNT bundles are found within the powder. A more uniform CNT distribution
is desired not only to ensure consistency throughout the composite but also to maximize
the sought-after properties of the reinforcement phase. A longer dispersion process could
prove counterproductive since the shear forces and sonication shorten the tubes as well as
damage the carbon lattice [40]. Consequently, a trade-off between agglomerate breakdown
and tolerable incurred damage must be made [41], since structural damage and inter-tube
interactions diminish the intrinsic physical properties of the CNT.

3.2. Characterization of Sintered MMC

The relative density of the composite samples is a crucial parameter to evaluate the
effectiveness of the sintering process—results shown in Table 1. As observed, the copper
MMC reached remarkable density levels. However, this was not the case with silver MMC
(Ag-p), with values below 80%. The graphs in Figure S2 show the pressure variation in
HUP during the heating stage. In both metallic matrices, pressure gradually decreases as
the temperature increases, reaching final values of approximately 175 MPa.

Table 1. Sintered MMC relative density and hardness.

Reinforcement Concentration/wt.% Ag-p* Ag ** Cu
0.5 64 99 95
Relative density /% 0.75 74 92 99
1 78 99 99
0 *** 847 + 61 - 1335 + 82
0.5 - 515 £ 21 582 £93
Hardness/MPa 075 : 351 + 18 467 + 96
1 - 505 £ 37 619 £ 88

* Low density silver samples sintered for 2.5 h isothermal holding time. ** Re-pressed silver samples sintered for
an additional 7.5 h isothermal holding time. *** Reference samples from high-purity rods.

Low densities in silver MMC will not only lower the mechanical properties of the re-
sulting composite but also the electrical performance since internal porosities are potential
electron scattering sites. Therefore, a re-pressing process was incorporated into the pro-
duction process of silver MMC. Re-pressing consisted of an additional HUP process with
the same conditions but with an isothermal holding time of 7.5 h. The longer holding time
allows for improved diffusion of the metallic matrix, thus eliminating internal porosities
and consequently improving density. Observing Table 1, the re-pressing process indeed
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improved density, with silver MMC now reaching satisfactory values above 90%. Therefore,
electrical characterization of silver MMC was carried out after the re-pressing process.

It is unclear as to why silver requires longer isothermal holding times compared with
copper under identical HUP parameters. Considering the equation of diffusion, shown in
Equation (1) [42], there are two parameters that could justify the prolonged thermal energy
required by silver MMC, namely: the self-diffusion coefficient (Dy) and the activation energy
(Eq)—i.e., thermal energy—which are both independent of temperature [42]. However,
both the self-diffusion coefficient and activation energy are lower for silver [43—45], thus
resulting in an approximate diffusion coefficient at 750 °C of 1.09 x 10~ cm?/s and
3.98 x 10~ cm? /s for silver and copper (determined via Equation (1), respectively).

Dy = Dy-e®F D

Moreover, since the melting point of silver is lower than that of copper (961 °C and
1083 °C, respectively [46]), the sintering temperature of both these metallic matrices is closer
to the melting point of silver than copper. Therefore, the different isothermal holding times
could be caused by different degrees of porosity prior to the sintering process. Accordingly,
CLSM measurements of the pre-sintered surfaces were micrographed to further understand
the state of the green pellets (see Figure S3). This analysis shows that copper MMC has
larger open porosities and a more heterogeneous surface prior to sintering. The silver
MMC, on the other hand, shows a considerably more homogeneous surface with few open
porosities. This could explain the better densification of copper, since open porosities are
more easily eliminated compared with internal porosities due to the bloating of internal
pores during sintering [47,48]. At the consolidated state (i.e., only cold pressed), superficial
oxidation of the powder plays a fundamental role in the green pellet density since there
is significantly less diffusion driving force than when the samples are sintered. Silver is
chemically very stable and mechanically softer, therefore rendering a more "homogeneous’
and finer porosity structure than the copper samples.

To gain further insight into the porosity levels of the green pellets, two reference
pellets were produced using silver flakes and dendritic copper powder. Focused ion
beam (FIB) cross sections were performed on each green pellet to observe the sub-surface
porosity state of each green pellet, as shown in Figure 4. Furthermore, Figure S4 shows a
micrograph of the consolidated pellets’ surface. It is clear that dendritic copper generates
green pellets with large pores, both internally and superficially. Silver flakes, on the other
hand, produce a surface with fewer open porosities, as demonstrated by Figures S3 and 54.
The cross section shown in Figure 4 highlights the considerable number of pores within the
consolidated silver pellets. Although the pores observed in silver are smaller than the ones
in copper, the magnified micrograph (Figure 4c) shows that these are pervasively found
throughout the entirety of the green pellet. The abundance of internal micro-pores within
the silver pellet is the main cause of the extended sintering requirements [47,48]. The larger
pores observed in the copper pellets, on the other hand, are less abundant. Therefore, 2.5 h
of isothermal holding time is sufficient to achieve sintered relative densities above 90%.

CLSM light scans of the sintered composite samples are shown in Figure 5. From
these micrographs, insight into CNT distribution and homogeneity can be obtained. The
micrographs show that CNT are better distributed in silver MMC, with smaller, more evenly
spaced clusters. For copper, on the other hand, larger CNT bundles are observed, especially
at higher concentrations (e.g., Figure 5f). These larger clusters in copper composites are
caused by the greater affinity between CNT and CNT agglomerates rather than with copper.
Consequently, higher reinforcement phase uniformity is observed in silver composites. A
uniform distribution promotes homogeneous behavior regardless of the site contacted. This
plays a crucial role not only in the repeatability of ECR but also in the elastic restitution of
the contacting surfaces.
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Figure 4. FIB cross section of consolidated (a) silver flakes and (b) dendritic copper powder. Magnified
view of the consolidated (c) silver and (d) copper pellets.

The Vickers hardness (HV 1) of the composites and reference samples is also shown
in Table 1. These results show that no mechanical reinforcement during the second phase
took place in the composite samples. However, it should be noted that these hardness
values are compared with high-purity reference materials. Softer composites were to be
expected on account of the sintering process at relatively high temperatures and prolonged
holding times—particularly in the silver MMC due to the re-pressing process. As reported
by Garcia et al. [49], a reduction in the sintering temperature of 200 °C yields much harder
composites as a consequence of shorter coarsening times for microstructural processes to
occur (i.e., recovery and grain growth). Consequently, a trade-off must be made between
better mechanical performance and proper densification of our composite samples. Since
the intended application for the MMC produced is electrical switches, higher composite
densities take precedence over mechanical properties. Moreover, proper densification also
plays an important role in the composite’s mechanical behavior, as exemplified by the
re-pressed Ag 0.75% MMC. This sample shows the lowest relative density (92%) even after
re-pressing, which negatively impacts the hardness of the composite, showing a hardness
value that is approximately 30% lower than the denser silver MMC. Therefore, even though
the CNT reinforcement phase weakens—to a certain extent—the mechanical performance
of the MMC, adequate densification also plays an important role.
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0.5 wt.%

0.75 wt.%

1 wt.%

Figure 5. 3 x 3 stitching at 50x CLSM scan of CNT reinforced samples’ surface. (a) Ag 0.5%,
(b) Cu 0.5%, (c) Ag 0.75%, (d) Cu 0.75%, (e) Ag 1%, and (f) Cu 1%.

3.3. Electrical Tests
3.3.1. Load-Dependent ECR

The load-dependent ECR of the reference and CNT-reinforced silver matrices is shown
in Figure 6. Comparing the ECR values of the reference sample with the reinforced samples,
it is clear that the addition of CNT promotes lower resistances. At all loads in both cycles,
the reference sample shows an ECR that ranges from 5 to 7 mQ). Ag 0.5%, on the other hand,
shows ECR values that range from 2 to 6 m(), whereas Ag 0.75% and Ag 1% achieved ECR
values of approximately 1 m(), even falling below that value for higher normal loads.

Although all MMC show exceptional densities post-sintering, it was not expected
that they would outperform the reference sample since the interface between CNT clusters
and the metallic matrix can act as electron scattering sites, thus increasing the electrical
resistance of the system. It is hypothesized that the reduction in ECR observed is both a
direct result of the reinforcement phase and also due to the relative softness of the contact
material. Although silver is considered a soft metal, the resulting silver MMC are, on
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average, about 40% softer than the reference (see Table 1)—with Ag 0.75% resulting in
even lower hardness values. Therefore, the combination of the considerably harder counter
electrode and the softer silver MMC favors lower ECR values due to an enlarged contact
area. As the hard counter electrode (Vickers microhardness: 1.38 + 0.01 GPa) is pressed
against the soft composites, topographic features on the surface of the composites are
flattened while the topographic features of the counter electrode are imprinted onto the
MMC'’s surface. As a consequence of the permanent deformation of the MMC'’s surface,
the real contacting area of the two surfaces approaches the apparent contact area, thus
improving the electrical performance of the system. This hypothesis is further supported
by the fact that Ag 0.75% (sample with the lowest hardness) shows the lowest ECR values.
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Figure 6. Two cycles of load dependent ECR of CNT reinforced Ag matrices. (a) Ag 0%, (b) Ag 0.5%,
(c) Ag 0.75%, and (d) Ag 1%.

To validate the proposed hypothesis, post-ECR CLSM measurements were carried out
on the reference and composite samples. The root mean squared roughness of the polished
surface prior to ECR and the imprint left by the counter electrode after ECR, as well as the
diameter of the imprint left by the counter electrode, are shown in Table 2. As the table
demonstrates, the roughness of the composites’ surfaces increases after ECR measurements.
The degree to which the roughness increases appears to depend on the hardness of the
sample since the increase is negligible in the reference sample, with Ag 0.75% showing the
highest increase. The increment in roughness is due to the roughness present in the counter
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electrode (which has a root mean square roughness of 260 nm). Similarly, contacting softer
surfaces generates a larger imprint. Therefore, the CLSM results validate the hypothesis,
thus explaining the behavior of Ag 0.75%.

Table 2. Roughness values prior to and post-ECR of silver and copper MMC, as well as approximate
imprint diameter left by counter electrode.

Roughness Prior to ECR/nm Roughness Post-ECR/nm Imprint Diameter/um
Ag 0% 10+ 10 40+ 10 477 £ 4.4
Ag0.5% 20+ 10 100 £+ 10 872+15
Ag 0.75% 40410 130 £ 20 1199+ 5.1
Ag 1% 60 + 10 110 £ 10 98.2+21
Cu 0.5% 10+ 10 110 £ 20 952 £59
Cu 0.75% 10 £ 10 120 £ 20 101.5£3.6
Cul% 10 +£10 110 £+ 20 942 £2.38

These tests were conducted for two loading and unloading cycles; therefore, the
repeatability of the contacting surfaces can be evaluated by the difference in ECR values in
the second measurement cycle compared with the first. As shown in Figure 6, higher CNT
concentrations promote more repeatable contacting surfaces. Comparing the reference
sample with Ag 0.75% and Ag 1%, the former shows a higher mechanical hysteresis than
the reinforced samples. The improved contact repeatability is likely a consequence of
the high elastic restitution provided by the addition of CNT, coupled with the relative
softness of the composite samples. Ag 0.5% on the other hand, shows the largest mechanical
hysteresis. This could be caused by contact heterogeneity. Since this sample contains the
lowest concentration of CNT, the presence of larger CNT clusters instead of a homogeneous
CNT distribution could cause differences in the contacting situation throughout the contact
material. Therefore, regions with more CNT clusters could prove more repeatable, whereas
regions with fewer CNT clusters would show higher mechanical hysteresis (see Figure 5).
Consequently, composites with higher concentrations—and therefore higher likelihood of
larger CNT clusters—show improved elastic restitutive behavior. Furthermore, the lack of
restitution coupled with a softer—and thus a more easily deformed surface—negatively
impacts the contact area. Consequently, the ECR during unloading will tend to be higher
than while loading.

The load-dependent ECR results for the copper-based composites are shown in Figure 7.
As for silver, the average roughness prior to and post-ECR was measured—shown in
Table 2. These values correlate with the microhardness values measured (see Table 1). The
imprint on the reference sample could not be observed using CLSM due to the higher
hardness value.

Since the hardness and, correspondingly, the imprint size for the reinforced copper
samples are—to a certain extent—similar, the influence of reinforcement phase concentra-
tion on the electrical performance of the composite can be better evaluated. Observing
Figure 7, higher CNT concentrations promote lower ECR values throughout the mea-
surement cycles, the same tendency that was observed in silver-based composites. All
reinforced samples outperformed the reference, with values below 100 m(2 at 10 N after
both cycles. The reference sample, on the other hand, showed three-fold and two-fold
resistance after the first and second cycles, respectively. Therefore, load-dependent ECR
on copper-based composites proves that the addition of CNT within the metallic matrix
improves electrical performance.

Interestingly, the second measurement cycle showed higher resistance in the reinforced
samples, whereas in the reference sample the opposite was true. This behavior, in combina-
tion with the mechanical hysteresis observed in the reinforced samples, demonstrates the
elastic restitution of the resulting contact material as a consequence of the CNT. Although
all copper composites show some degree of elastic restitution, Cu 1% displays the highest
contact repeatability, as demonstrated by the low mechanical hysteresis exhibited.
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Figure 7. Two cycles of load dependent ECR of CNT reinforced Cu matrices. (a) Cu 0%, (b) Cu 0.5%,

(c) Cu 0.75%, and (d) Cu 1%.

3.3.2. Fatigue Cycles

Fatigue tests aim to evaluate the ECR evolution during monotonic loading. Therefore,
20 loading and unloading cycles were performed, tracking the ECR of the composites and
reference samples at 1 N, 3 N, and 5 N. The results for silver MMC are shown in Figure 8.
The reference sample performed consistently throughout the fatigue tests, with ECR values
ranging from 20 to 48 mQ). Ag 0.5% and Ag 0.75%, on the other hand, performed well
initially—9-20 mQ) and 2.5-6.5 m(), respectively. However, as the fatigue test progressed,
ECR steadily increased, stabilizing at 50-70 m(2 and 17-21.6 m(), respectively. Although
the resistance increased during fatigue cycles, the steady-state values resemble or even
outperform those measured for the reference sample. Ag 1% behaves akin to the reference
sample, however, with significantly lower resistance values—between 4 and 6 m(2 through-
out the fatigue test. It is unclear as to why the ECR of Ag 0.5% and Ag 0.75% increases.
One possible explanation is that higher CNT concentrations favor a more homogeneous
contact, thus improving contacting surface uniformity and consequently showing an elec-
trical performance that resembles that of the unreinforced sample. As was the case with
load-dependent ECR, the lower ECR values observed during fatigue tests are attributed to
the larger contact area achieved due to the softer composites.
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Figure 8. Fatigue cycle tests of CNT reinforced Ag matrices. (a) Ag 0%, (b) Ag 0.5%, (c) Ag 0.75%,
and (d) Ag 1%. The radial lines indicate the progression of fatigue cycles (clockwise). Error in
measurements below 5%.

The electrical behavior during fatigue tests of the silver MMC can be better visualized
in a 2D kernel density estimation plot, shown in Figure S5. Here, the tendencies of the MMC
can be more easily observed. The plot shows that for CNT concentrations greater than
0.75 wt.% the steady-state ECR values outperform the unreinforced reference. Furthermore,
CLSM analysis prior to and post-fatigue tests was carried out, with the results shown in
Table S1. The results obtained correlate with the results from load-dependent ECR.

The evolution of ECR during fatigue tests in copper MMC is shown in Figure 9, with
the 2D kernel density estimation plot shown in Figure S6. The behavior of the reference
sample oscillates considerably throughout the test, with ECR values ranging from 45
to 950 mQ) (between 200 and 300 mQ) at 5 N). This constant fluctuation in ECR could
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jeopardize the reliability of the electrical contacts. The reinforced samples, on the other
hand, show uniform electrical behavior. In all cases, the ECR values fluctuate from 50 to
190 mQ). Not only does the reinforcement phase improve the repeatability of the contact,
but it also stabilizes and reduces the overall resistance of the system. Cu 0.5% showed
the most constant results, with Cu 0.75% showing a slight increase in ECR and Cu 1% a
slight decrease. Nonetheless, the steady-state values outperform the reference sample for
all CNT concentrations. Results from CLSM analysis prior to and post-fatigue tests are

shown in Table S2.
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4. Conclusions

Carbon nanotube-reinforced silver and copper metal matrix composites at three different
reinforcement concentrations (0.5 wt.%, 0.75 wt.%, and 1 wt.%) were produced via powder
metallurgy. The powder blends and sintered samples were characterized using light and
electron microscopy techniques, followed by in-depth electrical characterization—namely,
load-dependent ECR and surface fatigue tests. From this study, the following conclusions
can be drawn:

e  Not only does particle size play an important role in CNT integration but also particle
morphology, with the larger-sized copper powder showing better CNT deposition
than the smaller-sized silver powder;

e  Green pellets formed with silver flakes present an abundance of internal micro-pores.
Consequently, a re-pressing post process with prolonged isothermal holding times
was required to achieve acceptable silver composite densities;

e  The MMC produced did not show the reinforcement effect due to the prolonged sin-
tering process at relatively elevated temperatures. As a consequence, the composites
showed low hardness values, which in turn allowed the hard counter electrode to
imprint onto the composites’ surfaces—an effect that was more noticeable in the softer
silver composites. Nonetheless, the addition of CNT reduced the contact resistance
throughout all normal loads measured, with higher concentrations producing the low-
est resistance values. Higher CNT concentrations also produced highly reproducible
contact surfaces;

o All MMC outperformed the reference material in fatigue tests, rapidly reaching
steady-state ECR values and maintaining low resistance throughout the 20 fatigue
cycles measured.

In future work, it would be of interest to evaluate the viability of different metallic
powder morphology. Furthermore, studies on the influence of CNT size and chemical state
(i.e., pristine or functionalized /oxidized state) could provide insight into the mechanisms
behind the integration of the reinforcement phase onto the metallic powder, as well as
on the homogeneity /uniformity of the reinforcement phase distribution. Moreover, mi-
crostructural analysis of the sintered samples would grant deeper insight into the lack of
reinforcement effect with the addition of CNT.
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(b) Ag 0.5%, (c) Ag 0.75%, and (d) Ag 1%. Note the different y-axis ranges; Table S1: Roughness
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counter electrode; Figure S6: Kernel density estimation plot of ECR during multiple fatigue cycles of
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Supplementary Material

Figure S1. SEM micrographs of pristine CNT at different magnifications.
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Figure S2. Pressure variation during heating stage of HUP for (a) Ag-MMC and (b) Cu-MMC.
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| Ag 0 wt.% pre-sintering __som | =48 Cu 0 wt.% pre-sintering

Figure S3. 50x surface CLSM scan of green pellets (pre-sintered samples) showing three linear
roughness scans in regions with open porosities.

| Consolidated Ag flakes

85T

Figure S4. Surface SEM micrograph of consolidated a) silver flakes and b) dendritic copper
powder.
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Figure S5. Kernel density estimation plot of ECR during multiple fatigue cycles of CNT
reinforced Ag matrices. (a) Ag 0%, (b) Ag0.5%, (c) Ag 0.75%, and (d) Ag 1%. Note the different

y-axis ranges.

Table S1. Roughness values prior to and post-fatigue tests of silver MMC, as well as
approximate imprint diameter left by counter electrode.

Roughness prior to Roughness post-

fatigue tests/nm

Imprint diameter/um
fatigue tests/nm P H

Ag 0%
Ag 0.5%
Ag 0.75%

Ag 1%

10+10
20+10
40+ 10
60 £10

30+10 58.4+5.2
80+10 74.8+8.7
120 £30 87.5+2.5
100+10 76.3+2.7
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Figure S6. Kernel density estimation plot of ECR during multiple fatigue cycles of CNT

reinforced Cu matrices. (a) Cu 0%, (b) Cu 0.5%, (c) Cu 0.75%, and (d) Cu 1%. Note the different
y-axis ranges.

Table S2. Roughness values prior to and post-fatigue tests of copper MMC, as well as
approximate imprint diameter left by counter electrode.

Roughness prior to Roughness post-

. . Imprint diameter/um
fatigue tests/nm  fatigue tests/nm P H

Cu 0.5% 70 £ 10 220+90 58.5+3.5
Cu 0.75% 90+ 10 150 +£20 76.0+1.6
Cu 1% 80+ 10 130 £30 60.1+3.2

* Cu 0% could not be measured. The imprint of the counter electrode could not be observed
due to the higher hardness of the reference sample.
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ANNEXI

The prolonged sintering process described in ARTICLE XII was successful in
densifying the silver based MMC. This section will further discuss the improved density
of the silver MMC, with particular emphasis on the enhanced tribo-electrical
performance in contrast to the low-density samples (samples denominated by *_p’) from
ARTICLE XI.

The increased density of the silver MMC has a significant impact on the ECR - as
previously discussed in ARTICLE XII. To illustrate the enhanced electrical performance
more clearly, normalized ECR curves were plotted and presented in Figure A.L.1. The
normalized curves utilize the ECR of the unreinforced silver sample at 0.25 N in the
loading semi-cycle as the reference point. Both low-density samples exhibited ECR
values that were between 125% and 230% higher than the reference value, with the
1 wt.% sample presenting the highest values. Conversely, the high-density samples
exhibited ECR values that range from 70% to 10% that of the reference value.

The low-density 0.5% sample (Figure A.l.1a) exhibits approximately 180% higher
ECR than the reference sample in the loading semi-cycle, despite its significantly lower
hardness — as evidenced by the hardness values presented in ARTICLE XI. Following
the appropriate densification process, however, the ECR of the sample in question is
approximately one-third that of the reference sample. The lower resistance was
anticipated, since the dense reinforced sample is softer than the high-purity reference.
Consequently, upon indentation, the real contact area between the MMC and the
counter electrode is greater, which in turn reduces constriction resistance. Comparative
analysis of the 0.5% samples reveals that the ECR of the high-density sample is initially
37% that of the low-density sample, decreasing to 17% at 10 N. The differences are more
pronounced in the 1% MMC (Figure A.L.1b). The low-density sample exhibits ECR
values that range from 200% to 230% at 0.25 N and 10 N, respectively. In contrast, the
high-density samples exhibited a resistance of 23% and 19% in the same loading range,
respectively, when compared to the reference. Furthermore, a comparison of the ECR
of the 1% MMC at 0.25 N and 10 N reveals that the high-density sample exhibits 10%
and 5% the resistance of the low-density sample. Nevertheless, both the low- and high-
density samples exhibited considerably more reproducible ECR values, thereby

highlighting their increased contact elasticity in comparison to the reference sample.

307



ANNEXI

25 2.5

. \ AgCNT 0.5 wt.%_p
1.5 ! R

AgCNT 1 wt.%_p
1.5 1

e AgCNT 0 wt.%
Cbea T “ . . "

05 Pl e

Loaa AgCNT 0 wt.%

A
a

4a Aot
" Ao A a A 3 a

0.5 4 1——‘

Normalized Resistance /Rmax/Ri
Normalized Resistance /Rmax/Ri

P . . 3 ] . .

. — AgCNT 1 wt.%
AgCNT 0.5 wt.% T I P SO
0 T T T T T T 0 T I T T T
0 2 4 6 8 10 0 2 4 6 8 10

Load /N b) Load /N
Figure A.L.1: Normalized ECR comparing the low-density MMC from ARTICLE XI with the high-density MMC from
ARTICLE XII. CNT content: a) 0.5 wt.% and b) 1 wt.%.
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Figure A.L2: ECR evolution during fretting wear of low-density silver MMC from ARTICLE XI and high-density
MMC from ARTICLE XIL

The evolution of ECR during fretting wear following enhanced densification was
evaluated and compared to the low-density samples (Figure A.L.2). The low-density
samples exhibited a higher ECR throughout the duration of the fretting tests, as reported
in ARTICLE XI. The higher CNT content resulted in an increase in ECR in these samples.
Following the prolonged sintering time, the high-density samples exhibited enhanced
ECR relative to the low-density and high-purity reference sample. Prior to fretting wear,
the reference sample exhibited an ECR of 14.7 m(). This value gradually decreased as
the fretting intervals progressed. After 5,000 cycles, the final value reached was 12.2 m(),
representing a 17% reduction in ECR due to fretting. The high-density samples
exhibited a lower ECR prior to fretting (12.1 mQ and 10.8 mQ for the 0.5% and 1%
samples, respectively). The same trend is observed in these samples, with a final ECR of

10.4 mQ and 7.7 mQ reached after 5,000 cycles. Consequently, it can be concluded that

308



ANNEX

proper sintering is of paramount importance for the performance of the MMC during

both static loading and when motion is present in the system.

Figure A.L3 illustrates the fretting marks after observed 5,000 fretting cycles on the
high-density silver MMC. The SEM micrographs demonstrate the presence of larger
fretting marks, particularly for the high-density 1% sample, despite the higher hardness
relative to the low-density sample. This is evident from the approximate dimensions of
the wear track, as shown in Table A.LL1. Nonetheless, the high-density samples
exhibited less severe wear than the low-density samples. This is further corroborated by
the EDS maps in Figure A.L.3, which demonstrate that minimal gold was transferred
from the counter electrode (i.e., lower adhesive wear). Moreover, as observed in the low-
density samples (ARTICLE XI), carbon is still present in the fretting mark after wear
tests — as highlighted by the magnified micrographs.

AgCNT 1wt.% ==l

b | AR ' i y
B ARl L

t.% and ii) AgGCNT1 wt.%. EDS c)

A

Figure A.L3: a) SEM and b) magnified macrograph of fretting track i) AgCNT0.5 w
carbon, d) silver, and e) gold maps.

Table A.I.1 - Approximate fretting mark dimensions.

Sample Fretting mark width /um Fretting mark height /um
Ag reference * 125 145
AgCNT 0.5 wt.%_p * 250 230
AgCNT 1 wt.%_p * 240 220
AgCNT 0.5 wt.% 205 230
AgCNT 1 wt.% 260 275

* Dimensions measured from SEM micrographs in ARTICLE XI.
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Abstract: Switching elements are crucial components in electrical and electronic systems that undergo
severe degradation due to the electrical arc that is generated during breaking. Understanding
the behavior of the electrical arc and modifying its characteristics via proper electrode design can
significantly improve durability while also promoting optimal performance, reliability, and safety
in circuit breakers. This work evaluates the feasibility of carbon nanotube (CNT)-reinforced silver
and copper metal matrix composites (MMCs) as switching electrodes and the influence of CNT
concentration on the characteristics of the arcs generated. Accordingly, three different concentrations
per MMC were manufactured via powder metallurgy. The MMCs and reference materials were
subjected to a single break operation and the electrical arcs generated using 100 W and 200 W resistive
loads were analyzed. The proposed MMCs displayed promising results for application in low-voltage
switches. The addition of CNTs improved performance by maintaining the arc’s energy in the silver
MMCs and reducing the arc’s energy in the copper MMCs. Moreover, a CNT concentration of at
least 2 wt.% is required to prevent unstable arcs in both metallic matrices. Increased CNT content
further promotes the splitting of the electrical arc due to a more complex phase distribution, thereby
reducing the arc’s spatial energy density.

Keywords: carbon nanotubes; electrical arc; hot switching; metal matrix composites; powder
metallurgy

1. Introduction

Silver is widely used in circuit breakers and in low-voltage switches in air due to
its outstanding electrical conductivity, as well as its low tendency towards welding. It
is common practice to alloy or improve the performance of silver to further enhance its
erosion resistance during arcing and to minimize its weldability in high-current applica-
tions, thus guaranteeing proper operation of the circuit breaker. However, the lifetime
of silver switches is significantly reduced by electro-erosion, caused by ion and electron
bombardment during arcing. Zinc, copper, nickel, and palladium are frequently utilized as
an alloying element in switching applications in order to decrease electrode erosion. Other
options involve creating silver composites with metal oxide materials, such as cadmium,
zinc, tungsten, and tin oxide. These materials vary in their applicability, but are generally
utilized in low-voltage direct current (LVDC) applications such as relays, switches, and pro-
tective components [1-3]. Due to its toxicity and associated health risks [4], silver-cadmium
oxide is no longer utilized, with it predominantly being replaced by Ag/SnO,. However,
while the addition of tin oxide increases the resistivity of the material, in-operando heat
increments due to long-term use negatively impact the service life of this contact mate-
rial [5]. As previously reported by Selzner et al. [6], the transport properties of Ag/SnO,
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differ significantly between the affected area (after the first break operation) and the sur-
rounding, unaffected area. This is attributed to a heterogenous distribution of silver, pores,
and oxides within the area affected by the electrical arc. Moreover, the energy from the
arc promotes the formation of layered tin oxide structures, which negatively impact the
material’s conductivity. Furthermore, metal oxide content, particle size, and production
processes influence the performance of the silver-tin oxide contact materials [7].

Pure copper also finds applicability in switching components due to its cost-effectiveness
and good conductivity. However, copper electrodes are generally paired with silver-based
materials to reduce the likelihood of welding. The performance of copper contacts is
improved by coating them with tin, silver, etc., or by alloying them with other materials,
such as cadmium, tin, chromium, tellurium, etc. [2]. In this manner, lower amounts of
silver are required while still maintaining their switching characteristics [3].

Previous reports have studied the performance of graphite-containing silver
switches [8-12]. These studies reported improved switching performance; however, due to
the anisotropic properties of graphite, their performance is highly dependent on the relative
orientation of the graphite reinforcement phase. The advantage of graphite-containing
silver-based materials is not only that graphite reduces weldability, but also that it pre-
vents the formation of non-conductive oxides on the metal’s surface [13]. However, the
addition of graphite increases erosion in silver materials and the likelihood of arc reig-
nition [13]. Likewise, graphite-containing copper contact materials have shown weld
resistance due to arcing and have been found to have applications even for elevated switch-
ing currents [3,14]. However, copper-graphite contacts are primarily designed to operate in
moving (i.e., rotating) contacts, such as brushes [15]. These composite materials show ex-
ceptional self-lubricating capabilities, with the carbonaceous tribofilm slowing down wear
and corrosion. Furthermore, copper composites reinforced with graphene nanoplatelets
have demonstrated enhanced arc erosion resistance, as reported by Shao et al. [16].

Moreover, carbon nanotube-containing metal matrix composites (MMCs) are not only
a viable option for electrical contact materials in general [17,18], but also for use in switching
applications [5,19]. Individual carbon nanotubes (CNTs) possess exceptional mechanical
and transport properties [20-25], albeit the latter present high anisotropy. However, single
CNTs are seldom found, but rather CNT agglomerates [26,27]. Therefore, CNT composite
materials have the potential to incorporate the advantages of graphite-containing compos-
ites without this disadvantage and without incurring significant additional costs. Therefore,
the main objective of this study is to evaluate both the feasibility of CNT-containing MMCs
for switching applications and the influence that the reinforcement phase’s concentration
has on the behavior of the electrical arc generated during hot switching. Accordingly,
the characteristics of the arc generated during a single break operation will be analyzed
and discussed.

It is important to understand the characteristics of the electrical arcs produced during
hot switching, since this can provide abundant information on the circuit and on system
efficiency, as well as provide insight into the breaker’s durability. It is well-established that
LVDC switches (e.g., automotive contacts) operating under resistive loads produce arcs
with durations that do not exceed 500 ps and arc lengths below 100 pm [28,29], whereas
high inductances extend the duration (between 500 ps and 5 ms) and length (up to a few
mm) of the arc [28]. Furthermore, arc duration (i.e., type of load) and the contact material
used affect the erosion mechanism that takes place during arcing. Short arcs (i.e., resistive
load) show an anode mass loss and cathode mass gain, whereas the opposite is true for
long arcs (i.e., inductive loads) [28,30].

The mechanism behind arcing is schematically shown in Figure 1. As a load (F)
is applied between the two electrodes, the topographic features of the surfaces meet,
generating the a-spots whereby conduction takes place (Figure 1a). Upon reaching the
contact interface, the current (I) constricts and flows through the asperities in contact, which
locally heats up the asperities to reach a temperature (T) above the melting temperature
(Tm) of the metal (Figure 1b). As the electrodes separate (at a certain velocity v), the molten
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metal is drawn by the moving electrode (Figure 1c), thus forming a bridge between them.
As the electrodes continue to move apart from one another, the molten bridge is drawn out,
becomes unstable, and ruptures due to a significant local increase in the current density
(J), as shown in Figure 1d. The instability within the molten bridge is caused by the flow
of colder material from the root of the bridge towards the hotter regions and the ejection
of the bridge’s material due to temperatures exceeding the boiling temperature (T}) of
the metal [2]. The bridges” explosion establishes the arc, releasing metallic vapor into the
contact gap and considerably increasing the pressure (Figure 1le,f) [2]. As the metallic vapor
expands into lower pressure regions, the pressure between the electrodes decreases and
what is known as a pseudo arc is established, where ions conduct current. Since the opening
operation does not occur under vacuum, the continued reduction in pressure causes the
arc’s transition from a metallic phase to a gaseous phase due to the flow of atmospheric
gases into the gap. In the gaseous phase, the current is conducted by electrons rather than
by the ions.
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Figure 1. Schematic representation of arcing mechanism. The schematic illustrates when (a) contacting
surfaces approach each other and (b) two asperities come into contact, allowing current to constrict
and flow between the electrodes. Here, the temperature at the contact spot T exceeds the melting
temperature Tr, of the metals. (c,d) As the moving electrode begins to retreat at velocity v, the molten
bridge is pulled by the moving electrode, increasing the current density J. (e) The metallic bridge
ruptures due to instability, significantly increasing the pressure and forming metallic vapor between
the electrodes. The increased current density increases the temperature at the contact sites above the
boiling temperature Ty, of the metal. (f) After the metallic vapor expands and the pressure decreases,
the electrical arc is generated.

The metallic vapor generated in the arc’s explosion is the cause for material transfer. In
the initial stages of the arc’s ignition, anodic erosion occurs due to electron bombardment,
while the cathode gains mass due to particle recombination and condensation on the
cathode’s surface [30]. If the arc’s duration is sufficiently long, there is a transition period
wherein the cathode undergoes mass loss due to ion bombardment [1]. This transition
only depends on the duration and length of the arc, where the latter is the predominant
parameter governing the direction of mass transfer [28]. During the anodic to cathodic
arc transition, there is an instance where the material deposited on the cathode during
the anodic loss stage is removed, thereby leading to net zero erosion [31]. The anodic to
cathodic transition is arc length dependent, and does not depend on electrode material or
arc duration. On the other hand, the point at which net zero erosion occurs depends on the
amount of material transferred during the anode loss stage. Therefore, it is dependent on
arc duration (i.e., circuit type) and electrode material [28]. Although the current flowing



J. Compos. Sci. 2024, 8, 285

40f19

through the electrodes does not influence the arc type, it does increase the arc’s energy,
which in turn delays net zero erosion.

Therefore, it is established that, irrespective of the current level that circulates through
the joint, for an electrical arc to generate, material melting takes place within the contact
spot [2,32]. This is because as the electrodes separate and F tends to zero, the real contact
area between the electrodes also tends to zero. The reduction in the contact area results
in a rise in the constriction resistance (R.), as stated in Equation (1) [1,2]. H and p in
Equation (1) are the contact material’s hardness and resistivity, respectively, whereas «
is the radius of the real contact area, under the assumption that it is circular (known as
the Holm radius), and 7 is a coefficient that describes the cleanliness of the contacts. The
increased constriction resistance produces an increased voltage drop between the contacts
(V¢), which in turn significantly increases the temperature at the contact spot (T;)—this
relationship is shown in Equation (2), where T is the ambient temperature. Therefore, the
increased constriction resistance due to the breaking of the circuit will cause the melting
temperature of the metals to be reached, thus generating molten bridges.

Rc:*:P T 1)

T, = \/ To> + V.2 x 107 2)

The objective of this study is to gain a deeper understanding of the arc character-
istics of established switching materials and compare them to the arc characteristics of
CNT-reinforced, silver- and copper-based metal matrix composites produced via powder
metallurgy, and to evaluate the influence of the reinforcement phase’s concentration on the
behavior of the resulting arc [33,34]. This understanding will enable the appraisal of the
proposed materials in terms of feasibility, applicability, and efficiency for LVDC circuits.
Therefore, break operations (hot switching) were conducted on different reference samples
and on the proposed MMCs. The arcs in question were generated using a purely resistive
load (standard automotive halogen lamps) while performing a single break operation. Two
different ohmic loads were evaluated—i.e., 100 and 200 W. Voltage, current, and power
curves during arcing were measured and evaluated to obtain arc duration and energy.
Furthermore, the electrical contact resistance (ECR) of the different material systems was
determined directly prior to the arc’s ignition. Moreover, high-speed videos were captured
during arcing in 200 W tests to observe the arcs’ ignition, the existence of unstable arcs, and
to qualitatively assess arc mobility. In addition, quantitative image analysis was carried out
to provide insight into the mechanisms that modify the behavior of the arc produced as a
consequence of the reinforcement phase: namely, the heterogeneity of the reinforcement
phase in the MMCs.

2. Materials and Methods
2.1. Composite Production & Materials Characterization

Silver and copper MMCs reinforced with multiwalled CNTs were produced via pow-
der metallurgy at three different concentrations, namely, 1 wt.%, 2 wt.%, and 3 wt.%. The
composition of the samples and the nomenclature used in this work are shown in Table 1.
Since the metallic matrices have relatively similar densities (10.49 and 8.95 g/cm? for silver
and copper, respectively [2]), the difference in CNT content in vol.% and wt.% is marginal.
Dendritic copper powder with a 325 mesh and 99% purity (Alfa Aesar GmbH, Berlin, Ger-
many) and silver flakes with at least 80% of the flakes below 20 um and a purity of 99.9%
(Alfa Aesar GmbH, Berlin, Germany) were used as metallic matrices. The reinforcement
phase used was chemical vapor deposition (CVD)-grown, multiwalled CNT (Graphene
Supermarket, New York, NY, USA). The nanotubes have an outer diameter distribution
between 50 and 85 nm, an as-received state length from 10 to 15 um, and a carbon purity
above 94%. To fully assess the performance of the proposed composite materials, different
reference samples were also characterized—i.e., 0 wt.% sintered silver and copper samples,
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and high-purity samples (silver rod: 99.95% purity, Alfa Aesar GmbH, Berlin, Germany
and copper rod: 99.9% purity, Goodfellow Cambridge Limited, Huntingdon, UK). The
unreinforced, sintered samples (i.e., Ag 0% and Cu 0%) were included in the analysis in
order to evaluate samples with similar hardness and mechanical properties while excluding
the influence of the reinforcement phase. Furthermore, materials commonly used in hot
switching applications were also characterized, namely: Ag/Ni90/10, Ag/SnO, 88/12,
Ag/Sn0O, 90/10, and Ag/SnO, 92/8 (Umicore N.V., Brussels, Belgium).

Table 1. Sample composition and nomenclature.

Matrix/vol.% Reinforcement/vol.% Reinforcement/wt.% Nomenclature

100 0.00 0 Ag 0%
94.77 5.23 1 Ag 1%
89.97 10.03 2 Ag 2%
85.54 14.46 3 Ag 3%

100 0.00 0 Cu 0%
95.50 4.50 1 Cu 1%
91.30 8.70 2 Cu 2%
87.39 12.61 3 Cu 3%

The metallic powder and the CNT were blended through colloidal mixing in ethylene
glycol. After evaporating the solvent, disk-shaped (8 mm diameter) green pellets were
produced by placing the mixed powders in a steel die and pressing at 990 MPa for 20-30 s.
The green pellets were densified (achieving relative densities higher than 95%) via hot
uniaxial pressing (HUP). The sintering temperature is crucial for achieving sufficient
sample density [18], particularly for electrical applications. Suarez et al. have previously
reported that the structural integrity of multiwalled CNTs is not compromised during high
temperature sintering [35]. The authors showed that, for CNT content of up to 3 wt.%,
sintering at 850 °C in vacuum improved the crystallinity of the CNT compared to their state
after dispersion, due to thermal annealing processes which alleviated defects. Moreover,
thermogravimetric analyses have demonstrated that multiwalled CNTs are more stable to
oxidation during vacuum annealing than single-walled CNTs [36], while also improving
graphitization due to the removal of metallic and metal oxide content stemming from the
manufacturing process [37]. Accordingly, HUP was carried out at a temperature of 750 °C
and a pressure of 264 MPa at high vacuum (2 x 10~® mbar) to minimize oxidation of the
samples. The copper MMCs were sintered for 2.5 h. The silver MMCs, on the other hand,
required longer isothermal holding times to achieve sufficient densities. Silver samples
sintered for 2.5 h did not surpass 90% relative density [38]. As a result of the higher
degree of internal porosity in the green pellet prior to sintering, silver samples required an
isothermal holding time of 7.5 h [39]. Further details on the preparation of the colloid and
sample production can be found in [38,39].

The hardness of the sintered MMCs and reference materials was evaluated via micro-
hardness measurements (Dura Scan 50 Micro-Hardness Tester, Struers Inc., Cleveland, OH,
USA). A load of 0.098 N (HV 91) was used to generate the imprint, holding the load for 15 s
and optically micrographing the imprint using 40 x magnification. At least 20 indentations
were carried out per sample and averaged—results are shown in Table 2.

2.2. Hot Switching Tests

The electrical arc was generated by a breaking operation (hot switching) between the
sample in question and a hard-gold-coated (AuCoy>), silver-nickel core (AgNiy 15) rivet
(Adam Bornbaum GmbH, Neuhausen, Germany). The counter electrode (rivet) has a hemi-
spherical geometry, with a radius of curvature at its tip of 4 mm and a hardness value of
1.38 & 0.01 GPa. Both electrodes were mounted on a custom testing rig and connected
to a 3000 W direct current power source (Gossen Metrawatt SSP 3000-52, Niirnberg, Ger-
many) [40]. An oscilloscope (LeCroy WaveRunner 6100A, New York, NY, USA) was used
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to acquire the voltage drop between the electrodes during breaking. The current before,
during, and after breaking was measured using the same device via a LeCroy CP031 current
probe [19]. Two ohmic loads were evaluated: 100 W and 200 W. The loads were changed by
adding or subtracting automotive 50 W halogen lamps. At least three hot switching tests
were carried out per ohmic load and sample under atmospheric conditions (i.e., 23 £1 °C
and 23 + 2% temperature and relative humidity, respectively). A new counter electrode
was used for each test. Prior to hot switching, the rivets were cleaned using isopropanol-
based contact cleaner and dried with compressed air. Furthermore, the current probe was
degaussed between measurements. Prior to electrical characterization, the MMCs and
reference samples were ground and polished, achieving a mirror-polished surface. The pol-
ished samples were micrographed via confocal laser scanning microscopy (CLSM—LEXT
OLS4100, Olympus, Tokyo, Japan), acquiring a 3 x 3 stitching at 50 x with an overlap of
20% to obtain a larger field of view with high resolution. The root mean square roughness
S; of the stitching was measured. The reference samples and MMCs achieved an S, value
between 0.3-0.6 um, whereas the counter electrode presented a roughness value of 0.3 pm.

The composite and reference samples were mounted on a moving platform and
connected to the positive terminals of the source and oscilloscope (anode), whereas the rivet
remained static and was connected to the negative terminals of the source and oscilloscope
(cathode). A normal load of 4 N was established between both electrodes, and a current
stabilization time of 10 s passed prior to breaking the circuit. Subsequently, the circuit was
opened by retreating the linear stage at a constant acceleration of 8000 mm/s? and a top
speed of 58 mm/s. Further information on the accuracy of this setup, as well as schematic
representations thereof, was previously reported by Puyol et al. and Suarez et al. [19,40].
Video footage of the arc during the break operation was recorded with a high-speed
camera (Photron, FASTCAM SA-Z, Tokyo, Japan) using a macro-lens (LAOWA, 100 mm
2.8 2:1 Ultra Macro APO, Hefei, China), a 2:1 magnification ratio, and a frame rate of
210,000 frames per second. The field of vision was 2.5 mm X 1.0 mm with a resolution of
284 x 160 pixels, resulting in a pixel size of 6.5 um.

2.3. Heterogeneity Analysis

To assess the heterogeneity of the silver and copper MMCs, a detailed analysis of the
near neighbor distance (nnd) for each sample was conducted. The micrographs acquired
with the CLSM of each sample were first binarized using Gaussian blur filtering and
thresholding operation in Image]J, and later subjected to particle analysis. This process
allowed for the identification and measurement of the centroids of each particle in each
image [41]. Using the centroid coordinates, the pairwise Euclidean distances between all
particles were then calculated. For each particle, the smallest distance from one particle
to another was recorded as its nnd. Considering the magnification and resolution of the
image acquisition, all pixelated particles having an area below 0.8 um? (corresponding to
2 pixels) were excluded from the analysis.

Based on the skewness present in the raw data, it was assumed that the particle sizes
and near neighbor distances were log-normally distributed [42]. Moreover, the coefficient
of variation (COV) was introduced to quantify the heterogeneity of the CNT distribution
based on the log-normal distribution of the nnd [43,44]. The standard deviation (cy,) of the
log-normal distribution of the nnd was calculated and used to determine the COV using
Equation (3). It is worth noting that a higher COV value corresponds to more heterogeneous
particle distributions. Furthermore, the average size and area fraction of the particles in
each sample were determined to further characterize the dispersion and distribution of the

reinforcement phase.
COV = \/e%t — 1 3)

Assessment of the proposed reinforced materials is crucial in order to fully under-
stand their viability as contact materials for LVDC relays, contactors, and other switching

3. Results and Discussions



J. Compos. Sci. 2024, 8, 285

7 of 19

applications. Accordingly, the focus of this study is to carry out an in-depth analysis of the
arc’s characteristics for arcs generated by a single break operation with a resistive load of
200 W, as well as the influence that CNT concentration has on the characteristics of the arc
generated. Resistive loads of 100 W generated arcs with similar behavior and tendencies
to those generated with 200 W—further information on 100 W tests can be found in the
Supplementary Information (Figures S1 and S2 and Table S1).

3.1. ECR Prior to Arcing

The ECR before electrode separation (i.e., prior to arcing) can be directly obtained from
the current and voltage curves (using Ohm’s law). The average ECR value for each material
prior to arcing at 200 W is shown in Table 2. The reference materials exhibit varying ECR
values, ranging from approximately 2.5 m() to 6 m(), with the latter corresponding to
Ag/Ni. As expected, the resistance of Ag/SnO, increases alongside the tin oxide content.
Among the materials tested, the silver MMC exhibited the lowest ECR value despite the
addition of CNT. Similar to Ag/SnO,, the ECR tends to slightly increase with increasing
CNT content. The resistance values of copper MMCs vary considerably depending on
the content of CNT. This is because of the heterogeneous distribution of CNTs within the
copper composite (further discussed in Section 3.4) [18,38,39]. The chemical incompatibility
between copper and carbon causes CNTs to re-agglomerate during the production process.
As a result, larger CNT clusters are found on the surface of copper MMCs compared
to silver MMCs; this phenomenon is more prevalent in copper MMCs with lower CNT
concentrations. Furthermore, it is important to consider the potential heterogeneity in
material hardness caused by inhomogeneous CNT distribution, which could result in
variations in ECR values depending on the area where the measurements were taken.
However, in general, the resistance values fall within the range of the reference materials.
Therefore, based solely on the ECR, copper MMCs are a viable material that should perform
similarly to silver—nickel alloys and silver—tin oxide composites.

Table 2. ECR and hardness values of the reference and composite materials. ECR values were
calculated prior to electrode separation for 200 W tests.

Sample ECR/mQ) Hardness/MPa
Ag Rod 1.36 +£0.32 847 £ 61
Ag 0% 1.65 £ 0.36 470 £+ 49
Ag 1% 1.79 £0.53 505 + 37
Ag 2% 1.94 £ 0.27 369 £ 54
Ag 3% 213+0.73 408 £+ 61
CuRod 6.86 £2.79 1335 + 82
Cu 0% 3.59 £ 0.86 650 £ 70
Cu 1% 2.66 £ 0.06 619 £ 88
Cu 2% 2.73 £0.55 555 + 81
Cu 3% 6.80 + 0.28 512 £ 87
Ag/Ni90/10 575+ 1.14 615 + 89
Ag/Sn0, 92/8 293+ 047 728 £ 42
Ag/Sn0O, 90/10 2.63 £ 0.66 757 £ 58
Ag/Sn0O, 88/12 457 £0.92 820 + 46

According to Holm, the spreading resistance of an isotropic material—i.e., the ideal
resistance directly under the contact interface due to the spreading of the current within
the conductor—is half that of the constriction resistance [1,45], as shown in Equation (4).
Using the ECR values measured prior to arcing and the hardness values from Table 2
and Equation (1), the resistivity and the Holm radius of the contacting electrodes can be
determined. These two parameters can then be used to determine the spreading resistance
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of the materials in question via Equation (4). The Holm radius of the contact as well as the
resistivity and spreading resistance of the samples are shown in Table 3.

P
R. = — 4
=L @
Table 3. Resistivity, Holm radius and spreading resistance of the reference and MMC samples
calculated using Equations (1) and (4). Hardness and resistance values were obtained from Table 2.

The hardness of the samples was used for the calculations since the rivet is considerably harder than
the samples.

Sample Resistivity/(Om Holm Radius/pum Reiiil;ziile?i Q
Ag Rod 2.6 x 1078 9.70 0.68
Ag 0% 43 x 1078 13.02 0.83
Ag 1% 45x 1078 12.56 0.90
Ag 2% 5.7 x 1078 14.69 0.97
Ag 3% 6.0 x 1078 13.97 1.07
Cu Rod 1.1 x 1077 7.72 3.43
Cu 0% 7.9 x 1078 11.07 1.80
Cul% 6.0 x 1078 11.34 1.33
Cu 2% 6.5 x 1078 11.98 1.37
Cu 3% 1.7 x 1077 12.47 3.40
Ag/Ni90/10 1.3 x 1077 11.38 2.88
Ag/Sn0, 92/8 6.1 x 10~8 10.46 1.47
Ag/Sn0, 90/10 54 x 1078 10.26 1.32
Ag/SnO, 88/12 9.0 x 10~8 9.85 2.29

Resistivity of AuCo (rivet) between 6.2 x 1078 and 55.5 x 1078 [3,46].

The results from these numerical calculations correlate with the expectations generated
from the MMC samples and reference samples. Since the hardness of the rod samples
is higher than that of the sintered samples, the resulting Holm radius is smaller, thereby
resulting in higher resistivity and resistances, whereas in the MMCs the rise in CNT
concentration leads to a marginal rise in resistivity and spreading resistance. However,
apart from Cu 3%, the increment in spreading resistance is negligible, representing a
0.17 mQ) increment between Ag 1% and Ag 3% for similar Holm radii. Likewise, the
addition of tin oxide increases the samples’” hardness, which in turn reduces the Holm radii,
thereby leading to higher resistances.

3.2. Arc Characterization

The current and voltage curves prior to, during, and after the arc’s extinction for all the
materials tested are shown in Figure 2. Since the tests were conducted using direct current,
the power curves can be directly obtained by multiplying the contact voltage and current,
as shown in Figure 3. As the figures depict, the high purity samples, unreinforced sintered
samples, and most reference materials show reduction peaks in the current flow and spikes
in the voltage and the power curves (as indicated by the arrows in Figure 3). However,
this was not observed in the 2% and 3% reinforced samples, nor in the Ag/SnO, 88/12
sample. To determine the duration and energy of the arcs accurately and systematically,
the arc’s initiation was defined as the point when the current flow dropped by at least 20%
of the nominal value. For the 200 W tests, the nominal current was approximately 17 A,
whereas for the 100 W tests the nominal current was approximately 9 A. The durations and
energy values over which the arc was considered are highlighted by the shaded areas in
Figures 2 and 3. Table 4 shows the values for the 200 W tests, whereas the results for 100 W
are shown in Table S1.
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Figure 2. Current and voltage curves for reference and reinforced samples during 200 W hot switching
tests. The shaded region highlights the time considered for the arc’s characteristics. The arrows
highlight the tendency of the voltage curve during the arc’s duration. These plots show the most
representative curves based on the average arc duration and energy.
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Figure 3. Power curves for reference and reinforced samples during 200 W hot switching tests. The
shaded region highlights the time considered for the arc’s characteristics. The arrows point out the
power spikes that were considered within the arc duration calculations. Dashed arrows point out the
unstable arcs, whereas solid arrows highlight the main arc. These plots show the most representative
curves based on the average arc duration and energy.
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Table 4. Arc characteristics of reference and reinforced samples for tests carried out at 200 W.

Sample Arc Duration/ms Arc Energy/m]
Ag Rod 0.29 £+ 0.01 10.25 + 0.36
Ag 0% 0.30 £ 0.02 9.86 £ 2.11
Ag 1% 0.29 £+ 0.04 8.79 + 1.64
Ag 2% 0.37 £ 0.08 12.62 £+ 2.45
Ag 3% 0.36 £ 0.05 10.71 £ 2.52
CuRod 0.30 £ 0.01 8.28 +1.30
Cu 0% 0.34 +0.04 10.87 £ 0.82
Cul% 0.20 £ 0.01 6.38 £ 0.25
Cu 2% 0.23 £ 0.06 6.30 £0.76
Cu 3% 0.23 £0.05 6.19 £ 0.95
Ag/Ni90/10 0.27 £ 0.09 8.34 £ 1.68
Ag/Sn0O, 92/8 0.40 £+ 0.02 11.49 £0.78
Ag/Sn0O, 90/10 0.36 £ 0.03 9.56 +1.11
Ag/Sn0O, 88/12 0.37 £0.03 1171 +£1.13

During the ignition of the arc, the voltage curves show fluctuations that could be
attributed to the variable contact of the inter-electrode molten bridges. The heat generated
at these sites causes localized melting of the materials due to increased current constriction,
which produces inconsistent voltage values. As the voltage and current curves in Figure 2
highlight, the MMCs with higher CNT concentrations produce more stable voltage curves.
On the other hand, samples with lower CNT content possess variable voltage curves. In this
case, the voltage curve while the arc is ignited tends to increase until the nominal voltage
of 13.5 V is reached and the arc is extinguished (highlighted by the arrows in Figure 2). The
more stable voltage curves during arcing in the MMCs could therefore be associated with
fewer melting points in the contact due to the improved thermal conductivity of the contact
material. As shown in Figure 2, the voltage curve for Ag 2% still shows an increasing
trend during the arc; however, this is not the case with Cu 2%. This behavior could be
attributed to the lower melting voltage of silver (0.37 V) compared to that of copper and
gold, both of which have a melting voltage of 0.43 V [1,2]. These fluctuations could also
be linked to the sublimation of the CNTs, which in turn causes the release of adsorbed
gases and a non-conductive metal vapor (stemming from the explosion of the metallic
bridge) in the vicinity of the electrodes, thereby locally increasing the pressure between
the two surfaces [2,19]. Furthermore, the slope of the voltage curves while the main arc is
ignited can provide information on the arc’s phase. The curve’s slope transitioning from
a shallower slope to a steeper slope suggests the transition from a metallic ion phase to a
gaseous ion phase [31]. Observing Figure 2, it is clear that lower CNT content promotes a
longer gaseous arc phase. Therefore, the CNTs show the potential to minimize the ingress of
gaseous ions within the electrode gap, which can consequently reduce gaseous ion erosion.
The same behavior was observed for the 100 W tests (see Figure S1).

By observing the arc characteristics of the reference materials in Table 4, a clear distinc-
tion can be made between silver—tin oxide and silver—-nickel contact materials. However,
all values fall within the range reported by Ben Jemaa et al. for resistive loads [28,29]. The
arc duration and energy levels of silver—tin oxide reference materials remain relatively
constant regardless of the tin oxide content. In all three cases, the arc is extinguished within
400 ps, and the arc’s energy does not exceed 13 m]. However, the silver—nickel alloy, on the
other hand, presents a shorter arc duration (below 300 pus) and a lower energy input (below
10 mJ).

The results in Table 4 for silver samples do not exceed those observed for the references.
In other words, the mean duration of the arc is not greater than that of the silver—tin oxide
and silver—nickel samples. However, the arc duration tends to increase as the concentration
of the reinforcement phase increases. Nevertheless, the increase in arc duration is marginal,
typically in the range of 60 us in the 2% and 3% reinforced silver samples. In contrast, the
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copper samples exhibit the opposite behavior. As the CNT concentration increases, the
duration of the arc shortens, with a reduction of approximately 70 ps.

Regarding the energy input, the copper samples had the lowest amount of energy.
The unreinforced copper samples performed similarly to the silver and reference samples.
However, when CNTs were incorporated into the copper samples, a significant reduction
in arc energy was observed (as well as in arc duration), resulting in the lowest arc energy
among all evaluated samples. In contrast, the reinforced silver samples did not show
a reduction in arc energy and had values that matched those of the reference materials.
Therefore, the reinforcement phase has a stronger impact on the characteristics of the arc in
copper electrodes.

The hot switching tests at 100 W (Table S1) showed similar performance. The arc
duration in the reference materials did not exceed 350 ps, with a maximum mean energy
of approximately 4 m]. The silver samples exhibited slightly shorter arc durations, with a
maximum duration of approximately 230 us, corresponding to the high-purity (rod) silver
sample and the 3% sample. As with the 200 W tests, higher CNT concentrations tended
to increase arc duration in silver MMCs. The energy of the arc in the silver samples did
not exceed the values of the reference materials, which ranged from 2.3 to 3.5 mJ. Copper
samples in the 100 W tests showed moderately consistent results. The mean duration of the
arc was approximately 240 us for all samples. However, as with the 200 W tests, the lowest
arc energy was observed in the copper samples with higher CNT content. Both the 2% and
3% reinforced copper MMCs showed arc energy values below 3 m]. In both hot switching
tests (i.e., 100 W and 200 W), the samples with the highest content of CNT also presented
the highest standard deviation. However, this is due to the heterogeneous distribution of
CNTs within the metallic matrix [17,39].

The spikes in current, voltage, and power observed prior to the proper ignition of the
arc considered in this study (highlighted by the arrows in Figure 3) are not characteristic
of a break operation. Instead, they resemble the bouncing phenomenon commonly seen
in make operations. These spikes are short-lived and do not tend to decrease over time,
as is the case with bouncing. On the contrary, these signal perturbations tend to exhibit a
greater reduction in current flow (resulting in an increase in voltage and power signals)
as the tests progress. It is hypothesized that the voltage and current spikes are caused by
the extinction of smaller unstable arcs that occur during the initial stages of the breaking
operation before the main arc is established. As these signal disruptions were not observed
for all materials, it was of interest to observe the evolution of the electrical arc during break
operations using a high-speed camera to better understand these perturbations.

3.3. High-Speed Footage

The high-speed video footage correlates with the voltage and current curves recorded
during arcing (example for Cu 1% shown in Figure 4). High-speed camera videos for all
samples can be found at https://doi.org/10.5281/zenodo0.10838984 (accessed on 19 March
2024). As initially observed in Figures 2 and 3, the videos highlight that most reference
samples and unreinforced silver and copper samples show a larger tendency towards the
establishment of unstable arcs. Unstable arcs are defined as small, short-lived electrical
arcs that are established prior to the ignition of the main arc. These arcs can be identified
as the small spikes in the current, the voltage, and the power curves (see Figures 2 and 3).
Unstable arcs ignite and are extinguished in a matter of tens of us, whereas the main arcs
last for several hundred ps (see Table 4). The dashed arrows in the power curves (Figure 3)
point out the presence of unstable arcs, which were considered in the arc characteristics,
whereas the solid arrows highlight the ignition of the main arc.

Unstable arcs ignite earlier in samples with low or no CNT content. In other words, as
the CNT content increases in the MMCs, the ignition of unstable arcs takes place closer to
the ignition of the main arc. For sufficiently high CNT content (namely 3%), the ignition of
unstable arcs is avoided altogether, similar to the Ag/SnO; 88/12 sample. It is important
to report that 2% samples in particular show variable results. In other words, unstable
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arcs were observed in one out of the three tests carried out at 100 W and 200 W. Therefore,
it seems that 2% CNT content is the lower limit required to eliminate unstable arcs from
taking place, with higher concentrations not showing unstable arcs throughout all tests.
However, the 2% curves presented in Figures 2 and 3 do not include curves where unstable
arcing took place, as they were not fully representative of the general results.

20
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Figure 4. Current curve and snapshots of high-speed video at different times during breaking for Cu
1% sample.

The Cu 1% sample (exhibited in Figure 4) is a prime example of unstable arcing in
MMCs with low CNT content. These unstable arcs initially marginally reduce the nominal
current (as is the case in snapshot A). As the breaking operation progresses, the nominal
current briefly decreases more markedly (B and C) until the main arc is ignited (D). These
current reductions prior to the ignition of the main arc last a few tens of us, followed by
the extinction of the unstable arcs and the current approaching the nominal value. In
this example, the unstable arcs shown in A, B, and C last for approximately 25, 45, and
50 ps. Snapshot C depicts the extinction of this unstable arc and the corresponding plume
generated. Snapshot D exhibits the ignition of the main arc, with E, F, and G showing
snapshots at different moments in the main arc’s duration.

The reference and unreinforced samples exhibit significant arc motion and small
plumes. In particular, the Ag/Ni samples display multiple short, unstable arcs that grad-
ually become longer until the main arc is established. On the other hand, the Ag/SnO,
samples exhibit significantly steadier arcs compared to Ag/Ni. The higher mobility in
Ag/Ni samples is attributed to the higher work function of nickel (4.7-5.2 eV) compared to
that of tin (3.6—4.1 eV) [2]. The addition of CNTs to the MMCs results in a confinement-effect
of the electrical arc, reducing its mobility. It is important to note that this is a qualitative
analysis and the degree to which CNT concentrations affect arc mobility cannot be dis-
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cussed based solely on the high-speed video footage. However, the video footage confirms
that the CNT clusters on the MMCs’ surfaces hinder the arc’s mobility. This is supported
by the observation that electrical arcs on copper MMCs tend to show more mobility than
those on silver MMCs. The effectiveness of CNTs in copper MMCs for confining the arc
is not as high as in silver MMCs due to its less homogeneous CNT distribution (further
discussed in Section 3.4).

Moreover, the work function of the materials in question can impact the behavior of
the arcs. In other words, low work function will favor a steady and localized arc since
it is easier to extract an electron from said material—as is the case with Ag/SnO,. The
higher work function of copper (4.5 eV) compared to that of silver (4.2 eV to 4.5 eV) [2],
coupled with its more heterogeneous phase distribution, explains the higher mobility of
the arc in copper MMCs, with previous studies from Guo et al. reporting that CNT content
increases the work function of copper MMCs [47], thereby further increasing arc mobility.
In the proposed MMCs, the arc is more easily established between the metallic matrices
and the counter electrode rather than between the reinforcement phase and the counter
electrode. This is due to their higher electrical conductivity and to the higher work function
of the multiwalled CNTs (4.95 eV and 5.05 eV for multiwalled and single-walled CNTs [48],
respectively) used to produce the MMCs. The CNT-reinforced samples exhibit large plumes
being expelled as arcing takes place. This behavior could be caused by two mechanism:s,
which are not mutually exclusive. The first mechanism is the increased material removal
rate when adding CNTs, similarly to when adding graphite into these metallic matrices [8].
Furthermore, the large plumes observed are due to CNT sublimation, which increases
local pressure. As the high-pressure regions expand to lower-pressure regions (i.e., the
plume observed) it leads to material ejection, and it aids in arc extinction. It is worth
noting that the plumes and metallic bridge explosions appear to be more severe in copper
samples, both in the main arc and in unstable arcs. Compared to silver-based materials,
unstable arcs occur more frequently and last longer in copper samples, resulting in more
severe explosions. This is due to copper’s poorer resistance to welding and lower thermal
conductivity compared to silver.

3.4. Reinforcement Phase Distribution

Due to the complexity of the systems herein analyzed, multiple mechanisms can
explain the observed behavior of the aforementioned materials. These mechanisms are
not mutually exclusive; therefore, a combination of these mechanisms can justify the
performance of Ag 2%, Ag 3%, Cu 2%, and Cu 3%. One possible explanation for the
absence of unstable arcing in the high concentration samples is their relative softness
compared to purer samples. In softer materials, the contact area at 4 N is larger, which
increases the potential area in which an arc can be established between the electrodes due
to a larger number of asperities establishing electrical contact—this is corroborated by the
larger Holm radius presented in Table 3. However, the difference in hardness between
material types is minor, therefore it is unlikely that this is the sole cause of the lack of
unstable arcing in MMCs containing higher amounts of CNTs. Additionally, the Ag/SnO,
88/12 sample is harder than the other silver-tin oxide samples and does not exhibit unstable
arcing. It is probable that the unstable arcing occurs due to the explosion of smaller contact
bridges as the electrodes separate. The contacts experience significant localized heating due
to high currents flowing through the electrodes and the increased current density flowing
through certain metallic bridges. This causes melting and the subsequent explosion of the
bridges. This phenomenon is hindered in the reinforced sample due to the CNT content,
which increases the thermal diffusivity of the material. Improved thermal characteristics
have two benefits. Firstly, they eliminate or minimize unstable arcing in favor of a main
arc with longer duration, and, secondly, they reduce the likelihood of welding, thereby
ensuring optimal switching.

The incorporation of CNTs into silver and copper matrices results in a varied phase
distribution, depending on the concentration of the reinforcement phase. An example of
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the CNT distribution produced is shown in Figure 5, which illustrates the heterogeneity of
the CNT in the Ag 3% and Cu 3% samples. Micrographs of Ag 1%, Ag 2%, Cu 1%, and Cu
2% can be found in the Supplementary Information (Figure S3). A quantitative analysis of
the micrographs was conducted to describe the distribution of the reinforcement phase and
its heterogeneity as a function of CNT concentration, shown in Table 5. Initial calculations
revealed that the COV for the nnd was above 100%, indicating significant variability, likely
due to the presence of outliers. These outliers were eliminated from the dataset as described
in Appendix A.

Figure 5. 3 x 3 stitching at 50 x optical micrographs of (a) Ag 3% and (b) Cu 3% via CLSM.

Table 5. Particle count, average size, and area fraction for silver and copper MMC.

Sample Count Size/um? Area/% cov
Ag 1% 1374 16.48 5.05 0.49
Ag 2% 1977 20.64 9.10 0.44
Ag 3% 3018 24.32 16.36 041
Cul% 1106 9.86 243 0.53
Cu 2% 1124 14.72 3.69 0.50
Cu 3% 1367 18.05 5.51 0.47

The characteristics of the arc generated will depend heavily on the distribution, ag-
glomerate size, and area fraction of CNTs that the electrode encounters on the MMCs’
surfaces. Therefore, these parameters were determined using micrographs of the pol-
ished MMCs’ surfaces. The 3 x 3 stitching corresponds to a square area of approximately
0.45 mm?, which is a considerably larger area than the contact area and crater area. The
largest crater generated due to the arc during the break operation among the samples
herein analyzed had an approximate diameter of 240 um. Overestimating the diameter to
300 pum, this corresponds to an affected area of approximately 0.07 mm?. This estimation is
over 6 times smaller than the area used to analyze phase distribution and heterogeneity.
Furthermore, it must be considered that this estimation is the affected area, which is ex-
pected to be considerably larger than the apparent contact area between the rivet and the
MMC samples.

The parameters determined are summarized in Table 5. Logically, size and area
fraction of CNT increases as the concentration increases. This indicates that higher CNT
concentrations lead to larger and more widespread particle distribution within the matrices.
It is of particular interest to note that both the particle size and area fraction increase at a
lower rate in the copper MMCs compared to the silver MMCs. The difference between the
area fraction in the 1% samples is approximately 1/2, whereas 2% and 3% copper MMCs
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show approximately 1/3 the area fraction of the silver MMCs. This is due to the clustering
of the CNTs in the copper MMCs. As evidenced in Figures 5 and S3, the surfaces of the
copper MMCs present large CNT bundles and regions with minimal amounts of CNTs. The
micrographs of the silver samples, on the other hand, show a more homogeneous distribu-
tion without the presence of large clusters. The increasing average size and area fraction
with higher CNT concentrations indicates a more extensive and uniform coverage of the
reinforcement phase within the silver matrix, contributing to the observed improvements in
homogeneity. Therefore, the descriptive statistics correlate with the micrographs acquired
(see Figures 5 and S3). The comparison between the silver and copper MMCs at equivalent
CNT concentrations suggests that silver facilitates better dispersion and distribution of the
CNTs, although the dispersion process during manufacturing is identical [18,38,39,49].

The COV values for both copper and silver MMC samples show a decreasing trend
with increasing reinforcement phase concentrations. Specifically, the COV for the silver
and copper samples decreases from 0.49 to 0.41 and from 0.53 to 0.47 for 1% and 3% silver
and copper MMCs, respectively. This indicates that the particle distribution becomes
more homogeneous as the CNT concentration increases. Nonetheless, for equivalent
concentrations, the silver MMCs exhibit slightly lower COV values compared to the copper
MMCs. Therefore, a more uniform particle distribution within the silver matrix is achieved.
The behavior suggests that the reinforcement phase exhibits greater affinity towards silver
matrices as opposed to copper matrices. CNTs have a high affinity towards agglomeration
as a result of Van der Waals interactions (primarily -7t interactions) [26,27]. Prior to
mixing the metallic powders, large CNT agglomerates are broken down via shear mixing
and ultrasonication [38,39]; however, the mechanical stress during ultrasonication can
severely damage the structural integrity of the CNTs [49,50]. Consequently, prolonging
the dispersion process for copper MMCs could prove counterproductive, since this would
increase the reinforcement phase’s structural damage. After dispersion, and during the
manufacturing process, CNTs tend to re-agglomerate to a higher extent when using copper
metallic powder as opposed to silver, favoring re-agglomeration rather than copper-CNT
entanglement, thereby leading to larger CNT clusters in the former.

The relative nnd frequency distribution and rug plots for both the silver- and copper-
based MMCs exhibit a clear trend of increasing homogeneity with higher CNT concentra-
tions (Figure 6a,b). For both matrices, the nnd distribution becomes narrower and more
peaked as the CNT concentration increases, indicating a more uniform particle distribution.
The cumulative distribution plot, shown in Figure 6¢, further supports these observations.
The 3% samples exhibit the steepest rise, indicating the highest homogeneity, followed
by the 2% and then the 1% samples. This trend was observed irrespective of the metallic
matrix. Nonetheless, the silver MMCs exhibit slightly lower standard deviation values
compared to the copper MMCs for identical CNT concentrations. These findings demon-
strate that higher CNT concentrations enhance the homogeneity of the composites, with
silver matrices achieving better dispersion and uniformity compared to the copper matrices
under similar conditions.

The complex phase distribution of the CNTs in the MMCs promotes the splitting of the
main arc, which reduces the arc’s spatial energy density. This is favorable since a reduction
in the arc’s energy density could reduce the area affected by it, thus potentially reducing
erosion severity during switching. Furthermore, splitting the electrical arc could prevent
the formation of unstable arcs by igniting the main arc over a larger area from the initial
stages of the break operation. The CNTs dispersed throughout the surface act as bifurcating
elements, causing the electrical arc to split onto different spots on the MMCs’ surfaces. As
the electrodes separate, some smaller arcs (belonging to the main arc) may be extinguished
while others remain. Therefore, the CNT-reinforced samples exhibited longer, continuous
main arcs. Additionally, the CNT clusters on the surface minimize arc wandering, confining
the motion of the arc to a specific region on the MMC'’s surface where smaller clusters
are located.
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Figure 6. Relative frequency for the nnd of (a) silver MMCs, (b) copper MMCs, and (c) comparison of
the cumulative distribution.

The lack of unstable arcing in the MMCs with higher CNT concentrations may also
be explained by the elastic characteristics of the reinforcement phase. The CNTs exhibit
outstanding elastic restitutive behavior [51-53], which could result in a conductive bridge
between the electrodes remaining during the initial stages of the breaking operation,
specifically between the counter electrode and the elastic CNTs. Thus, the current is
constricted and continues to flow through the clusters of CNTs instead of producing the
electrical arc. Once the separation between the electrodes is sufficiently high, the main arc
is generated without the ignition of unstable arcs (as observed in samples with low or no
CNT concentrations).

4. Conclusions

CNT-reinforced silver and copper MMCs were produced via powder metallurgy.
These samples and reference silver and copper were subjected, along with well-established
reference materials, to DC hot switching tests, and the characteristics of the arcs are herein
reported. From this work, the main conclusions are the following:

1. All composite materials proposed performed similarly to the reference materials.
The copper MMCs have the shortest arc duration and lowest arc energy among the
materials herein evaluated.

2. 2wt.% CNT content is the lower limit to avoid unstable arcing. These MMCs showed
unstable arcing one-third of the time, whereas unstable arcing was not observed for
samples with 3 wt.% CNT.

3. Increased CNT content confines the arcs, thus reducing its mobility. This effect is
more significant in silver MMCs due to a more homogeneous distribution of the CNTs.
Heterogeneity on the copper MMCs’ surfaces—produced by large CNT clusters—
favors arc wandering.

4. The results shown highlight that although copper MMCs present higher resistance
values, their arcing performance is comparable to silver-based materials. Therefore,
in applications where low ECR is not crucial and atmospheric conditions allow it,
copper MMCs are a low-cost option for switching contact materials, thereby reducing
the demand for precious metals.

These results demonstrate the feasibility of CNT-based silver and copper MMCs for
LVDC switching applications based on the characteristics of the electrical arcs produced.
Future work should be carried out to evaluate the rate of material transfer and removal
during arcing, as well as crater morphology and the degree to which the CNTs endured the
electrical arc. Further evaluations of the heat generated and of dissipation are of significant
importance for an in-depth understanding of the influence of CNTs on the MMCs’ molten
pools and on the weld resistance provided.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jcs8070285/s1. Figure S1: Current and voltage curves for reference
and reinforced samples during 100 W hot switching tests. The shaded region highlights the time
considered for the arc’s characteristics. The arrows highlight the tendency of the voltage curve during
the arc’s duration. These plots show the most representative curves based on the average arc duration
and energy; Figure 52: Power curves for reference and reinforced samples during 100 W hot switching
tests. The shaded region highlights the time considered for the arc’s characteristics. The arrows
point out the power spikes that were considered within the arc duration calculations. Dashed arrows
point out the unstable arcs, whereas solid arrows highlight the main arc. These plots show the most
representative curves based on the average arc duration and energy; Table S1: Arc characteristics
of reference and reinforced samples for tests carried out at 100 W; Figure S3: 3 x 3 stitching at 50
optical micrographs of (a) Ag 1%, (b) Cu 1%, (c) Ag 2%, and (d) Cu 2% obtained via CLSM.
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Appendix A

The interquartile range (IQR) method was applied to identify and remove outliers.
This involved calculating the first quartile (Q1) and third quartile (Q3) of the nnd. Outliers
were defined and removed following Equations (A1) and (A2), obtaining the lower (OLL)
and upper limit (OUL) for outliers, respectively. The removal of these outliers refined the
nnd values obtained.

OLL = Q; —15IQR (A1)

OUL = Qs + 1.5IQR (A2)
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Figure S1. Current and voltage curves for reference and reinforced samples during 100 W hot
switching tests. The shaded region highlights the time considered for the arc’s characteristics.
The arrows highlight the tendency of the voltage curve during the arc’s duration. These plots
show the most representative curves based on the average arc duration and energy.
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Figure S2. Power curves for reference and reinforced samples during 100 W hot switching
tests. The shaded region highlights the time considered for the arc’s characteristics. The
arrows point out the power spikes that were considered within the arc duration calculations.
Dashed arrows point out the unstable arcs, whereas solid arrows highlight the main arc. These
plots show the most representative curves based on the average arc duration and energy.



Table S1. Arc characteristics of reference and reinforced samples for electro-erosion tests
carried out at 100 W.

Sample Arc duration /ms Arc energy /m]
Ag Rod 0.23 +0.04 3.39 +0.60
Ag 0% 0.15+0.04 2.32+0.06
Ag 1% 0.19+0.05 2.46+0.82
Ag 2% 0.20 £ 0.05 2.37+1.32
Ag 3% 0.23+0.14 3.50+2.10
Cu Rod 0.24£0.02 273+0.11
Cu 0% 0.24+0.03 3.50+0.73
Cu 1% 0.27 +0.02 3.28 £0.22
Cu2% 0.22+0.12 1.50 +0.47
Cu 3% 024+0.15 1.94+1.05
Ag/Ni90/10 0.25+0.05 3.07+0.22
Ag/Sn0292/8 0.26 +0.02 3.33 +0.04
Ag/Sn0290/10 0.32+0.02 4.22+0.24
Ag/SnO: 88/12 0.28 +0.04 3.96 +0.61

Figure S3. 3 x3 stitching at 50x optical micrographs of (a) Ag 1%, (b) Cu 1%, (¢) Ag 2%,
and (d) Cu 2% obtained via CLSM.

333



334



ARTICLE XIV

ARTICLE X1V
Performance and Degradation of Carbon Nanotube-
Reinforced Silver and Copper Composites for DC
Switches

Bruno Alderete'*, Francisco A. Delfin??, Frank Miicklich!, Sebastian

Suarez!

! Chair of Functional Materials, Saarland University, Campus D3.3, 66123 Saarbriicken,
Germany

2 Department of Materials Science, University of Applied Sciences Upper Austria,
Stelzhamerstrafse 23, 4600 Wels, Austria

3 Faculty of Concepcién del Uruguay, National University of Technology (UTN-FRCU),
Ing. Pereyra 676, E3264 Concepcién del Uruguay, Argentina

Research article
Submitted to “Tribology International” (2024)
Impact Factor: 6.1 (2023)
Article currently under review.

Own Contribution: Conceptualization; Methodology; Validation; Formal Analysis;
Investigation; Data Curation; Writing — Original Draft; Visualization.

335



336



Performance and Degradation of Carbon Nanotube-
Reinforced Silver and Copper Composites for DC

Switches

Bruno Alderete!*, Francisco A. Delfin%?, Frank Miticklich?!, Sebastian Suarez!

! Chair of Functional Materials, Department of Materials Science and Engineering,

Saarland University, Campus D3.3, 66123 Saarbriicken, Germany.

2 Department of Materials Science, University of Applied Sciences Upper Austria,
Stelzhamerstrafle 23, 4600 Wels, Austria.

3 Faculty of Concepcién del Uruguay, National University of Technology (UTN-FRCU),
Ing. Pereyra 676, E3264 Concepcién del Uruguay, Argentina.

* Corresponding author: bruno.alderete@uni-saarland.de

Abstract: Hot switching creates an electrical arc that causes electro-erosion on electrodes
due to ion and electron bombardment. This study characterizes electro-erosion craters
from single-break operations of CNT-reinforced metal matrix composites and reference
materials. Crater morphology was analyzed via confocal laser and electron microscopy,
in addition to energy-dispersive X-ray and Raman spectroscopy. Adding up to 2 wt.%
CNT resulted in crater roughness, displaced volume, and dimensions similar to
references, while 3 wt.% led to increased roughness and volume. Although CNT did not
affect the molten front dimensions, it reduced molten pool duration. Raman
spectroscopy confirmed CNT structural integrity post-manufacturing, despite minor
degradation from the arc. CNT-reinforced silver and copper MMCs (up to 2 wt.%)

demonstrate potential for cost-effective, durable switching electrodes.

Keywords: carbon nanotubes, electro-erosion, metal matrix composites, switching

electrical contacts

INTRODUCTION

A switching device is an electrical component that is responsible for interrupting the
flow of current in a circuit. The necessity for current interruption may be attributed to
the specific characteristics of the application in question, such as the use of
electromechanical relays and contactors. Alternatively, it may be a consequence of
safety considerations, as exemplified by the deployment of magnetic circuit breakers

and ground fault interrupters. During a break operation (hot switching), the separation
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of the electrodes results in an increase in the current density flowing through the
contacting asperities (also known as a-spots) [1]. The elevated current density results in
the generation of localized heat at the a-spots, reaching temperatures above the melting
point of the metals as the real contact area tends to zero and the constriction resistance
increases. The molten material is drawn by the receding electrode, thereby generating a
molten bridge between the two electrodes. As the gap between the electrodes increases,
the bridge is further extended, thereby further increasing the current density. The
molten bridge is extended until it becomes unstable and ruptures. The instability of the
molten bridge can be attributed to the influx of cold material from the base of the bridge
or to particle ejection due to temperatures exceeding the boiling temperature of the
metal. Upon the rupture of the bridge, the arc is extinguished, resulting in the release of
metallic vapor into the gap between the electrodes. The release of metallic vapor into
the gap significantly increases the pressure. However, as the vapor expands into the
surrounding low-pressure regions, a pseudo-arc is ignited in which the current is
conducted by the ions. In atmospheric conditions, the flow of atmospheric gases into
the electrode gap is driven by the reduction in pressure. Subsequently, the arc
undergoes a transition from a metallic phase to a gaseous phase, wherein electrons
assume the role of current conductors, rather than ions.

In the initial stages of the spark, anodic erosion occurs as a result of electron
bombardment, while the cathode gains mass from particle recombination and
condensation on its surface. The recombination and condensation that occur on the
colder electrodes are the primary cause of material transfer during hot switching [2]. An
extension of the arc’s duration results in a transition period during which the cathode
experiences mass loss due to ion bombardment [3]. The transition is governed by the
length and duration of the arc generated between the electrodes, with the latter being
the predominant factor influencing the direction of mass transfer [4]. During the
transition from anodic to cathodic arc, the material deposited on the cathode during the
initial phase is removed, resulting in net zero erosion [5]. This transition is dependent
on arc length and is independent of the electrode material or arc duration. Conversely,
the point of net zero erosion is determined by the amount of material transferred during
the anodic erosion phase, which is influenced by both arc duration — which is related to
the circuit type — and electrode material [4]. While the current passing through the
electrodes does not alter the type of arc generated, it does increase the energy of the arc,
thereby delaying the onset of net zero erosion [5].

The service life of a circuit breaker depends upon its capacity to withstand erosion
due to arcing. In order to ensure optimal performance and safety, electrode materials
should exhibit a low electrical resistance, be resistant to excessive heating, be erosion-

resistant, demonstrate good interruption capabilities, not be toxic, be cost-effective, and
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exhibit low welding tendencies and low weld force to ensure that the circuit opens when
required [1,6]. Silver is a material that is extensively utilized in switching applications,
presenting exceptional conductivity and low welding tendencies. The performance and
durability of silver electrodes can be further enhanced by alloying it with zinc, nickel,
copper, palladium, among other metals, or by using silver-metal oxide composite
materials, including silver-cadmium oxide, silver-zinc oxide, silver-tungsten oxide,
silver-tin oxide, and others. Additionally, copper is utilized in select switching
applications due to its exceptional conductivity and cost-effectiveness. However, it
exhibits higher welding potential in comparison to silver. Consequently, copper
electrodes are typically plated with silver-based materials to enhance the weld
resistance of the electrode. Additional techniques employed to enhance the switching
performance of copper include the deposition of tin or silver coatings and the alloying
of copper with elements such as zing, tin, cadmium, chromium, or tellurium [1,6].
Previous researchers have evaluated the performance of graphite-containing silver
and copper switches [7-12]. The studies underscore the enhanced switching
performance, reducing weldability of the electrodes even when subjected to elevated
switching currents [6,13]. Additionally, the studies illustrate how the formation of non-
conductive oxide layers on the electrode’s surface is prevented, thereby maintaining low
resistances [12]. However, the behavior exhibited by these graphite-MMC electrodes
depends on the relative orientation of the reinforcement phase due to the anisotropic
properties of graphite. Nonetheless, the addition of graphite into these metals has been
observed to result in increased erosion rates and arc reignition. Therefore, the aim of
this study is to assess the potential and understand the degradation of CNT-reinforced
silver and copper MMC as switching electrodes in low-voltage direct current circuits.
The characteristics of the arc generated, electrical performance, distribution of the
reinforcement phase, and the influence of ohmic load, as well as the influence of CNT
and their concentration on the characteristics of the arc generated, have been previously
studied and reported [14]. Accordingly, the objective of this study was to characterize
the crater resulting from a single break operation under an ohmic load of 200 W. The
crater was micrographed via confocal laser scanning microscopy (CLSM) and scanning
electron microscopy (SEM), whereas chemical analysis was carried out via energy
dispersive X-ray spectroscopy (EDS). The area affected beneath the electro-erosion
crater was visualized by conducting focused ion beam (FIB) cross sections at the center
of the craters. The CLSM measurements were also employed to determine the most
relevant crater attributes —i.e., dimensions, topographic parameters, mass gained/loss,
and load-bearing capacity following the initial opening cycle. Finite element method
thermal simulations were conducted on the pure metals and CNT-reinforced MMC

based on the real power input of the electrical arcs to determine the maximum
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temperature, dimensions of the melting and boiling fronts, and the duration of the
molten pool as well as the time that the material is evaporated. Furthermore, Raman
spectroscopy was carried out to assess the structural integrity of the CNT clusters within
and outside the crater, with a view to determine the extent of damage that the

reinforcement phase may have sustained during arcing.
MATERIALS AND METHODS

Materials

Silver and copper MMC reinforced with multi-walled CNT were produced via
powder metallurgy (1, 2, and 3 wt.%). Silver flakes with at least 80% of the flakes being
below 20 um in size and a purity of 99.9% (Alfa Aesar GmbH) and dendritic copper
powder with a mesh size of 325 and 99% purity (Alfa Aesar GmbH) were used as
metallic matrices. Chemical vapor deposition grown multi-walled CNT (Graphene
Supermarket, USA) were used as reinforcement phase. The CNT possess an outer
diameter distribution between 50-85 nm, an as-received state length from 10-15 um, and
a carbon purity above 94%.

The performance of the proposed MMC were compared to pure metals and
commonly used switching material to fully assess their feasibility. High-purity samples
(silver rod 99.95% purity, Alfa Aesar GmbH, and copper rod 99.9% purity, Goodfellows
Cambridge Limited) and sintered silver and copper reference samples (i.e., 0 wt.% CNT)
were employed as pure metal references. Two different silver-based switching materials
were evaluated due to their pervasive commercial applications, namely Ag/Ni 90/10,
Ag/Sn0: 88/12, Ag/SnO:2 90/10, and Ag/SnO2 92/8 (Umicore N.V.).

Hard gold-coated (AuCoo2) silver-nickel core (AgNiois) rivets (Adam Bornbaum
GmbH) were used as counter electrodes in all electro-erosion tests. The rivets have a
hemispherical geometry, with a radius of curvature at its tip of 4 mm, a hardness value
of 1.38 + 0.01 GPa (measured via Vickers hardness), and an S; of 0.3 pm.

MMC manufacturing

The CNT were dispersed in ethylene glycol via homogenization (Ultra-Turrax T25,
IKA) and ultrasonication. The metallic powder was added into the colloid, followed by
a subsequent homogenization step, and evaporation of the solvent in a ventilated
furnace at 150 °C. After evaporation, 8 mm in diameter disk-shaped green pellets were
produced by placing the CNT-metallic powder mixture in a steel die and pressed at
990 MPa for approximately 30 s. Further densification (reaching relative density values
of at least 95%) was achieved by subjecting the green pellets to hot uniaxial pressing
(HUP) under vacuum (2 x 10 mbar) to minimize sample oxidation. Both samples were
sintered at 264 MPa and a temperature of 750 °C. The isothermal holding time for the
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silver samples was 7.5 hours, whereas the copper samples required 2.5 hours. Further
details on the preparation of the colloid and the manufacturing of the MMC samples
can be found in [15,16].

Electro-erosion tests

The electrical arc was generated by simulating a break operation between the sample
and the counter electrode. Both electrodes were mounted on a custom testing rig [17].
The samples were mounted on a moving stage and connected to the positive terminal
of a 300 W direct current power source (Gossen Metrawatt SSP 3000-52), whereas the
rivet was mounted on the negative, static terminal. An oscilloscope (LeCroy
WaveRunner 6100A) was used to record the voltage drop prior, during, and after the
break operation. The current was measured with the same device with the use of a
LeCroy CP031 current probe [18]. Four 50 W automotive halogen lamps were used as
load — ohmic load, 200 W. A normal load of 4 N was applied between the electrodes and
a current stabilization time of 10 s passed prior to opening the circuit. After the current
stabilization time, the linear stage retreated at a constant acceleration of 8000 mm/s?,
reaching a top speed of 58 mm/s — further details on the accuracy of the setup and
schematic representations were previously reported by Puyol et al. and Suarez et al.
[17,18]. At least three switching operations were carried out per sample (in different
spots). The current probe was degaussed between measurements, with a new counter
electrode being used for each test. The rivets were cleaned using an isopropanol-based
contact cleaner and dried with compressed air prior to each test. All tests were carried
out under atmospheric conditions — 23+1°C and 23 +2 % relative humidity. All
samples underwent grinding and polishing prior to electro-erosion tests, achieving a

mirror-polished surface with an S; value between 0.3 and 0.6 um.

Confocal laser and scanning electron microscopy

The samples and rivets were micrographed via confocal laser scanning microscopy
(LEXT OLS4100, Olympus) using a laser with a wavelength of 532 nm. Micrographs of
the craters on the samples’” surface were acquired with a magnification of 50x, whereas
20x magnification was used for the counter electrodes due to their curvature.

SEM micrographs of the electro-erosion craters on the samples were acquired using
an ICE detector and an acceleration voltage and beam current of 10 kV and 1.6 nA,
respectively (Thermo-Fisher Helios™ G4 PFIB CXe DualBeam™ FIB/SEM equipped
with an EDS detector EDAX Octane Elite Super). Furthermore, for a two-dimensional
chemical distribution analysis, EDS mappings were acquired using 10 kV. FIB milling
was carried out using Xe ions with an acceleration voltage of 30 kV and a beam current
of 1 pA. Subsequent ion polishing of the cross section was conducted using a beam

current of 0.2 uA, 60 nA, and 15 nA to minimize curtaining. An approximate volume of
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0.5 mm?® was removed. The cross section was micrographed using an ICE and TLD

detector, with an acceleration voltage and beam current of 5 kV and 1.6 nA, respectively.

Thermal simulations

Finite element method thermal simulations based on Fourier’s law of heat conduction
were carried out for each MMC and pure metal references using Flex-PDE software [19].
The heat input was obtained by linearly fitting the power curves of each electro-erosion
test reported in [14]. The energy from the electrical arc was assumed to be cylindrical,
with a radius of 50 um, encountering a 1 mm in radius and height cylindrical electrode
from the z-axis. All phase transitions were considered in the simulations by
incorporating the power per unit of volume involved solid-liquid and liquid-vapor
phase transitions, as described by Soldera et al. [20]. From the thermal simulations, the
dimensions of the molten and boiling fronts were determined, as well as the duration
of material melting and evaporation. The simulations were conducted under the
assumption that evaporated material left the system - i.e., there is no re-deposition
through condensation. Material properties (i.e., melting and boiling temperatures,
specific heat capacity, thermal conductivity, and density) were obtained from [1,21-26].
Due to the aleatory nature of the reinforcement phase’s distribution within the MMC,
the specific heat capacity and thermal conductivity for the MMC were determined using

the effective medium theory [27].

Raman spectroscopy

A Raman spectrometer (Horiba XploRA Plus) was used to evaluate the structural
integrity of the reinforcement phase prior to and after electro-erosion tests. The Raman
spectrometer was equipped with a 532 nm laser. The data was acquired using a grating
of 2400 lines mm™, a 100x objective, and a laser power of 2 mW, with a spectral
resolution of approximately 5.9 cm™. The acquisition time was determined for every
measurement using the auto-exposure tool, thus obtaining a better signal-to-noise ratio.
Within the same measurement, at least three repetitions were performed to reduce
sporadic external influences and to improve smoothness. Measurements were
conducted on at least three different CNT clusters within the crater and outside of the
crater, thereby obtaining statistically significant results. Prior to analyzing the data, the
spectra’s cosmic ray and background were removed using CrystalSleuth [28], and the
spectra intensities were normalized. The Raman peaks were subsequently fitted. The D-
and G’-bands were fitted using a Lorentz fitting. The (G+D’)-band was fitted using a
combined Lorentz-Voigt fitting, where the G-band was fitted using a Lorentzian curve
and the D’-band a Voigtian curve [29]. Due to the convolution of these two peaks, the
theoretical peak center values for graphite according to Ferrari and Robertson were
fixed [30] - ie., 1582 cm™ and 1620 cm® for the G- and D’-band, respectively.
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Subsequently, the fitted Raman spectra were analyzed by determining the G-band’s
Raman shift (position of the peak’s center), intensity and integral intensity ratios (i.e.,
the crystallinity and purity ratios: In/I, Ap/Ac, Ic/Ip, and Ac/Ab, respectively), and the
FWHM of the G-band.

RESULTS AND DISCUSSIONS

Electro-erosion crater morphology and topography

CLSM analysis of the craters after electro-erosion tests can provide insight into the
degree to which the electrodes have eroded and/or material was transferred, as well as
the modification of the electrodes” topography due to the electrical arc. The crater
average attributes determined via CLSM after a single break operation under a 200 W

ohmic load for the reference and MMC samples are shown in Table 1.

On average, the resulting crater area for the Ag/SnO: samples does not appear
significantly affected by tin-oxide concentration. Irrespective of the reinforcement’s
concentrations, silver tin-oxide samples exhibit a crater area of approximately
2 x 10* um?, whereas the silver-nickel sample presents a crater area of approximately
3 x10* um? The same trend is observed in the crater's surface area, and the
corresponding S-ratio — i.e., the relationship between the crater’s surface area (caused

by topographic features) and the projected area of the crater.

For the silver MMC, on the other hand, the crater’s attributes vary considerably
depending on the sample type. The pure silver and copper samples (i.e., Ag rod and
Ag 0%) and the Ag 3% sample exhibit the largest crater area, whereas the addition of
1 wt.% and 2 wt.% CNT reduces the projected area of the crater. Nonetheless, the

Table 1. Average crater attributes after a single break operation.

Sample Crater area (x10%) /um? Crater surface area (x10%) /pm? S-ratio
Ag/Ni 90/10 3.03+0.48 4.48+0.77 1.48 £0.03
Ag/Sn0:92/8 2.30+0.16 3.21+0.32 1.39 £ 0.05
Ag/Sn0290/10 2.54+0.29 3.47£0.50 1.36 £0.05
Ag/SnO: 88/12 2.30+0.33 3.14+0.38 1.37 £0.03
Ag rod 3.24+0.25 4.81+0.44 1.43 £0.04
Ag 0% 3.21+0.31 4.73 +0.42 1.47 £0.02
Ag1% 2.97 +0.44 5.18+0.72 1.75+£0.02
Ag 2% 2.85+0.42 5.22+0.80 1.83 £0.04
Ag3% 3.57+0.73 7.64+2.77 2.07£0.34
Cu rod 2.08 +0.32 2.61+0.35 1.26 £ 0.04
Cu 0% 2.72+0.25 3.51+0.30 1.29+£0.01
Cu 1% 2.41 +0.08 3.95+0.13 1.64 +£0.01
Cu 2% 2.33+0.39 4.06 +0.66 1.74 £0.02
Cu 3% 2.77 +0.45 5.27+0.76 1.91£0.03
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surface area of the craters (and consequently the S-ratio) in the reinforced samples does
not follow this same trend. The craters on the pure silver samples have the smallest
surface area. Contrarily, the craters on the reinforced silver samples exhibit an
increasing surface area as the CNT concentrations increases. The same behavior can be
observed for the pure copper sample and CNT-reinforced copper MMC. Although the
craters on the copper MMC are smaller than those on the silver MMC, the S-ratio values
are similar.

Zum Gahr developed a model to determine the materials” interaction during abrasive
wear [31-33]. The f» parameter (shown in Equation 1) is the ratio of volume removed
due to micro-cutting to the volume of the resulting groove. fu ranges from zero to one,
with the former indicating pure micro-plowing, whereas the latter indicates pure micro-
cutting. To further expand on the craters’” dimensionality, this model is analogously
used in this study. Accordingly, the volume above and below the datum line were
determined using CLSM and the analogous material removal factor was calculated
using Equation 1 - results shown in Table 2. It is important to note that this analogy is
not ideal, but rather an approximation to qualitatively appraise the crater resulting from
electro-erosion. Therefore, this methodology is subject to limitations, the primary being
that the values may fall outside of the theoretical bounds set by Zum Gahr. Since in this
case there is material that evaporates, melts, solidifies, and condensates, it is possible to
obtain negative fu values. Such cases imply one of two scenarios: 1) a considerable
amount of material was transferred from the counter electrode towards the electrode,

Table 2. Volume above and below the datum line and the analogous material removal factor (fu) for an electro-erosion
crater in the reference and MMC samples.

Sample Volume up (x10%) /ym? Volume down (x10%) /um? fov
Ag/Ni 90/10 1.89 1.53 -0.23
Ag/Sn0292/8 0.70 1.68 0.59
Ag/Sn0290/10 1.30 1.44 0.10
Ag/SnO: 88/12 1.00 1.73 0.42
Agrod 3.20 1.80 -0.78
Ag 0% 2.09 1.57 -0.33
Ag1% 1.78 1.97 0.10
Ag2% 1.46 221 0.34
Ag3% * 3.81 3.17 -0.20
Curod 1.11 1.19 0.06
Cu 0% 1.16 1.42 0.18
Cu1% 1.31 2.73 0.52
Cu 2% 1.37 1.52 0.10
Cu3%* 3.60 1.28 -1.81

* The values reported in this table are representative of three measured craters per sample. The variation between

individual volume measurements does not exceed 20%, except for the samples marked with an asterisk.

_ Vdown — Vup Equation 1

fab -

Vdown

344



thus increasing the volume above the datum line in relation to the volume below it, or
2) that the molten pool upon the rupturing of the molten bridge or after the arc is
extinguished rapidly solidifies, thereby significantly increasing the volume above the
datum line. Furthermore, a fa value of zero in this analogy implies pure fusion with no
or minimal material transfer, whereby the material below the datum line melted and
was displaced above the datum line. A value that approaches one, however, implies that
primarily evaporation took place, since the volume below is not present above the

datum line.

The material volumes measured above and below the datum line, shown in Table 2,
highlight the exceptional performance of the proposed materials. Apart from the 3 wt.%
samples, the proposed MMC perform similarly to the reference materials. Certain
samples exhibit deviations in the amount of displaced volume, however this due to the
heterogeneous CNT distribution [14-16]. Therefore, the degree to which volume is
displaced after electro-erosion will depend on the characteristics of the contact spot, i.e.,
amount and size of CNT clusters at the contacting site. The 3 wt.% samples not only
show the largest craters in terms of area (see Table 1), but these samples also exhibit the
largest volume displacement, with the Ag 3% sample presenting the highest volume
above and below the datum line. Although the Cu 3% sample also exhibits large
volumes above the datum line, the volume below falls within the range of the other
copper and reference samples, thereby producing a considerably negative fa. The higher
displaced volume of the samples containing higher CNT concentrations is likely due to
the improved thermal diffusivity of the composite, thereby rapidly re-solidifying and
preventing the molten material from flowing and forming a flat surface. Silver MMC
tend to present higher displaced volumes than the silver-based references and the
copper materials. This is a consequence of the lower viscosity of molten silver, compared
to that of copper and nickel [34]. Nonetheless, Ag 1% and Ag 2% samples exhibit
relatively good results compared to the other materials evaluated.

Different roughness parameters of the craters were determined via CLSM, namely:
the root mean square roughness S;, the maximum valley depth S. and peak height Sy,
the maximum height S:, and the skewness Ssk — shown in Table 3 [35]. Sq, Sy, Sz, and S«
are particularly interesting since they provide further insight into the geometry of the
resulting crater after the electrical arc. The first three parameters express the overall
height modification of the surface, whereas the latter represents the degree to which the
asperities skew in reference to the datum line [35]. A positive S« value indicates that the
surface presents few very high peaks with many shallow valleys, whereas a negative
value indicates the inverse scenario. An Ss value that approaches zero implies a

symmetrical distribution of peak heights and valley depths.
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Table 3. Average topographic parameters of a crater after a single break operation.

Sample Sq lum So /um Sp lum Sz lum Ssk
Ag/Ni90/10 112 +0.12 12.21 +4.51 10.64 +2.31 22.85+6.78 0.27 £0.27
Ag/Sn0:292/8 0.68 £0.08 8.11+1.38 9.75+2.39 17.86 + 3.00 1.27 +1.04
Ag/Sn02 90/10 0.65+0.08 5.44 +0.62 7.36+1.28 12.80 + 1.80 0.72+0.44
Ag/SnO: 88/12 0.62 +0.04 6.25 +1.31 7.73+1.89 13.97 + 3.05 0.66 +0.46
Agrod 0.99 +0.04 6.56 +0.26 7.31+1.70 13.87 +1.55 0.13+0.03
Ag 0% 0.96 +0.07 7.99+1.43 6.26 £ 0.15 14.24 +1.44 -0.10+0.26
Ag1% 0.98 +0.09 8.59 +0.37 8.52+0.35 17.11+0.61 0.62+0.12
Ag 2% 0.99 +0.09 8.14 + 0.91 9.50+0.43 17.64 £ 0.51 1.21+0.34
Ag 3% 1.32+0.29 9.17+1.10 11.95+3.76 21.12 +4.58 0.64 £0.57
Curod 0.65+0.05 6.56+1.13 596 £1.25 12.51+1.91 0.39+£0.09
Cu 0% 0.75+0.03 8.76 + 1.84 5.29+0.33 14.05+1.91 0.08 £0.20
Cu 1% 1.05+0.04 8.39 £1.01 8.83 +£0.99 17.22+0.85 0.73+0.20
Cu 2% 0.97 +0.06 7.96 +0.53 8.39+0.94 16.35 £ 1.46 0.35+0.44
Cu 3% 1.27£0.02 9.27+0.98 10.77 £1.31 20.05+1.72 0.59 +0.35

The topographic parameters presented in Table 3 showcase the surface modification
endured by the electrodes after a single break operation. The root mean square
roughness show that the arc on the silver samples results in the highest roughness.
Although the S; in the copper samples are also higher than the reference samples, these
parameters do not increase as significantly as in the silver samples. However,
comparing the pure metal samples with their reinforced counterparts, the increased
roughness is not as significant for samples reinforced with up to 2 wt.% CNT. Higher
CNT concentrations (i.e., 3 wt.%) bring about a significantly higher roughness. This
increased roughness is due to the higher degree to which molten material is displaced
and re-solidifies — see Table 2. The Sy, Sy and S: roughness parameters show a similar
trend, with reinforcement concentrations of 3 wt.% showing the highest peaks and
deepest valleys — excluding the Ag/Ni 90/10 sample which shows the largest values
among the samples herein considered. Moreover, the S« parameter indicates that all
samples exhibit skewed topographic features. In other words, the craters present
numerous shallow peaks, with few high peaks. Nevertheless, as previously shown in
Table 2, the volume displaced above is generally lower than the volume displaced
below the datum line. The pure sintered samples are the exception, exhibiting a
relatively symmetrical crater. Although most of the samples tend towards a positive
topographic skew, the copper-based electrodes exhibit the lowest values, implying a
relatively symmetrical crater. This observation for the copper-based electrodes
correlates with the values presented in Table 2.

Relays, contactors, and other switching components are subjected to numerous make
and break operations. As a result, the contacting surfaces are constantly being modified
due to the topographic changes generated by the electrical arc. Therefore, the
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morphology of the resulting crater after the break operation is of particular interest since
this enables the prediction of the contact physics for the subsequent make operation.
Accordingly, the Abbott-Firestone curves and the corresponding parameters were
determined to gather information on the peak and valley distribution to complement
the topographic parameters shown in Table 3 [36-38]. Exemplary Abbott-Firestone
curves for all the materials herein evaluated are shown in Supplementary Figure 1.
Topographic information of the samples’ surface after electro-erosion is further
presented in Supplementary Figure 2, Supplementary Figure 3, and Supplementary
Figure 4. These figures depict a three-dimensional view of the crater’s morphology of
all samples and counter electrodes, as well as the height distribution of each sample’s
crater.

The Abbott-Firestone parameters corresponding to the curves from Supplementary
Figure 1 are shown in Table 4. As can be seen, the core roughness depth - i.e., load
bearing volume, Rk — of the MMC tends to be higher than that of the reference materials,
with certain exceptions. For example, the core roughness depth of the copper rod is the
lowest among the evaluated craters. Observing the reduced peak height (Rp) and
reduced valley depth (R«) for the crater and recalling the roughness parameters from
Table 3, it is clear that the energy input did not produce significant topographic changes
in this reference material. This sample also presents the lowest higher material ratio
(M) and lower material ratio (M:2). These parameters represent the amount of material
above (asperities) the core material and the amount of material below (valleys) the core
material, respectively [37,39,40]. For the example of the high-purity copper, after the
electro-erosion test, this sample exhibits only 15.1% material above the load bearing
Table 4. Exemplary Abbott-Firestone parameters for reference, silver, and copper samples after a single break

operation. Note that Rk, Rpk, and Ru do not have a unit since these values were normalized in order to compare the
values between different materials.

Sample R« Ryx Rok M /% M:2 /%
Ag/Ni 90/10 1.6 67.9 5.7 20.2 80.3
Ag/Sn0292/8 1.6 124 9.1 18.9 79.4
Ag/Sn0290/10 2.5 14.0 12.2 23.2 78.3
Ag/SnO- 88/12 1.9 144 10.1 19.7 77.2
Ag rod 3.8 15.0 114 23.3 76.9
Ag 0% 2.1 11.9 9.4 23.4 76.4
Ag 1% 2.3 134 7.9 18.8 74.1
Ag 2% 2.7 12.5 7.0 18.5 73.5
Ag 3% 6.5 11.3 9.3 241 82.5
Cu rod 0.9 12.4 8.0 15.1 79.3
Cu 0% 2.0 10.4 11.4 24.6 81.9
Cu 1% 2.2 14.5 10.3 20.5 76.6
Cu 2% 1.5 13.0 10.4 19.8 80.2
Cu 3% 6.9 15.8 10.6 19.8 80.0
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volume, the lowest amount among all the samples herein analyzed. The M, on the
other hand, is similar to that of the other samples. The Abbott-Firestone parameters
validate the roughness parameters presented in Table 3. The resulting surfaces after a
single break operation of the proposed MMC are similar to that of the reference silver-
based materials. Therefore, the incorporation of CNT into the silver and copper matrices
does not significantly change the resulting surface in comparison to the reference
materials. Therefore, the load-bearing capacity of the proposed electrodes should
perform similarly to the reference materials in subsequent make and break operations.

SEM micrographs and the corresponding EDS mappings of the craters after a break
operation were acquired. An SEM micrograph and EDS map of an electro-erosion crater
for the reference samples, Ag rod, Ag 0%, Ag 3%, Cu rod, Cu 0%, and Cu 3% are shown
in Figure 1, whereas a crater for the remaining samples are shown in Supplementary
Figure 5. Magnified micrographs of the electro-erosion craters as well as carbon-gold
EDS map overlays are shown in Supplementary Figure 6, Supplementary Figure 7, and
Supplementary Figure 8.

The shape, size, amount of material transfer, and morphology of the resolidified
metal on the reference materials (Figure 1a, b, ¢, and d) are similar. In general, the
craters have a noncircular shape, suggesting arc motion. All reference samples show a
considerable amount of material transferred from the counter electrode towards the
sample electrodes, as indicated by the large surfaces where gold signal was detected in
the EDS maps. Particularly in the Ag/SnO: samples, lower tin oxide content presented
larger areas with deposited gold. Interestingly, the gold signals are not centered within
the crater, but rather surrounding the severely eroded regions. Based on the SEM
micrographs and EDS maps, it can be hypothesized that the areas with stronger gold
signals are the regions where the arc was ignited. As the arc ignites, the temperature
quickly rises, leading to the melting of the metals. The silver-based samples melt before
the hard-gold coated counter electrode, whereas in copper-based samples the gold
counter electrode melts before the matrix. Therefore, it can be hypothesized that after
the ignition of the arc, gold is no longer deposited, and the samples are eroded by ion
and electron bombardment. This would explain why the gold signals in the EDS
mappings are found primarily surrounding the crater rather than within the crater. This
hypothesis can, in part, be validated by observing the protruding gold signals (relative
to the center of the craters) highlighted by the black arrows in the Ag/Ni 90/10 and
Ag/5n02 92/8 samples (Figure 1a and b). In these samples, high-speed camera footage
and the I-V and power curves prove the presence of unstable arcing [14]. Consequently,
multiple small electrical arcs ignited on the surface, thereby producing multiple rather

than a single protrusion.
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Figure 1. i) SEM micrograph and ii) EDS map of a) Ag/Ni 90/10, b) Ag/SnO292/8, ¢) Ag/SnO2 90/10, d) Ag/SnO- 88/12,
e) Ag rod, f) Ag 0%, g) Ag 3%, h) Cu rod, i) Cu 0%, and j) Cu 3%. The black arrows highlight potential multiple arc
ignition sites. Black regions within the crater in the EDS maps are areas where no signal was detected due to
shadowing effects as a result of the crater’s topography.

As is the case with the reference materials, the high-purity silver (rod) sample and

the unreinforced, sintered silver sample (Ag 0%) show considerable gold transfer
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(Figure 1e and f). The transferred material is primarily located on one side of the crater,
with minimal gold intensity scattered within the crater. The reinforced sample
(Figure 1g), on the other hand, presents a more uniform gold deposition within the
crater. Since the Ag 0% and Ag 3% sample present similar hardness values, it can be
assumed that both have similar contact areas once the normal load was established.
Therefore, the more uniform transfer of material may be caused by the ignition of a
wider arc in the initial instances of the break operation. It is reasonable to assume that
a wider arc ignites in the reinforced sample due to the elasticity of the reinforcement
phase, which remain in electrical contact with the counter electrode as the rivet recedes
and the CNT restitute to their original position. Moreover, the EDS map in Figure 1g-ii
showcases the presence of large CNT clusters throughout the crater, whereas the
surrounding regions present significantly smaller CNT agglomeration. As the
electrode’s material melts during arcing, the CNT on the surface of the electrode re-
agglomerate and tend to move towards the surface of the electrode on account of the
density difference between the molten metal and the reinforcement phase (10.49 and
1.92 g/cm? for silver and pristine multiwalled CNT herein utilized, respectively [1,41]),
analogous to flocculation in colloids.

The high mobility of the arc is easily verified by observing the electro-erosion crater
of the high-purity (rod) copper sample (Figure 1h). On this sample, the arc was ignited
on the bottom right of the micrograph, where high intensities of gold were detected, and
as the gap grew the arc moved upwards and towards the left side of the micrograph.
Furthermore, the varying size of the crater indicates that as the arc moved it also
widened. The unreinforced sintered copper sample (Figure 1i) experienced more
material transfer compared to the high-purity copper sample. Considerable amounts of
gold were detected surrounding the electro-erosion crater. However, the size and shape
of the crater suggests that the arc did not move as much as in the Cu rod sample. The
crater of the Cu 3% (Figure 1j) sample presents the lowest gold intensities among the
copper samples. As was observed in the Ag 3%, larger CNT clusters are observed within
the crater. However, in this case the degree to which CNT re-agglomerate is not as
significant since the reinforcement phase distribution prior to arc is more heterogeneous
[14,16]. Moreover, the SEM micrographs of both reinforced samples (Figure 1g and j)
illustrate the increased topographic features generated due to arcing — as previously
described in Table 3 and Table 4.

A FIB cross section was conducted on the electro-erosion crater of a silver and a
copper MMC to observe the buckling of the surface beneath the re-solidified and re-
deposited material following the break operation. In addition, the cross sections
facilitate a depth-resolved visualization of the state of the reinforcement phase beneath

the crater. The micrographs corresponding to the cross sections conducted on the Ag
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2% and Cu 2% samples are shown in Figure 2. As illustrated in the micrograph and inset
(Figure 2a), the silver MMC sample exhibit minimal buckling beneath the electro-
erosion crater. A slight depression in the surface’s datum line was discerned in the
vicinity of the crater’s center, yet the surrounding regions of the cross section exhibited
no indications of alterations — as previously described by the S« parameters (Table 3).
Upon examination of the magnified micrograph of the Ag 2% sample (Figure 2b), it can
be observed through the presence of CNT on the crater surface — highlighted by the
violet arrows — that the reinforcement phase endured the electrical arc. It can thus be
inferred that subsequent make and break operations will yield comparable electrical
performance and arc behavior as in the first break operation given the presence of CNT
on the contacting site [14]. Unaffected clusters of CNT are observed beneath the crater,
as indicated by the orange arrows in Figure 2b. In comparison to the CNT situated on
the surface, the clusters beneath the crater exhibit a higher contrast with the matrix,
whereas the superficial CNT are a light shade of gray. The alteration in contrast may
suggest a degree of amorphization resulting from the electrical arc, which reduces the
conductivity of the CNT, thereby changing the contrast in the SEM micrograph.
Furthermore, the deposition of small-scale metallic droplets originating from the
formation of metallic vapor upon the explosion of the molten bridges could also favor a

lighter shade of gray for the CNT situated on the surface of the MMC. The cross section

Figure 2. a) FIB cross section and b) magnified micrograph of the cross section near the surface of the Ag 2% sample.
) FIB cross section and d) magnified micrograph of the cross section near the surface of the Cu 2% sample. The green
squares show the region of interest in the cross section, whereas the cyan dashed squares highlight a magnified region
near the surface beneath the crater. The violet arrows indicate carbon content on the surface of the crater, the orange
arrows show unaffected CNT beneath the crater, and the yellow arrows point out voids within the MMC. The green
dashed circles highlight metallic vapor re-deposition on the reinforcement phase.
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not only exhibits small-scale droplets, but also demonstrates that larger metallic
droplets were deposited on the reinforcement phase, as indicated by the dashed green
circles and shown in Supplementary Figure 9a. These droplets are pervasively found
re-deposited throughout the surface of the crater, coating the re-solidified metal and the
CNT on the surface - as indicated by the red arrows in Supplementary Figure 9a.
Moreover, the yellow arrows in Figure 2b highlight the presence of pores within the
silver MMC. Nonetheless, these pores are not devoid of material. The perimeter of the
highlighted voids has adhered CNT, whereas the void on the right has a CNT extending
radially from one end of the void to another.

Contrarily to what was observed in the silver MMC, the copper MMC (Figure 2c)
does not present significant amounts of CNT on the surface of the crater. The silver
MMC exhibits a thin, yet pervasive layer of CNT uniformly distributed across its
surface, creating an even and consistent coverage. In contrast, the copper MMC
demonstrates minimal presence of CNT, with the nanotubes appearing in clustered
formations due to their agglomeration. The stark difference in distribution highlights
the superior dispersal of CNT on the silver matrix compared to the copper [14], where
the tendency of CNT to agglomerate has led to uneven and sparse coverage. The cross
section of the copper MMC also demonstrates the increased buckling present in this
metallic matrix. The depression of the surface below the datum is higher than in silver,
showing a particularly higher depression at the center of the crater. Nonetheless, the
region with the highest depression coincides with a CNT cluster which could further
promote buckling of the surface — although there is a thin layer of copper between the
surface of the crater and the CNT cluster. Recalling S: the values for copper samples
from Table 3, these samples presented, on average, the most symmetrical craters’
topographies. Therefore, a further explanation for the depression in the FIB cross section
may be that material transfer —i.e., re-deposition of metallic vapor — is more significant
in topographic maxima on the copper electrodes. Nonetheless, since FIB is a highly
localized technique, the more significant depression at the center of this crater may not
be fully representative of all copper-based samples due to the presence of the
aforementioned CNT cluster close to the surface of the crater.

The magnified micrograph of the Cu 2% sample’s cross section (Figure 2d) highlights
the presence of voids, voids encompassing CNT (yellow arrows), and the presence of
large CNT bundles beneath the electro-erosion crater (orange arrows). The magnified
micrographs in Figure 2d and Supplementary Figure 9b highlight the absence of
condensation droplets at the interface originating from the metallic vapor after the
explosion of the molten bridge. Nonetheless, as the red arrows in Supplementary
Figure 9b demonstrate, the surface of the crater shows an undulating surface, likely

caused by re-deposition; however, droplets were not discernible on the cross section as
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was the case with the silver sample. Moreover, the violet arrows in Supplementary
Figure 9b highlight the presence of CNT within open porosities on the crater’s surface.

Moreover, FIB cross sections of the electro-erosion craters for the sintered reference
samples (i.e., Ag 0% and Cu 0%), as well as the 1 wt.% and 3 wt.% silver and copper
MMC are shown in Supplementary Figure 10.

Thermal simulations

The results emphasize the exceptional performance of the proposed MMC. The
radius of the melting front (Figure 3a and b) highlights the fact that the addition of the
reinforcement phase, as well as the increment in its concentration, does not imply a
wider melting front. Irrespective of CNT content, the melting front has a radius of
approximately 49 um and 46 um for silver and copper matrices, respectively. Likewise,
the depth of the melting front does not appear to be significantly affected, with silver
and copper matrices showing average melting front depths of approximately 20 um and
14 pm, respectively. The heat affected zone obtained in the thermal simulations is in
agreement with those observed in the FIB cross sections presented in Figure 2.
Furthermore, the results from the thermal simulations validate the hypothesis that the

higher degree of buckling observed in the cross section of the copper MMC is due to the
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presence of the CNT cluster, as opposed to increased re-deposition and/or material
transfer at the topographic maxima.

Interestingly, the copper-based materials did not experience material evaporation
since the temperature did not exceed its boiling temperature. Based on the results from
the thermal simulations, the copper electrodes did not exceed 2600 K. This result from
the simulation justifies why the copper samples exhibit the most symmetrical
topographic features, presenting Ssk values that approach zero (Table 3). Furthermore,
the lack of small-scale metallic droplets observed in the FIB cross section (Figure 2c and
d) is validated by the thermal simulations, which highlight the fact that the electrical arc
did not exceed the boiling temperature of copper. The silver electrodes, on the other
hand, reached maximum temperatures of 2550 K, exceeding the boiling temperature of
silver by over 100 K. A notable outlier is the high-purity silver sample (i.e., Ag rod),
which did not reach the boiling temperature and therefore did not exhibit a melting
front. The lower temperature of the Ag rod electrode is due to the instability of the
electrical arc (refer to the power curves in [14]). Moreover, the maximum temperatures
reached during arcing are insufficient to sublimate the reinforcement phase, falling well
below the boiling temperature of CNT.

As observed for the melting front, the depth of the boiling front does not show
discernible changes irrespective of CNT content, exhibiting an average depth of 1 um.
Conversely, the width of the boiling front does change, increasing in radius as the CNT
concentration increases. The sintered, unreinforced silver sample (i.e., Ag 0%) exhibits
an approximate boiling front radius of 10 um, whereas the Ag 3% samples 24 um. The
higher amounts of material evaporation justify the higher volumes below the datum
line of the craters shown in Table 2.

The duration of the metallic molten pools and the duration of silver evaporation are
shown in Figure 3c and d. Both metallic matrices show the same trend, a slight increase
in molten pool duration between the high purity reference and the sintered reference.
As the concentration of the reinforcement phase increases, a noticeable reduction in
molten pool duration is observed. Incorporating 1 wt.% of CNT does not produce
significant reductions, however 2 wt.% and 3 wt.% CNT content incurs faster re-
solidification of the molten pool due to the increased thermal diffusivity of the electrode.
The faster re-solidification process observed in the thermal simulations can be verified
with the CLSM measurements (Table 2 and Table 3). The samples that re-solidify faster
are the samples that present the highest S, and highest volume displaced above the
datum line. As the width of the boiling front increases for higher CNT concentrations,
there is a clear trend towards longer evaporations times. This is due to the fact that the

electrical arcs generated are more stable, which does not allow the temperature of the
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electrode to reduce below its boiling temperature between unstable arcs — refer to I-V

and power curves in [14].

CNT structural characterization

Raman spectroscopy was carried out after electro-erosion tests on the CNT within the
crater to evaluate the structural damage that the reinforcement phase might have
sustained due to arcing. The Raman spectrum of CNT in unaffected areas were also
obtained, as well as the spectrum of pristine CNT as reference — shown in
Supplementary Figure 11 and Supplementary Figure 12.

The Raman spectrum of pristine CNT features their characteristic D-, G-, D’, and G’-
bands. The D-band, usually observed at a Raman shift of 1350 cm, corresponds to the
Aig symmetry breathing mode [30,42]. This mode only becomes active in the presence
of defects in the carbon structure. The (G+D’)-band is the result of the convolution of
the G- and D’-bands. This convoluted peak is a prominent feature in the Raman
spectrum of CNT [43]. The G-band, observed at a Raman shift of 1581 cm, is associated
with the Ez; phonon mode [30]. In pristine CNT, the (G+D’)-band shows a distinct
shoulder at higher wavenumbers due to the defect-induced double resonance, leading
to the D’-band appearing between 1617 cm™ and 1625 cm™. Like the D-band, the D’-band
is activated by crystalline defects and its increment represents the transition from a
monocrystalline to a polycrystalline state. The dispersive G’-band appears around
2700 cm™ and arises from a second-order scattering process. As an overtone of the D-
band, the G’-band indicates long-range order and fades with increasing degradation or
amorphization [44].

The G-band is a non-dispersive peak [30]; consequently, its position does not depend
on the excitation energy of the laser used for Raman spectroscopy. Accordingly, Ferrari
and Robertson proposed a way of identifying the level of degradation in carbon by
tracing the defect ratio (Io/Ic) and the position of the G-band [30]. A three-stage
phenomenological model for the amorphization of graphitic carbon was developed,
where the first stage comprises the transition from graphite to nanocrystalline graphite.
Within this stage, the G-band’s position moves between 1581 cm™ to 1600 cm™. The G-
band position of the pristine CNT and of CNT clusters outside and inside the electro-
erosion craters are shown in Figure 4a. As the plots present, there is a slight upshift in
wavenumber comparing the state of the CNT clusters outside and inside the craters. The
upshift is related to the appearance and development of the D’-band at approximately
1620 cm™. Nonetheless, the upshift is marginal, with the Raman shift values remaining
within the theoretical range, highlighted by the shaded area. Therefore, the position of
the G-band indicates that the sp? graphitic carbon structure remains without reaching
the amorphization state (stage 3). However, the upshift suggests a slight tendency

towards a nanocrystalline graphitic carbon structure — which corresponds to stage 2 in
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Figure 4. a) Raman shift and FWHM of the G-band (xG and wG), b) defect and ¢) purity indeces of pristine CNT,
CNT outside, and CNT inside the electro-erosion crater of silver (left) and copper (right) MMC. The shaded region
in a) highlights the theoretical position of the G-band of disordeded graphite, as reported by Ferrari and Robertson
[30], whereas the dashed arrow emphasized the widening of the G-band after electro-erosion tests. Note: the intensity
and integral intensity defect ratio inside the crater in Ag 3% are identical (i.e., 0.3 +0.1).
the amorphization trajectory. Moreover, comparing the Raman shift of the G-band (xG)
measured outside of the electro-erosion craters with those of the pristine CNT
demonstrates that the manufacturing process of the MMC does not affect the sp?
graphitic structure of the CNT.

The full width at half maximum (FWHM) of the G-band is of interest since the width
of this band provides insight into the structural integrity of the CNT. Raman
spectroscopy is a harmonic oscillator system based on the inelastic scattering of photons

(anti-Stokes scattering), thus considering the graphitic structure of the CNT as a
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harmonic resonator, structural defects (such as a missing carbon atom) will affect the
oscillation half-time of the graphitic structure. Therefore, a narrower G-band (low
energy and longer oscillation times according to the uncertainty principle) indicates
higher crystallinity of the CNT [45]. Conversely, a wider G-band (higher energy and
shorter oscillation times) suggests that increased crystallographic defects are present in
the CNT's structure. The FWHM of the G-band (shown in Figure 4a) suggests increased
defects in the CNT after electro-erosion tests, evidenced by the broadening of the peak,
which could be caused by the adsorption of oxygen atoms during electro-erosion tests.

Both defect ratios (i.e., intensity and integral intensity) for the pristine CNT and all
MMC are shown in Figure 4b. As previously suggested by the position of the G-band,
the defect ratios confirm that the sintering process did not significantly affect the
structural integrity of the CNT, since all values are very close to that of the pristine state.
Interestingly, the CNT that were exposed to the electrical spark (inside the crater) show
marginal increase in their Io/Ic indices, being the highest values observed for the silver-
based MMC. The most likely degradation processes undergone by the CNT are
amorphization and oxidation, since the energy input is meaningful [46]. Since the
experiments were carried out under uncontrolled environment (i.e., atmospheric
conditions), oxygen is readily available in the vicinity of the molten pool. This
adsorption of oxygen by the CNT in the silver-based MMC is likely the cause of the
lighter contrast of superficial CNT in the SEM micrographs from Figure 2a and b. As
opposed to silver, copper is able to intake the available oxygen, which might explain
why the In/Ic ratio does not significantly increase for the copper MMC, whereas for the
silver, it is higher than the pristine state. This hypothesis is further verified by the
appearance of a peak in the Raman spectra acquired inside the crater for the copper
MMC (highlighted by the orange arrow in Supplementary Figure 12). Based on the
Raman shift of this peak (approximately 620-630 cm™), it is likely that CuO and/or Cu2O
is formed inside the crater [47,48]. EDS maps focusing on large CNT clusters both inside
and outside of the crater were acquired for both metallic matrices, however, no
discernible difference was observed in the oxidative state of the CNT or surrounding
matrix — SEM micrograph and EDS map of CNT clusters inside and outside of the
electro-erosion crater in the Ag 3% and Cu 3% samples are shown in Supplementary
Figure 13 and Supplementary Figure 14, respectively.

The integral intensity defect ratio encompasses all types of defects, whereas the
intensity defect ratio does not. Consequently, the Apo/Ac in each measurement spot are
higher than the Iv/Ic. Comparing the integral intensity defect ratio of the pristine CNT
with those of the CNT clusters outside of the electro-erosion crater shows that the
sintering process does not cause any previously unaccounted type of damage onto the

structure of the CNT, since the same trend as with the intensity defect ratio is observed.
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Focusing on the defect state of the CNT outside and inside the craters, the Ao/Ac shows
similar damage after arcing irrespective of the metallic matrix. However, this is not the
case for the Ip/Ic, where the ratio increases in silver matrices and remains constant in
copper matrices. As previously discussed, the constant intensity defect ratio observed
for copper matrices is due to the oxidation of the matrix rather than the reinforcement
phase. Therefore, Iv/Ic is more sensitive to oxidation than Ap/Ac.

The purity of the multi-walled CNT can be assessed by determining the intensity and
integral intensity of the G’- and D-bands (I¢/Ip and Ac/Abp), as proposed by DiLeo et al.
[44,49,50]. The purity indices for pristine CNT and CNT clusters outside and inside the
electro-erosion crater are shown in Figure 4c. The purity indices in the silver-based
MMC do not show any noteworthy difference between the pristine state and the state
outside the crater. In the copper-based MMC, on the other hand, a marginal
improvement in the purity indices is observed. Therefore, the purity indices
demonstrate that the manufacturing process does not affect the purity of the
reinforcement phase. On the other hand, the purity drops markedly within the craters

for all the studied composites due to the arc’s energy input.

Conclusions

The electro-erosion crater resulting from a single break operation under 200 W ohmic
load was thoroughly characterized, comparing the resulting crater of standard
switching materials and pure metals with those of CNT-reinforced silver and copper
MMC. The area and displaced volume of the proposed MMC does not significantly
differ from the values observed for the reference material. Silver and copper MMC with
up to 2wt.% CNT exhibit craters with similar dimensions and displaced material
volumes, whereas MMC containing 3 wt.% CNT resulted in larger electro-erosion
craters and higher amounts of displaced material volumes. This, in turn, affected the
roughness and load-bearing capacity of the MMC. CNT content below 3 wt.% resulted
in roughness values similar to that of the reference materials, whereas the samples with
3 wt.% CNT exhibited higher roughness and a higher proportion of material above the
core load-bearing volume — particularly in the Ag 3% sample.

The dimensionality of the crater in the reinforced samples tends to be more circular,
highlighting the lower mobility of the arc. The CNT content also promotes a more
uniform transfer of gold from the counter electrode, likely as a result of a wider arc on
account of the heterogeneous distribution of the reinforcement phase. After the arc was
extinguished, CNT agglomerates within the craters are larger than those outside —
particularly in copper matrices. This is due to the tendency towards CNT re-
agglomerations upon melting the matrix, as well as due to the difference in matrix and

reinforcement phase density.
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Finite element method thermal simulations proved that the temperatures reached for
the copper electrode were not sufficient to evaporate the metallic matrix, as well as being
far below the sublimation temperature of CNT. The sintered silver samples, on the other
hand, did surpass the boiling temperature of the matrix, thus leading to material
evaporation. Irrespective of CNT content, the dimensions of the melting front remained
relatively constant throughout all samples. Moreover, CNT contents above 1 wt.%
significantly reduced the duration of the molten pool to approximately 50% the duration
of the unreinforced samples.

Raman spectroscopy revealed that the MMC manufacturing process did not affect
the structural integrity nor the purity of the reinforcement phase. Although the arc’s
energy input did affect crystallinity and purity of the CNT, the damage sustained by the
CNT was not enough to degrade the CNT into amorphous carbon.

Therefore, the use of CNT as reinforcement phase in silver- and copper-based MMC
shows promising results for switching applications. The incorporation of the
reinforcement phase results in a material that performs similarly to reference and
standard switching materials. Nonetheless, the proposed MMC require fewer amounts
of metallic powders, thereby reducing material demand, weight, and costs. These MMC
can be manufactured in a straightforward, easily scalable, cost-effective, and standard
method, with the capability of producing near-net-shape electrodes.

Based on the findings from this work, CNT concentrations of up to 2 wt.% result in
optimal switching performance in silver- and copper-based MMC. Increasing the
concentration of the reinforcement phase impacts the roughness of the crater and the
displaced material volume after a single break operation; thus, potentially accelerating
the electrode’s erosion — as previous studies have reported for graphite-containing
electrodes. This was further ratified by the thermal simulations, where silver-based
MMC exhibited a larger boiling front despite the constant melting front and shorter

duration of the molten pool.
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Supplementary Figure 1. Exemplary bearing area curves after arcing for a) the reference, b) the silver, and c) the

copper samples.
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Supplementary Figure 2. i) Height distribution, ii) 3D scan of the sample, and iii) of the counter electrode for a)

Ag/Ni 90/10, b) Ag/SnO292/8, ¢) Ag/Sn0O2 90/10, and d) Ag/SnO2 88/12.
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Supplementary Figure 3. i) Height distribution, ii) 3D scan of the sample, and iii) of the counter electrode for a) Ag
rod, b) Ag 0%, ¢) Ag 1%, d) Ag 2%, and e) Ag 3%.
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Supplementary Figure 4. i) Height distribution, ii) 3D scan of the sample, and iii) of the counter electrode for a) Cu
rod, b) Cu 0%, ¢) Cu 1%, d) Cu 2%, and e) Cu 3%.

365



L 5

Supplementary Figure 5. SEM micrograph (left) and EDS map (right) of a) Ag 1%, b) Ag 2%, ¢) Cu 1%, and d) Cu
2%. The encircled carbon in the EDS map and corresponding region in the SEM micrograph in subfigure a) originates
from external contaminants rather than from the reinforcement phase. Black regions within the crater in the EDS
maps are areas where no signal was detected due to shadowing effects as a result of the crater’s topography.
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Supplementary Figure 6. i) Magnified SEM micrograph at the center and ii) on a feature of the crater. iii) EDS map

overlay of gold (yellow) and carbon (blue) signals of a) Ag/Ni 90/10, b) Ag/SnO2 92/8, ¢) Ag/SnO:2 90/10, and d)
Ag/SnO: 88/12.
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Supplementary Figure 7. i) Magnified SEM micrograph at the center and ii) on a feature of the crater. iii) EDS map
overlay of gold (yellow) and carbon (blue) signals of a) Ag rod, b) Ag 0%, ¢) Ag 1%, d) Ag 2%, and e) Ag 3%.
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Supplementary Figure 8. i) Magnified SEM micrograph at the center and ii) on a feature of the crater. iii) EDS map
overlay of gold (yellow) and carbon (blue) signals of a) Cu rod, b) Cu 0%, ¢) Cu 1%, d) Cu 2%, and e) Cu 3%.
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Supplementary Figure 9. Magnified view of the FIB cross section highlighting the condensation of metallic droplets
on the reinforcement phase of a) Ag 2% and b) Cu 2%. The dashed cyan square indicates the magnified region of
interest. The dashed green circles highlight the deposited metallic droplets on the CNT, whereas the red arrows
emphasize the condensation of the droplets on the surface of the crater and the violet arrows indicate CNT on the

surface of the crater.
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Supplementary Figure 10. Micrographs of FIB cross sections of a) Ag 0%, b) Cu 0%, ¢) Ag 1%, d) Cu 1%, e) Ag 3%,
and f) Cu 3%. The violet arrows indicate carbon content on the surface of the crater, the orange arrows show
unaffected CNT beneath the crater, and the yellow arrows point out voids within the MMC. The green dashed circles

highlight metallic vapor re-deposition on the reinforcement phase.
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Supplementary Figure 11. Raman spectra of pristine CNT and silver-based MMC. The spectra on the left correspond

to CNT clusters outside of the electro-erosion crater (i.e., unaffected by the electrical arc), whereas the spectra on the
right correspond to CNT clusters inside of the electro-erosion crater.

372



1.0 G+D'
D
%‘ 06
= 5
5 E 0.6 G'
2 |
O N
C G 04-
= E
0 o
‘= Z o0z
0.0 4
600 9(‘)0 12‘00 1 5‘00 1 5‘00 2'\‘00 24‘00 27‘00 3000
Outside the crater Raman shift /om" Inside the crater
1.04 G+D' 104 G+Dr

o

%

1
W)

Cu 1%
Normalized Intensity
g @

o
o
L

0.0+

T T T T T T T r T T T T T T T
600 900 1200 1500 1800 2100 2400 2700 3000 600 900 1200 1500 1800 2100 2400 2700 3000

Raman shift /cm™! Raman shift /cm™’
1.0 104
£ 084 0.8
2
o
O £ o064 0.6 1
>~ o
AN g
S5 © 0.44 0.4 4
O£
o
Z 0.2 0.2 4 /
0.04 0.0

T T T T T T T T T T T T T T 1
600 900 1200 1500 1800 2100 2400 2700 3000 600 900 1200 1500 1800 2100 2400 2700 3000

Raman shift /cm™ Raman shift /cm-

0.8

o
e}
I

Cu 3%
Normalized Intensity

o o o o

e s T <

0.6
0.4
0.2 4 /

0.0 _WJ
960 1 2‘00 1 5‘00 1 BIDO 2 160 24‘00 27:30 3000 600 960 1 2‘00 1 5‘00 1 BIDO 21‘00 24‘00 27"00 3000

Raman shift /cm™’ Raman shift /cm™?

@
(=3
o

Supplementary Figure 12. Raman spectra of pristine CNT and copper-based MMC. The spectra on the left
correspond to CNT clusters outside of the electro-erosion crater (i.e., unaffected by the electrical arc), whereas the
spectra on the right correspond to CNT clusters inside of the electro-erosion crater. The arrow indicates the peak
corresponding to possible copper oxides formed due to the electrical arc.
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Supplementary Flgure 13. a) SEM micrograph and b) EDS map of CNT clusters inside and ¢) and d) outside of the
electro-erosion crater in the Ag 3% sample
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Supplementary Figure 14 a) SEM mlcrograph and b) EDS map of CNT clusters inside and ¢) and d) outside of the
electro-erosion crater in the Cu 3% sample.
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Abstract:

This work proposes and optimizes the sintering process to produce hybrid metal matrix
composites (HMMC) electrodes with optimal performance while minimizing the required energy
input and production times. Four sets of carbon nanotube (CNT)-reinforced HMMC were
manufactured via powder metallurgy and sintered via hot uniaxial pressing, techniques which
are easily scalable and produce near-net shape components. The sintering temperature and time
were optimized using relative density to determine if the parameters were satisfactory. Following
sintering, metallographic cross sections of the HMMC (i.e., Ag/Cu, Ag/Cu+CNT, Ag+CNT/Cu,
and Ag+CNT/Cu+CNT) were prepared and characterized via confocal laser and scanning
electron microscopy. A qualitative assessment of the elemental distribution near the interface
was conducted via energy dispersive X-ray spectroscopy linear and map scans. Moreover, load-
and current-dependent electrical contact resistance was evaluated. The sintering times and
temperatures required for the HMMC are lower than those required for pure metals due to the
decreased eutectic temperature of the silver-copper mixture. Sintering at 550 °C for 2.5 hours is
sufficient to achieve densities above 90%. The CNT act as diffusion barriers, slowing down the
formation of Kirkendall voids. The Ag/Cu+CNT and Ag+CNT/Cu+CNT samples exhibited the

most promising results, based on their low resistance and exceptional contact elasticity.

Keywords: carbon nanotubes, electrical contact resistance, hybrid metal matrix composites

(HMMC)
Introduction

Copper is employed extensively due to its exceptional transport properties and its good
mechanical properties. Nevertheless, in certain high-performance applications, silver is preferred
not only for its enhanced conductivity, but also for its superior corrosion resistance. In numerous
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industrial applications, silver plating over a copper base is a common practice. These platings are
in the micrometer range, with the thickness varying depending on tribological and atmospheric

conditions [1].

As society becomes increasingly electrified, the requirements of electrical contacts become
more demanding. In order to meet these demands, electrical contacts must present the best
electrical performance possible, in addition to being durable, efficient, and sustainable.
Nevertheless, the availability and associated costs of silver must be taken into consideration [2],
[3]. Consequently, silver-copper bimetallic joints may be a viable alternative to pure silver

electrodes.

A multitude of metal joining methods can be employed to produce bimetallic joints, including
solid-state joining, liquid-phase joining, fusion joining, etc. [4]. Liquid-phase joining
encompasses welding, soldering, and brazing. Among these, brazing is particularly suited to the
production of bimetallic joints, as it can join metals with varying thicknesses, it is a simple method
which can join large components, the joints present outstanding stress distribution, and requires
relatively low temperatures (compared to welding for example), among others [1], [5]. However,
brazing (and for example, ultrasonic welding) requires clean, oxide-free surfaces to ensure the
quality and integrity of the brazed joint. Furthermore, the necessity for filler material and the
difficulty in controlling the temperature may result in the eutectic temperature being exceeded
during brazing. This can lead to heterogeneities in the brazed joint due to differing chemical

compositions, which in turn can alter the physical and chemical properties [5].

Sintering of bimetallic joints may be a suitable alternative to other bimetallic electrode
production techniques. Sintering is a relatively simple process that is widely adopted in a plethora
of industrial sectors. It is reproducible and reliable, facilitating quality control. Furthermore, with
the appropriate mold, the outcome from sintering is a near-net-shape electrode with the possibility
of producing large and complex shapes, making it fast and less labor intensive than other joining
methods. Nevertheless, the most significant advantage of this method is that it allows for precise
control over the temperature. Notwithstanding, a disadvantage that sintering presents is that

prolonged sintering times are required.

The production of bimetallic electrodes via powder metallurgy and sintering, however, allows
for the implementation of preliminary manufacturing steps. The reinforcement of metallic
powders with carbon nanotubes (CNT) has yielded promising tribological, thermal, electrical, and
mechanical outcomes [6]-[13], presenting long-lasting lubricity and durability during tribological
tests [14], as well as stability under surface fatigue tests and fretting wear [15], [16]. Moreover,

CNT coatings have the potential to protect the surface from atmospheric conditions due to their

378



hydrophobic nature [17], [18]. Furthermore, they maintain tribological wear protection during
prolonged fretting wear even at low relative humidities [19]. It is therefore of interest to evaluate
the feasibility of hybrid metal matrix composites (HMMC) as potential bimetallic electrodes. In
addition to the previously reported advantages that the reinforcement phase provides, the
incorporation of CNT into the metallic matrices reduces the required amount of metallic powder,
thus potentially reducing weight and costs while improving material efficiency and maintaining
the desired performance. Previously, Afonin et al. [20] have successfully manufactured silver-
copper bimetallic joints via powder metallurgy, sintering at 730 °C and 830 °C. However, the
authors reported that sintering above the eutectic temperature rendered unsatisfactory bimetallic
electrodes. Therefore, for the purposes of this study, we will remain below this temperature —i.e.,

779 °C [21].

This work aims to optimize the production parameters to obtain high-density HMMC and
evaluate their electrical performance for potential applications as bimetallic electrodes.
Accordingly, metallographic cross sections of the proposed electrodes, as well as reference
material, were carried out and observed via scanning electron microscopy (SEM) and their
chemical composition was analyzed via energy dispersive X-ray spectroscopy (EDS), focusing on
the silver-copper interface. In addition, load-dependent and current-dependent electrical contact
resistance (ECR) measurements were conducted to understand the influence of the reinforcement

phase on the electrical performance of the HMMC.
Materials and Method

Four different bimetallic material systems were produced via powder metallurgy, namely:
Ag/Cu, Ag/Cu+CNT, Ag+CNT/Cu, and Ag+CNT/Cu+CNT. The reinforced section of the
HMMC contain 1% CNT by weight. These metallic powder-reinforcement mixtures were
obtained by colloidal mixing. The HMMC were then consolidated into green pellets in an
approximate ratio of 50/50 by volume, followed by sintering via hot uniaxial pressing (HUP).
Detailed information on the CNT dispersion, colloidal mixing, consolidation of the powders, and
sintering was previously reported in [15], [16]. Two disk-shaped samples were produced for each
HMMC type. Subsequently, two small sections of each sample were cut and prepared for
metallographic examination. The two smaller sections were utilized for observations of the cross
section, whereas the larger central section was employed for hardness, current- and load-

dependent ECR measurements.

Dendritic copper powder with a 325 mesh and 99% purity (Alfa Aesar GmbH, Germany) and
silver flakes with at least 80% of the flakes below 20 pm and a purity of 99.9% (Alfa Aesar GmbH,
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Germany) were used as metallic matrices. Chemical vapor deposition-grown multiwalled CNT
(Graphene Supermarket, USA) were used as reinforcement phase. The nanotubes have an outer
diameter distribution ranging from 50 to 85 nm, an as-received length between 10 and 15 um, and

a carbon purity above 94%.

The interface of the bimetallic junction is crucial for its electrical performance. Accordingly,
SEM micrographs (Thermo-Fisher Helios™ G4 PFIB CXe DualBeam™ Super, equipped with an
EDS detector EDAX Octane Elite Super) of the silver-copper interface were acquired at 5 kV
using a primary electron detector, thus providing elemental contrast. Two-dimensional EDS
mappings and linear scans were acquired at 10 kV to observe the elemental distribution in the

vicinity of the interface.

Electrical characterization was carried out via 4-terminal sensing using a direct current source
(Keithley 2400 SMU) and a nanovoltmeter (Keithley 2182a) to measure the voltage drop between
the samples and the counter electrode, details on the testing rig reported by Puyol et al. and Suarez
et al. [12], [22]. The counter electrode used was a silver-nickel core (AgNio.15) hard-gold-coated
(AuCoo.) rivet with a curved head, a mean radius of curvature at its tip of 4 mm and a root mean
square roughness S, of 0.26 pm (Adam Bornbaum GmbH, Germany). The rivet’s coating has an
average thickness of 6.47 £ 0.18 um, a coating and core hardness of 1.38 = 0.01 GPa and 0.45-
0.9 GPa [23], respectively, and a stiffness that is significantly higher than that of the samples.

The four configurations of HMMC and a standard bimetallic contact were characterized. Prior
to electrical characterization, all samples were ground and polished to obtain a mirror-polished
silver surface. The resulting roughness was measured via confocal laser scanning microscopy
(CLSM). The root mean square roughness for all samples was between Sq=30-60 nm.
Furthermore, Vickers hardness was measured using a Dura Scan 50 microhardness tester (Struers
Inc., USA) with a load of 0.098 N (HVo01), a holding time of 15 seconds, and optically
micrographed using 40x magnification. At least 24 indentations were performed (on the silver
side of the HMMC and reference material) and averaged — results shown in Table I. Moreover,

the density of all HMMC characterized was at least 90%.

Table I - HMMC microhardness (measured on the silver side of the bimetallic material).

Ref.

Sample et Ag/Cu Ag/Cu+CNT | Ag+CNT/Cu | Ag+CNT/Cu+CNT
rive

Hardness /MPa | 839 £ 68 | 407+38 |452+44 377 £96 427+ 76
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Current-dependent ECR was carried out at a constant normal load of 1 N on the silver side
while sourcing the following direct currents: 30 pnA, 100 pA, 300 pA, 1 mA, 3 mA, 10 mA,
30 mA, 100 mA, 300 mA, and 1 A. Load-dependent ECR, on the other hand, was carried out at a
constant current of 100 mApc, so as to stay in dry-circuit conditions [24], also on the silver side
of the samples. One loading and one unloading cycle were evaluated following a loading sequence
of1,2.5,5,7.5,and 10 N. Ten ECR measurements were acquired per current or load and averaged.
At least three current- and load-dependent ECR tests were conducted per sample and averaged. A
new counter electrode was used for each test. The nanovoltmeter range was set to 0.1 V, to ensure
the lowest uncertainty in the measurements without overflowing the measurement instrument
[22], [25]. All tests were conducted under atmospheric conditions, i.e., 20.5 £ 0.5 °C and 33 + 3%

relative humidity.

Results and Discussions
HMMC Production & Characterization

To ensure optimal electrical performance, it is of utmost importance to achieve proper
composite densities since internal porosities not only compromise its mechanical properties, but
also its transport properties. Previous studies have demonstrated that silver composites require a
holding time of 7.5 hours at a constant temperature during HUP to achieve relative densities above
90% [15], [16], whereas copper composites reach satisfactory relative densities with an isothermal
holding time of only 2.5 hours. In both cases, the sintering temperature was 750 °C. However, in
those studies, the sintering parameters were for pure silver or copper reinforced with CNT.
Therefore, the HUP parameters needed to be evaluated and optimized. Initial HMMC sintering
attempts were carried out for 7.5 hours at 750 °C, since these were the conditions that produced
the high-density silver composites. After sintering, the samples reached densities above 90%.
However, as illustrated in the optical micrographs in Figure la-¢, there is no discernible
distinction between the silver and copper section of the HMMC. Consequently, following the
sintering process, the sample is a two-phase material with no distinct interface between the two
metals. During the sintering process, silver and copper diffused through the initial interface region,
resulting in the formation of a complex two-phase system, which is clearly visible in the EDS
maps in Figure 1d-e. Copper atoms are smaller than silver atoms and exhibit greater mobility. At
elevated temperatures this mobility is favored, which explains why more copper diffuses into
silver rather than silver into copper. In addition, the external pressure applied during HUP
(264 MPa) and the sintering temperature results in the densification of the HMMC through plastic
flow, which also promotes the diffusion of the metals into one another. Furthermore, the

micrographs in Figure 1 demonstrate the re-agglomeration of the CNT, resulting in the formation
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Figure 1. a) Optical micrograph acquired with CLSM of the cross section of the Ag+CNT/Cu+CNT sample sintered

at 750 °C for 7.5 hours. b) and ¢) magnified micrographs at different regions. d) and e) EDS maps of the highlighted
regions from b) and c), respectively. The orange areas in the EDS maps correspond to copper, turquoise to silver,

and blue to carbon.

of large carbon clusters. This re-agglomeration indicates that the metals have undergone a degree
of melting, thereby enabling the CNT to flow and re-agglomerate [26], [27]. Observing the silver-
copper phase diagram reveals that these two metals exhibit limited solid solubility [21], [28],
forming a binary eutectic system. The eutectic temperature of the system is 779 °C under
equilibrium conditions, which is slightly higher than the sintering temperature. Consequently, at
the silver-copper interface, the eutectic concentration (71.9 wt.% Ag and 28.1 wt.% Cu) is locally
met, which may enable the melting of both metals in an undercooling regime. In this case, the
melting of both metals results in the extensive diffusion of each metal towards the opposing
section of the bimetallic junction — as evidenced by the resulting microstructure shown in
Figure 1. Additionally, the regrouping of the CNT is observed due to the significant difference in
density between the CNT and the metals. Consequently, the sintering temperature must be reduced
further below the eutectic temperature and undercooling regime in order to prevent the two metals

from reaching the liquid state. This process minimizes the mixing of the metals through the
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interface and restricts CNT re-agglomeration, while still densifying the composites. Figure 2a
depict an optical micrograph and an EDS map of a HMMC sintered at 550 °C for 7.5 hours. At
this lower temperature, copper still diffused towards the silver section, exhibiting small coral-like
copper clusters — shown in Figure 2b. Despite copper’s diffusion, the silver-copper interface
remains intact. This is desired since maintaining the silver-copper interface reduces the effective
phase boundary between the metals. In the samples sintered at 750 °C, the phase boundary
between silver and the coral-shaped copper clusters significantly increases the effective phase
boundary. Having a larger interfacial region can be detrimental towards the conductivity of the

material, since the likelihood of electron scattering is higher at the boundaries.

Three distinct isothermal holding times were evaluated at 550 °C, all of which yielded HMMC
with relative densities above 90%. The shortest holding time of 2.5 hours was selected as the
definitive sintering time since this minimizes production times and the energy input required.
SEM micrographs, EDS line scans and EDS mappings of the HMMC sintered at 550 °C for
2.5 hours and of a reference rivet are shown in Figure 3. Due to the nature of the manufacturing
process, it is inevitable that a heterogeneous CNT distribution will be present within the HMMC
and at the interface. The micrographs and EDS scans presented in Figure 3 highlight specific
features of the interfacial region. Although the micrographs provide a highly localized view of the
interface (approximately 29,000 pm?), they are representative of the most unfavorable spot at the

silver-copper interface in terms of the system’s transport properties.

The SEM micrograph and EDS scans of the reference rivet (Figure 3a) demonstrate the

diffusion of copper towards the top silver layer. Coral-like copper regions are pervasively present

Figure 2. a) Optimal micrograph acquired with CLSM of the cross section of the Ag+CNT/Cu+CNT sample sintered

at 550 °C for 7.5 hours. b) EDS map at the HMMC interface. The orange areas in the EDS maps correspond to

copper, turquoise to silver, and blue to carbon.
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Figure 3. i) Linear EDS scans, ii) SEM micrograph, and iii) EDS mapping of the cross section of a) the reference
rivet, b) Ag/Cu, ¢) Ag/Cu+CNT, d) Ag+CNT/Cu, and e) Ag+CNT/Cu+CNT. The red arrows in ii) indicate the scan
location and direction of the linear EDS scan, whereas the dashed square highlights the area where the EDS maps
were acquired. The orange areas in the EDS maps correspond to copper, turquoise to silver, and blue to carbon. The

dashed circles in a-ii) and b-ii) highlight the Kirkendall voids at the silver-copper interface in the reference rivet and

Ag/Cu sample.
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within the silver region, exhibiting a resemblance to the structures observed in the HMMC sintered
at 750 °C (Figure 1e). Upon examination of the copper section, no evidence of silver diffusion
was observed. This is further corroborated by the EDS line scan, which reveals minimal presence
of silver until the interface region. The Ag/Cu sample (Figure 3b) also demonstrates
unidirectional diffusion of copper towards the silver section, although to a significantly lower
extent than observed in the reference rivet. In the Ag/Cu sample, small but ubiquitous copper
regions are observed in the silver section. However, the EDS scans do not demonstrate a
significant copper signal in the silver section. The Ag/Cu+CNT sample (Figure 3c¢) also exhibits
copper diffusing into the silver section. However, in this sample, the diffusion appears to be lower
than in the Ag/Cu sample, as the copper clusters are smaller. Nevertheless, the small copper
clusters are distributed ubiquitously in the silver section, as was observed in Ag/Cu. In contrast,
the Ag+CNT/Cu sample (Figure 3d) exhibits minimal diffusion of copper towards the silver
section. It seems that the CNT content in the silver section may act as a barrier to copper diffusion,
particularly given the presence of large CNT clusters at the interface, as observed in the

micrograph of the cross section.

Comparing the diffusion of copper between Ag/Cu+CNT and Ag+CNT/Cu samples
indicates that the larger CNT clusters situated at the interface in the Ag+CNT/Cu sample are
more effective at mitigating diffusion than the smaller clusters in the Ag/Cu+CNT sample (see
the micrographs in Figure 3¢ and d). The number of copper clusters observed on the silver side
of the Ag+CNT/Cu sample is notably lower than that observed on the silver side of the
Ag/Cu+CNT sample. The diffusion of copper into the silver section was observed to be more
pronounced in the Ag/Cu+CNT sample than in the Ag+CNT/Cu sample due to the presence of
the reinforcement phase on the silver side, which impedes the mobility of copper atoms. This
indicates that in order to minimize the diffusion of copper in silver-copper pairs, the
reinforcement phase should be located on the silver section. The Ag+CNT/Cu+CNT sample
(Figure 3e) exhibits distinctive characteristics when compared to the other reinforced HMMC.
These include a reduction in the size of the CNT clusters and a more uniform distribution within
each metallic matrix. In contrast, the Ag/Cu+CNT and Ag+CNT/Cu samples exhibit the presence
of larger CNT clusters. As was the case for Ag+CNT/Cu, minimal copper diffusion was observed
in the silver section of the Ag+CNT/Cu+CNT sample. The copper traces identified in the EDS
map are scarce and situated in close proximity to the interface, which substantiates the efficacy
of the CNT in impeding copper diffusion, despite the absence of CNT clusters at the interface in
the Ag+CNT/Cu+CNT sample.
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Since all HMMC were sintered at the same temperature, the thermal diffusion driving force is
identical. Therefore, the different diffusion rates observed in the HMMC is solely due to the
concentration gradient (according to Fick’s law [29]). The CNT in HMMC reduce the
concentration gradient at the interface, thus hindering the diffusion of copper atoms into silver.
However, atomic diffusion still takes place due to the thermal driving force as well as the

interfacial concentration gradient in regions without CNT.

The incorporation of CNT into the metallic matrices not only affects the diffusion rate of
copper, but it also slows the formation of Kirkendall voids. The reference rivet and Ag/Cu sample
both exhibit Kirkendall voids at the silver-copper interface — as highlighted by the dashed circle
in Figure 3a and Figure 3b. These voids form due to the differing diffusivity between silver and
copper [30]. The concentration gradient at the interface generates a higher atomic diffusion of
copper towards silver rather than vice versa. The slower — or lack thereof — diffusion of silver
towards copper produces the voids on the copper section. The formation of such voids will
inevitably impact the conductivity of the bimetallic electrode. Therefore, it is highly sought after
to minimize diffusion through, for example, the use of diffusion barriers. When CNT are
incorporated into the metallic matrices, high concentrations of the nanostructures are situated at
or near the interface. As previously discussed, diffusion primarily occurs from the copper section
towards the silver section. Due to the chemical incompatibility between carbon and copper, the
CNT content in the vicinity of the interface acts as a diffusion barrier, thus slowing the atomic
diffusion of copper onto the silver section. The aforementioned behavior of the reinforcement
phase in mitigating diffusion is analogous to that observed in solder joints, where CNT hinder the

formation of interfacial intermetallic compounds [31], [32].
Electrical Performance

The electrical characterization of the sintered HMMC and reference rivet is presented in
Figure 4. Current-dependent ECR (current sweep) provides information on the ohmic response
of the materials in question. As shown in Figure 4a, all samples analyzed exhibit an ohmic range
from 1 mA to 1 A, with the shaded region serving to emphasize this behavior. The Ag/Cu,
Ag/Cu+CNT and Ag+CNT/Cu+CNT samples exhibited the lowest ECR during the current sweep,
with resistance values between 2 and 3 mQ. The reference rivet demonstrated a resistance value
similar to that of the Ag+CNT/Cu+CNT sample (approximately 3 m€2). In contrast, the
Ag+CNT/Cu sample exhibited the highest ECR, with a value of approximately 5 mQ.

The load-dependent ECR (Figure 4b) demonstrates the low ECR of the HMMC. The ECR

results fall within the ohmic range of the materials given that the measurements were carried out
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Figure 4. a) Current-dependent and b) load-dependent ECR of HMMC and the reference rivet. The highlighted

region in a) emphasizes the ohmic range of the HMMC. The highlighted regions in b) show the ECR in the same

loading ranges of high purity reference silver (upper) and sintered 1 wt.% CNT-reinforced silver composite (lower).

ECR values of high-purity reference and silver composite from [16].

at 100 mA (dry circuit conditions [24]). With the exception of Ag+CNT/Cu, all HMMC exhibit

an ECR below 2 mQ. At 1 N, the ECR values for Ag/Cu, Ag/Cu+CNT and Ag+CNT/Cu+CNT

are 2 mQ, which correlates with the values obtained in the current sweep — which was also carried

out at 1 N. At 10 N, the ECR values reached approximately 1 mQ or lower. In contrast, the

reference rivet exhibited an ECR of approximately 10 m€ and 2 mQ at 1 and 10 N, respectively.

Among the HMMC, Ag+CNT/Cu is a notable outlier, exhibiting an ECR between 3 and 4 mQ

within the loading range studied. These results are comparable to those observed in the current

sweep. This behavior was not anticipated, given that Ag+CNT/Cu exhibits similar hardness values

to the other HMMC. Consequently, the real contact area between the counter electrode and

Ag+CNT/Cu should be similar to that of Ag+CNT/Cu+CNT. The elevated ECR may be attributed
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to the conspicuous CNT clusters discernible in the SEM micrograph depicted in Figure 3d, which
are significantly larger than those observed for Ag+CNT/Cu+CNT (Figure 3e). Additionally,
large CNT clusters are observed in the Ag/Cu+CNT sample. However, since the silver surface is
being considered as the contacting surface, the resistance is not as significantly affected as it is in
the Ag+CNT/Cu sample. Moreover, the Ag+CNT/Cu+CNT sample does not exhibit the same
degree of CNT clustering as the other samples. Instead, it contains smaller CNT agglomerates that
are relatively homogeneously distributed throughout the material’s cross section — see micrograph

of the cross section in Figure 3.

It is noteworthy that the reinforced composites all show exceptional elasticity, as evidenced by
the low electrical hysteresis observed in load-dependent ECR. The maximum discrepancy in ECR
at 1 N between the loading and unloading cycles is approximately 1 m€2. In contrast, the reference
rivet exhibits a difference of approximately 4 mQ in the same loading conditions. The enhanced
elasticity observed in the contact is not solely a consequence of the reduced hardness of the
contacting surfaces; it is also a result of the incorporation of the highly elastic reinforcement phase.
With regards to this matter, the existence of substantial CNT clusters in the Ag+CNT/Cu could
yield promising outcomes, as these clusters could further promote contact elasticity, particularly
for high load applications. This, in turn, could lead to a further reduction in the ECR past the

loading range herein evaluated.

The highlighted regions in Figure 4b show the ECR performance of a high-purity reference
silver sample and CNT-reinforced silver MMC (also 1 wt.% CNT) within the same loading
ranges. The high-purity reference sample has a similar hardness as the reference rivet
(847 £ 61 MPa) and the sintered silver MMC similar to that of the HMMC (505 + 37 MPa) [16].
The ECR of high-purity copper and 1 wt.% copper MMC are not shown in Figure 4b due to their
significantly higher resistance. In the same loading range, the high-purity copper reference (with
a hardness of approximately 1300 MPa) presents resistances between 295 and 450 m€2, whereas
the copper MMC (with an approximate hardness of 620 MPa) presents resistances between 40
and 70 mQ. In comparison to the silver MMC, the HMMC exhibit a greater degree of variability
in the ECR values within the same loading range. At low loads, all HMMC have a larger ECR.
However, from 5 N the ECR values fall within the range of the silver MMC. For Ag/Cu and
Ag+CNT/Cu+CNT, in particular, from 7.5 N the ECR values fall below that of the silver MMC.
Therefore, the performance of the bimetallic joint is comparable to that of silver composites
produced via the same method. This performance features the viability of the CNT-reinforced
HMMC over the silver MMC for two crucial reasons: 1) the HMMC considerably reduce the

amount of silver required for the same or improved electrical performance, and 2) the sintering
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process of the HMMC require significantly shorter sintering times as well as lower temperatures

— 2.5 hours against 7.5 hours and 550 °C against 750 °C, respectively.
Conclusions

Dense carbon nanotube-reinforced silver-copper hybrid metal matrix composites were
produced via powder metallurgy. Due to the relatively low eutectic temperature of silver-copper
mixtures, the sintering process was optimized in order to prevent the melting of the metals and
thus maintaining the integrity of the silver-copper interface. Consequently, the sintering
temperatures were reduced from 750 °C to 550 °C. Furthermore, shorter sintering times (2.5 hours
as opposed to 7.5 hours) are required to achieve relative densities above 90%, thus reducing the
duration of the process and reducing the energy required to produce the bimetallic electrodes. This
sintering method allows for the controlled production of reinforced bimetallic electrodes, in
addition to reducing the amounts of metals required. This is achieved by replacing certain content
of silver and copper with carbon, which increases material efficiency and reduces costs (i.e.,

dematerialization).

Upon incorporation of CNT into the metallic matrices, these tend to situate themselves at or
near the silver-copper interface, thus acting as a diffusion barrier that reduces the likelihood of the
formation of Kirkendall voids due to the faster diffusion rate of copper towards silver. Although
Kirkendall voids were observed in the Ag/Cu (as well as the reference rivet), these do not seem
to have a significant impact on the ECR at the time of the measurements. However, following
sample aging, the size of the pores is likely to increase, potentially exerting a more significant
influence on electrical performance. Diffusion still occurred in the HMMC samples, albeit, to a
lesser extent. Consequently, if Kirkendall voids do form, it is anticipated that longer aging times

will be required.

The Ag+CNT/Cu sample herein evaluated exhibited suboptimal performance, likely due to the
substantial agglomeration of CNT within the silver section. The presence of large CNT clusters
in the silver section has a detrimental impact on the transport properties of the material, resulting
in the highest ECR among the measured samples. The HMMC that demonstrated the most
promising results were the Ag/Cu+CNT and Ag+CNT/Cu+CNT samples, despite the former also
exhibiting larger CNT agglomerates. In both cases, the diffusion process was found to be impeded
by the presence of CNT. Moreover, both samples exhibited a considerable ohmic range and low
load-dependent ECR with high contact elasticity, performing on par or even outperforming CNT-
reinforced silver composites produced via the same method. This reduces the amount of silver

required while also reducing production times and energy consumption.
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Further studies are required on the long-term performance of the HMMC — particularly in
regard to the effect of aging. Additionally, tribological evaluations are necessary. Moreover, the
performance of this type of hybrid material under switching applications is of particular interest.
Furthermore, the manufacturing and subsequent characterization of HMMC with higher CNT

concentrations should be conducted in order to further enhance material efficiency.
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6. SUMMARY & CONCLUSIONS

The work herein presented focused on designing, manufacturing, and extensively
characterizing carbon nanostructure-based coatings and metal matrix composites with
the intended application of static electrical connectors and switching electrodes. Due to
the prominence of silver- and copper-based materials in this field, the project
concentrated on these two materials. On account of the exceptional transport properties
of silver and copper, the primary objective was to enhance the performance of the
materials in question without adversely impacting their conductivity. It is reasonable to
conclude that the introduction of a less conductive material will inevitably affect the
conductivity of these inherently excellent conductors. However, the CNP coatings and
CNT reinforcements incorporate additional factors into the system, resulting in an
overall improvement in the performance, durability, and reliability of the contact
material. These three attributes were identified as the primary focus of this work.
Nevertheless, technical requirements — such as industrial viability and scalability,
operational safety, sustainable practices, material and energy efficiency — were also
considered throughout the process. Moreover, the contact material systems herein
developed and described were benchmarked and compared to reference materials to

provide a holistic assessment of the feasibility of the proposed systems.

The findings from this work can be grouped into four categories, namely: setup,
materials, coatings, and composites. The first category involved assembling,
commissioning, and appraising a novel tribo-electrical testing rig, on which the
subsequent characterization of the developed materials would be based off. This was
the subject of study of ARTICLE I, where the components, programming, capabilities,
and validation of the novel testing rig were described. The materials category was
dedicated to identifying and characterizing silver- and copper-based connectors, in
addition to the carbon nanostructures, and a preliminary characterization of CNP-
containing systems. Moreover, the coatings category focused on the wear and
atmospheric protection that CNP-based coatings could provide both silver and copper
substrates. Lastly, the composites classification dealt with optimizing the manufacturing
process of CNT-reinforced silver and copper MMC, their tribo-electrical

characterization, and the manufacturing of sintered HMMC.

Apart from the costs associated with silver, one of its major challenges in the electrical
industry is the formation of its characteristic silver sulfide tarnishing film. Although
there are different techniques commonly used to slow down or prevent silver from
tarnishing, the objective of ARTICLE II was to evaluate different methods to circumvent

its influence on silver connectors’ conductivity. It was found that mechanically
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puncturing the tarnishing film managed to reduce the ECR to values similar to that of
chemically cleaned samples, whereas resistive heating and mechanically scratching the
film did not lower ECR. Nevertheless, scratch tests revealed that the tarnishing film
reduces friction — however, it does not reduce wear — and the piling-up of silver sulfide

at the end of the scratch track does not significantly affect conductivity.

When depositing different CNP onto copper substrates via EPD, 1D and 0D
nanostructures (namely CNT and CNH) outperformed GF and GO (2D nanostructures)
coatings in terms of ECR, contact reproducibility, coating compactness, homogeneity,
adhesion and interface quality (ARTICLEIII). To better understand the electrical
resistance associated with bulk CNP agglomerates, load-dependent ECR during
compressive loading was conducted (ARTICLE IV). It was found that 2D and 1D CNP
(namely GF, GNP, and CNT) tended to exhibit the lowest overall electrical resistance,
whereas (quasi)-0D CNP (i.e.,, CB, OLC, and CNH) presented the highest resistance.
Normalizing the resistance values revealed that 0D nanostructures exhibited the

greatest resistance drop within the loading range evaluated.

Copper-based connectors exhibit a strong correlation between topographic features,
material hardness, and their electrical performance, with increased roughness typically
leading to significantly lower ECR in harder (e.g., brass and bronze) connectors
compared to softer (e.g., tin plated copper) connectors (ARTICLE V). This is due to the
plastic deformation of the asperities, consequently increasing the conduction area (a-
spots). Furthermore, CNT coatings produced via EPD on rough copper contacts
highlighted the ability of CNT clusters to mitigate the influence of electrode topography

due to their elastic properties.

The capability of CNP coatings to protect copper substrates from wear and the
evolution of ECR during fretting wear was evaluated in ARTICLE VI. Different CNP
and coating thicknesses were evaluated, and compared to uncoated copper, for 5,000
and 50,000 fretting cycles. The coated samples initially exhibit higher ECR than
uncoated copper. However, within the first 10% of the total fretting cycles, the ECR fell
below that of the copper reference and remained stable throughout the entirety of the
test. In addition to low and stable ECR values, CB and CNT showed the best wear
protection due to the low amount of coating displacement during fretting. Not only did
the CNT-coated samples exhibited the least amount of material transfer from the
counter electrode, but these coatings also protected the substrate from oxidation.
Consequently, ARTICLE VII focused on evaluating the influence of CNT coating
thickness and atmospheric humidity during fretting. Moreover, fretting conditions (i.e.,

normal load and duration) were evaluated. Thicker CNT coatings offered the most wear
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protection — up to 96% in worn area reduction compared to uncoated copper.
Nonetheless, fretting normal loads of at least 1 N are required in order to reach low and
stable ECR values. Prolonged fretting tests (500,000 cycles) revealed that coating
displacement negatively impacts wear protection provided, with worn area reductions
below 20%. Nevertheless, the coating stabilized the ECR values below that of the copper
reference. In low humidity fretting tests, the coated systems exhibited higher ECR than
the uncoated reference. This is not due to tribologically-induced gains in resistance, but

rather likely due to the absence of moisture within the porous network of the coatings.

As a result of the hydrophobic nature of the CNP herein discussed, the potential
atmospheric protection that CNP-based coatings could provide to copper substrates
were evaluated in ARTICLE VIII. All CNP coatings exhibited hydrophobic wetting
behavior during static sessile drop tests (with purified water and saline water solution),
although only GF, GO, and CNT exhibited superhydrophobicity. The latter, however,
only exhibited superhydrophobicity for thicker coatings, highlighting the importance

of completely coating the substrate.

Similarly, silver substrates were coated with CNP via EPD and subjected to tribo-
electrical and wetting characterization (ARTICLE IX). In this case, clean and tarnished
silver connectors were used as reference. Although the CNP coatings increased the ECR
of the connector, the values remained below those of the tarnished samples both in load-
dependent ECR and fretting tests. Nevertheless, the tarnishing film prevented adhesive
wear during fretting to a higher extent than the CNP coatings. Moreover, GF and CNT
coatings exhibited near-superhydrophobic wetting behavior even after prolonged
droplet exposure times (300 s), whereas the silver sulfide tarnishing film did not affect
wettability. When measuring contact angle with a more aggressive medium (i.e.,
potassium sulfide — K2S), all surfaces showed hydrophilic wetting behavior. In this case,

the tarnished and GF-coated surfaces showed the highest resistance towards wetting.

CNT-reinforced nickel MMC were manufactured via PM. The reinforcement phase’s
distribution and electrical performance of the MMC were characterized (ARTICLE X).
These composites exhibited inferior resistances compared to unreinforced nickel,
however, proper CNT distribution is crucial to maximize the advantages of the
reinforcement phase. Subsequently, CNT-reinforced silver- and copper-based MMC
were manufactured via the same methodology (ARTICLE XI). Tribo-electrical
characterization of the copper MMC revealed that CNT concentrations of 0.5 and 1 wt.%
were sufficient to improve contact reproducibility during load-dependent ECR and
steady state ECR during fretting. Although the ECR increased compared to

unreinforced copper, the addition of the reinforcement phase reduced adhesive wear
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during fretting. Silver MMC, on the other hand, did not show promising results due to
the lack of proper densification (relative density below 90%). Therefore, the
manufacturing process required improvements (ARTICLE XII). Longer isothermal
holding times during densification is required to increase the density (and tribo-
electrical performance) of silver MMC due to complex and abundant micro-pores
present in the consolidated green pellet caused by metallic powder morphology (silver
flakes). ECR during fatigue cycle tests revealed that CNT-reinforced silver and copper
MMC rapidly reach low and steady state ECR compared to their unreinforced

counterparts.

The addition of CNT into silver and copper metallic matrices improves these metals’
switching performance, with the proposed composites performing on par with standard
switching materials — i.e., silver-nickel alloys and silver-tin oxide composites
(ARTICLE XIII). Single break operation tests proved that CNT concentrations of at least
2 wt.% are required to prevent unstable arcing from taking place. Furthermore, the
complex microstructure obtained due to the reinforcement phase reduces the electrical
arc’s mobility — confirmed with high-speed video footage. This effectively confines the
arc to a specific area in the electrode, thereby minimizing the electrode’s electro-erosion
(ARTICLE XIV). The energy input from the arc favors CNT re-agglomeration
(particularly in copper matrices due to the low chemical compatibility between copper
and carbon), however, Raman spectroscopy indicates that the CNT do not undergo
significant amorphization. Moreover, finite element method thermal simulations
demonstrated that copper MMC do not reach sufficiently high temperatures to cause
material evaporation, whereas sintered silver electrodes did surpass their boiling
temperature. Although no considerable changes in molten pool dimensions were
observed, the simulations did reveal that CNT contents above 1 wt.% reduce the
duration of the molten pool by approximately 50% compared to the unreinforced

samples — likely due to improved thermal properties (i.e., quicker re-solidification).

Lastly, CNT-reinforced silver-copper HMMC were produced via PM (ARTICLE XV).
The process was optimized so as to remain far below the eutectic temperature of the
system, thus obtaining a bimetallic joint with a clear interface. Bimetallic electrodes
manufactured via PM and sintering require lower temperature and shorter sintering
times than CNT-reinforced pure metal MMC. Metallographic cross sections of the
bimetallic electrodes revealed that the addition of the reinforcement phase acts as a
diffusion barrier, effectively slowing down or preventing the formation of Kirkendall
voids at the silver-copper interface. Moreover, with proper CNT distribution within the
HMMUC, the electrical performance of the bimetallic electrode is similar to that of

unreinforced bimetallic joints.
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The results from this work highlight the benefits and drawbacks of CNP-containing
electrical contact materials, both for static connectors and switching electrodes. These
versatile nanostructures show great potential to tailor the characteristics and
performance of electrical contact materials depending on the requirements of the
intended application, with marginal impact on the conductive properties of silver and
copper. This work provides the insight required to carry out material design choices to

improve contact materials’ reliability and prolong their durability.
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7. OUTLOOK

Based on the work herein presented, it is evident that further research is required to
better exploit the advantages that nanocarbon-containing systems could provide to
electrical systems. The following points serve to outline potential lines of research that

may provide further insight into these systems.

e Depositing CNP via EPD on CNT-reinforced MMC, thereby obtaining a tailored
electrical contact which harnesses the benefits from the reinforcement phase as well

as from the coatings.

e Tribo-electrical characterization of CNP-based coatings under extreme conditions,
such as under vacuum, low (below 10%) and high (above 80%) relative humidity,

influence of thermal cycling, etc.

¢ In-depth corrosion tests to fully assess the viability of the CNP coatings. Although
all CNP exhibit hydrophobic wetting behavior, salt fog tests for example, would
provide invaluable information on the atmospheric protection offered. These tests

are of particular interest for offshore applications.

e Manufacturing MMC using different metallic powder morphology and different
CNT sizes and chemical state, since these factors play a role in reinforcement phase

distribution and sintering requirements (as discussed in ARTICLE XII).

¢ Due to the exceptional tribo-electrical performance demonstrated by CB coatings, it
would be of interest to manufacture CB-reinforced silver and copper MMC since

these particles are considerably cheaper to synthesize than CNT.
e Regarding electro-erosion tests:

o Investigations on the performance of the proposed MMC when subjected to
multiple make and break operations is required. Moreover, the erosion rate

after x number of switching cycles should be determined.

o Electro-erosion tests using different types of loads (i.e., resistive, inductive,

capacitive, and combinations thereof) should be investigated.

o Performance of the proposed MMC during hot switching with alternating

currents is of interest to study.

e Depth-resolved characterization of the electro-erosion craters from ARTICLE XIII

and ARTICLE XIV through techniques such as serial cutting tomography. This
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would provide insight into the influence that the electrical arc has on the matrix and
reinforcement phase in the subsurface — e.g., grain refinement, recrystallization,

CNT re-agglomeration or amorphization, etc.

e Long term performance (aging) of HMMC (from ARTICLE XV) to evaluate the
efficacy of the reinforcement phase at preventing or slowing down the formation of
Kirkendall voids. Manufacturing HMMC with higher reinforcement phase

concentrations to further reduce material requirements and weight.

e Manufacturing MMC with varying reinforcement phase concentrations (gradient
composites) to fully tailor the electrode. For example, generating a superficial region
with low reinforcement phase content can be achieved to maximize metal-metal
contact, whereas the core region of the electrode could contain higher reinforcement
phase concentrations to maximize thermal diffusivity while minimize weight and

material requirements.

e Linked to the 5" point, manufacturing hybrid-reinforced MMC where the
superficial region and the core could be reinforced with different CNP — CB and
CNT for example. In this regard, CNT reinforcements at the core could be replaced
with CB, whereas high-performing CNT reinforcements could be found at the

superficial contacting regions.
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Figure 1: a) Global stock of electric vehicles between 2020 and 2023. Copper requirements in b)
different passenger vehicle types and c) in power generation. d) Illustration of electrical
systems in a BEVs and charging infrastructure.

Figure 2: a) Schematic representation of two contacting surfaces. b) Top-down view of the
apparent, load-bearing, quasi-metallic, and real contact area between two surfaces at different
loads. c) Schematic representation of the current's constriction at a-spots and d) spreading
resistance at an a-spot between two bulk conductors (top) and between two thin films (bottom).
e) Visualization of constriction and spreading of the current due to differences in the film and
bulk materials’ resistivity. Subfigure a) was reused and adapted with permission from Gwidon
W. Stachowiak and Andrew W. Batchelor, Engineering Tribology 2nd Edition, 2000, 8
Butterworth-Heinemann, page 461, Figure 10.12 [43]. Subfigure c), d), and e) were reused and
adapted with permission from Paul G. Slade, Electrical Contacts: Principles and Applications 2nd

Edition, 2017, Taylor & Francis Group, page 5, Figure 1.1, page 19, Figure 1.15, and page
24, Figure 1.19, respectively [22].

Figure 3: Exemplary slope analysis for a tin-plated copper electrode against a hemispherical

hard gold coated counter electrode. The shaded areas highlight the different slopes and
loading ranges. The slope of regions A and B approach -1, which corresponds to
predominantly film resistance and plastic deformation, whereas the slope of region C 12
approaches -1/3, which corresponds to predominantly constriction resistance and elastic
deformation.

Figure 4. Schematic representation of a) static and b) dynamic adhesive wear, c) two-body and
d) three-body abrasive wear. e) Schematic of different types of micro-cutting, micro-plowing,
and micro-cracking (from left to right). The arrows indicate the direction in which each body
is moving, whereas the dots indicate that the body is moving out of plane. Subfigures a) and
e) were reused and adapted with permission from Gwidon W. Stachowiak and Andrew W.
Batchelor, Engineering Tribology 2nd Edition, 2000, Butterworth-Heinemann, pages 484, Figure
11.1 and page 534, Figure 12.2, respectively [43].

16

Figure 5. Schematic representation of fretting wear. 19
Figure 6. Schematic representation of the formation of the electrical arc during hot switching.
a) Constriction of the current through the a-spots. b) As the moveable electrode retreats, the
molten bridges are formed and drawn out. c) Molten bridges become unstable and rupture,
emitting metallic vapor into the gap and increasing local pressure. d) The electrical arc ignites,
eroding the electrodes through electron and ion bombardment.
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Figure 7. sp2-hybridized carbon nanostructures, classified according to their dimensionality.
0D — Carbon black, onion-like carbon, carbon nanohorns. 1D — Single-walled and multi-walled
carbon nanotubes. 2D - Graphene, few-layer graphite, graphene oxide, and graphene
nanoplatelets. 3D — Graphite. Schemes made using Nanotube Modeler, © |CrystalSoft, Version
1.7.6 (www jcrystal.com).

Figure 8. Schematic representation of HDT/ODT self-assembled monolayer on silver surface,
protecting it from sulfidation. Without the passivation layer, silver reacts with atmospheric

hydrogen sulfide to produce silver sulfide tarnishing film.

Figure 9. Scheme of lubrication between two electrodes and the constriction of the current at
the a-spots.

Figure 10. Selection criteria for plating material based on connector requirements [213].
Figure 11. Schematic overview of the classifications for each appended article, followed by
Figure 12. Schematic overview of appended articles for materials classification.

Figure 13. Schematic overview of appended articles for coatings classification.

Figure 14. Schematic overview of appended articles for composites classification.

Figure A.I1: Normalized ECR comparing the low-density MMC from ARTICLE XI with the
high-density MMC from ARTICLE XII. CNT content: a) 0.5 wt.% and b) 1 wt.%.

Figure A.L2: ECR evolution during fretting wear of low-density silver MMC from ARTICLE XI
and high-density MMC from ARTICLE XIL

Figure A.L3: a) SEM and b) magnified macrograph of fretting track i) AgCNTO0.5 wt.% and ii)
AgCNT1 wt.%. EDS c) carbon, d) silver, and e) gold maps.

Figure A.A.1: a) Schematic representation of the sea of electrons moving freely in a linear
trajectory within a metal in the absence of an electric field. These electrons are bound to the
solid, not a particular atom. b) Schematic representation of a conductor within an electric field
generated due to a potential difference. Now, the electrons move in a parabolic trajectory,
resulting in a net displacement in the opposite direction of the field. The colliding electrons
transfer energy to the lattice, thereby increasing the material’s temperature. The heat generated
Q is proportional to the squared current and the resistance of the conductor, known as Joule’s
law or resistive heating.

Figure A.A.2: Resistivity of copper and copper-nickel alloys demonstrating its dependence on
purity, deformation state, and temperature. Reused and adapted with permission from

William D. Callister, Materials Science and Engineering: An Introduction 7th Edition, 2007, John
Wiley & Sons, page 675, Figure 18.8 [309].
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APPENDIX A

A.1. Electricity

A.1.1. Basic concepts

Electricity is a phenomenon related to the presence and movement of electric charges
[310]. Like mass, charge is a fundamental characteristic of matter. All matter is
composed of atoms, which are themselves composed of a nucleus consisting of
positively charged protons and neutral neutrons. The negatively charged electrons are
found in a surrounding orbit around the nucleus. Although protons and electrons have
markedly disparate masses, both subatomic particles possess the same and opposite
charge: 1.6 x 1071° C [311]. In metals, the electrons are weakly bonded to the nuclei,
thereby enabling the formation of the so-called sea of electrons, which allows these
subatomic particles to carry charge [312]. This is based on the semi-classical free electron
model of metals proposed by Drude. In this model, the electrons are represented as a
gas, where the kinetic theory of gases could be applied to metals [313]. Drude’s
approach provides an explanation of the electrical conductivity of metals, in which the
gas of electrons moves through a fixed lattice of positively charged ion cores [314], with

the individual electrons not belonging to any particular atom in the metal.
A.1.2. Conductivity, resistivity, and resistance

The ability of a material to conduct electricity is determined by the strength of the
electric field E and the current density ] [312]. In a good conductor, an applied electric
field will result in a substantial current density within the material. This implies that the
field will generate a considerable electron density n. or a longer mean time between
collisions 7. (analogous to the mean free path between collisions in the kinetic theory of
gases). The mean time between collisions is a material property that solely depends on
temperature and is not influenced by the strength of the electric field. Conversely, in a
poor conductor, the electric field will not generate as large electron density or have a
shorter mean time between collisions. This relationship is mathematically expressed in
Equation A.A.1, where e: is the charge of an electron and vs is the drift velocity of
electrons. The latter represents the average velocity at which electrons move in the sea
of electrons due to the presence of an electric field — schematically shown in
Figure A.A.1a. The drift velocity is superimposed on the thermal motion of electrons.
The current density can also be determined using Equation A.A.1 provided that the
electrical current I and the cross section of the conductor A are known. The current is
the rate at which charge carriers move within the conductor. This quantity is measured
in coulombs per unit area, or amperes (A) in the International System of Units.
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I Equation A.A.1
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Figure A.A.1: a) Schematic representation of the sea of electrons moving freely in a linear trajectory within a metal in

|

the absence of an electric field. These electrons are bound to the solid, not a particular atom. b) Schematic
representation of a conductor within an electric field generated due to a potential difference. Now, the electrons move
in a parabolic trajectory, resulting in a net displacement in the opposite direction of the field. The colliding electrons
transfer energy to the lattice, thereby increasing the material’s temperature. The heat generated Q is proportional to
the squared current and the resistance of the conductor, known as Joule’s law or resistive heating.

1 me RA
p=—=——"F—=— Equation A.A.2
0 MNe T, L
Resistivity p, defined as the inverse of conductivity, is also a material property. It

indicates the difficulty with which an electron moves within a material in the presence
of an electric field. The mathematical definition of resistivity is provided in
Equation A.A.2, where m. is the mass of an electron and L is the length of the conductor
and schematically shown in Figure A.A.1b. Resistivity is dependent on the mean time
between collisions, thereby meaning that the resistivity of a material is temperature
dependent. As the temperature rises, the thermal vibrations of the atoms also increase,
which in turn increases the frequency of collisions. This results in a reduction of 7. and
an increase in p. Consequently, metals — which are materials where the charge carriers
are the electrons — exhibit a lower resistivity at lower temperatures. However, this is not
always the case. In semiconductors and other nonmetals, both positive and negative
charge carriers (electron-hole pairs) are present. As a consequence of the elevated
temperature, the availability of charge carriers rapidly increases, thereby reducing the
resistivity [314].

In contrast, resistance R is not a material property but rather a characteristic of the
system that depends on the geometry, topography, cleanliness of the contacting
electrodes, as well as other design choices, such as the materials” hardness, normal load,
coating or plating, etc. As demonstrated by Equation A.A.2, the resistance of a
conductor can be quantified by utilizing the dimensions and resistivity of the material
in question. Nevertheless, this equation is only applicable to pure, defect-free materials
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at a known temperature. The incorporation of foreign atoms or deformation into the
lattice of a material results in a reduction in the mean time between collisions, thereby

Pt = Pm + pa + Pi Equation A.A.3

increasing the material’s resistivity. Therefore, the real resistivity of non-ideal materials
protar is comprised of three components: the intrinsic resistivity of the pure material pu,
the resistivity induced by deformation ps, and the resistivity corresponding to foreign
atoms pi. These increased scattering effects due to lattice perturbation are known as
Matthiessen’s rule, mathematically shown in Equation A.A.3 [309]. pu is caused by
thermal oscillations of the crystalline structure. It is typically considered to be the
resistivity of pure, ideal materials. pi and pu are generally not temperature dependent
since they result from electron scattering due to lattice imperfections [22]. Figure A.A.2
provides a visual demonstration of Matthiessen’s rule.

As shown in Figure A.A.2, the resistivity of pure copper undergoes a linear change
in response to temperature, exhibiting a resistivity at 25°C of approximately
pm =17 x 10 Om. The residual components of the total resistance —i.e., pi and ps — are
the result of a multitude of factors, including impurities, dislocations, vacancies, grain
boundaries, are pores [22]. Pure metals are frequently alloyed with other metals or
reinforced with second phases in order to enhance their mechanical properties
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Figure A.A.2: Resistivity of copper and copper-nickel alloys demonstrating its dependence on purity, deformation
state, and temperature. Reused and adapted with permission from William D. Callister, Materials Science and
Engineering: An Introduction 7% Edition, 2007, John Wiley & Sons, page 675, Figure 18.8 [309].
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(e.g., increase tensile strength, ductility, wear resistance, etc.) or to reduce costs.
However, this is achieved at the expense of electrical conductivity, as the solute or
reinforcement phase disrupts the periodicity of the crystalline lattice, thereby increasing
the material’s resistivity. As the example from Figure A.A.2 highlights, the rise in
resistivity due to alloying is significant. The incorporation of 1.12 at.% of nickel into
copper results in a total resistivity of approximately 3.1 x 10® Om at 25°C,
corresponding to pi=1.4 x 108 Om. Further alloying considerably increases the total
resistivity to approximately 4.4 x 10* OOm and 5.7 x 10# Om at 25 °C for 2.16 at.% and
3.32 at.%, respectively. As with alloying and reinforcing, many metals require
processing prior to their application. Inducing plastic deformation is used to improve
strength and wear resistance. However, the deformation-induced dislocations in the
crystalline structure of the material cause electron scattering, which in turn increases its
resistivity. This phenomenon is shown in Figure A.A.2, which in this example depicts
the resistivity of the 1.12 at.% alloy increasing to approximately 3.5 x 10%Qm,
corresponding to ps = 0.4 x 10 Om.

Microstructural imperfections, such as vacancies, affect the conductivity by scattering
electrons due to the disruption of the lattice’s periodicity, by altering the electron
density of the material, and by favoring the diffusion of foreign atoms into the vacancy
[22]. In polycrystalline materials, electrons are scattered while crossing grain
boundaries, contributing to higher resistivities. Moreover, porosities — i.e., nano- and
micro-scale voids within a given material —also impedes the material’s conductivity due
to the scattering of electrons and the reduction of the conduction volume. These voids
may be formed as a result of inadequate sintering, during processing, or due to
operational conditions. It is of great importance to prevent or minimize the formation
of voids since they not only affect the transport properties of the material, but also its
mechanical properties due to stress concentrations or crack propagation. These factors,
among others, contribute to the residual resistivity, which in turn leads to a considerable
total resistivity of an electrical system.

A.2. Ignition of the electrical arc while breaking

If we consider a switching electrical contact performing a break operation, the
mechanisms behind the formation of the electrical arc are as follows. In an initial
instance, conduction occurs between the two electrodes due to the contact between the
topographic features of each surface (a-spots). The sum of these a-spots forms the real
contact between the surfaces, hence realizing the conduction paths, which generate the
constriction of the electrical current. The constriction increases the electrical contact
resistance and heats up the contacting asperities. During a break operation, the applied
force between the contacts decreases (tending to zero), which means that the contact

area also tends to zero. Consequently, as the contact area decreases, the constriction
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Tcz — TOZ + ch % 107K Equation A.A.4
resistance will increase, thus leading to a temperature increase at the contacting site
according to Equation A.A.4, where T: is the contact temperature, To is the ambient
temperature, and V. is the voltage drop between the electrodes [22]. As T: increases, the
temperature will surpass the melting temperature Tw of the metals, leading to the
formation of the molten bridge. It is important to highlight that the molten bridge will
always generate during hot switching irrespective of the switching components

characteristics (i.e., opening speed, environmental conditions, current level, etc.).

Upon the metals’ fusion, coupled with the retraction of the movable electrode, the
molten bridge is drawn, thereby elongating it which will considerably increase the
current density. At this point, the electrical arc has not yet been established since, as the
name suggests, the molten bridges join the two electrodes. However, as the bridges
gradually elongate due to the continued retraction of the movable electrode, the bridges
become increasingly unstable until they rupture. It is at this point that the electrical arc
is established in the vicinity of the ruptured molten bridges. The bridges’ instability is
caused by colder material from the base of the bridge which flows towards the hotter
regions during elongation, in addition to the ejection of the bridges” material towards
the gap as the bridges” temperature surpasses the boiling temperature T: of the metal
[22]. Once the molten bridge explodes and the subsequent ignition of the electrical arc,
metallic vapor is released into the contact gap. This vapor considerably increases the
pressure in the contact gap, which gradually expands into lower pressure regions,
establishing a “pseudo arc” where ions are the conductors. When switching at
atmospheric conditions (i.e.,, not under vacuum), there is a sustained reduction in
pressure which enables atmospheric gases to flow into the gap. Consequently, the arc
undergoes a transition from a metallic phase towards a gaseous phase where electrons
are the primary current conductors instead of ions as was the case in the initial stages of
the arc. The electrical arc is sustained as long as the cathode provides a constant supply
of electrons, which will continually ionize the metallic vapor generated due to the
explosion of the molten bridges. However, the cathode’s temperature should be
sufficiently high in order for enough electrodes to be liberated [22]. Therefore, Inin can
be defined as the minimum arc current required to sustain electron production in the
cathode, thus sustaining the electrical arc. Consequently, when the current is higher
than Inin, the arc can be extinguished by increasing the interelectrode gap. In this
manner, increasing the distance between the electrodes generates a higher arc voltage
which consequently reduces the arc’s current until it falls below Imin, thus extinguishing
the electrical arc [22]. The development of the electrical arc’s ignition is schematically

represented in Figure 6.
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A.3. Carbon hybridization states

Carbon is a very versatile element due to the fact that it is capable of bonding with
itself in different ways due to the formation of hybrid atomic orbitals. Depending on the
different carbon-carbon bonds, different molecular and crystalline structures are
formed — known as allotropes or polymorphs (i.e., its hybridization state) [94]. In a sp*-
hybridization state, direction (i.e., stereospecific), covalent sigma bonds are formed
between the carbon atoms, where each atom share an electron pair. This sigma bonds
are strong due to a maximization of attraction forces between the bonding electrons and
the nuclei, while minimizing the mutual repulsion between the nuclei. The result from
a sp’>-hybridized carbon molecule, is a three-dimensional, tetrahedron structure that
forms a 109.5° angle between each of the four sigma bond. As a consequence, sp3-
hybridized materials present exceptional mechanical properties [94], such as in the case
of diamond. Other examples of sp’>-hybridized substances are methane and aliphatic

compounds.

Similarly, sp>-hybridized carbon also exhibits strong sigma covalent bonds [94].
However, here three sp? orbitals are formed in addition to a delocalized non-hybridized
p--orbital. In this case, the three sp>-hybridized orbitals can form strong sigma bonds.
These orbitals are in-plane, forming a 120° angle with each other, and present higher
energy and shorter bond length than in a sp® hybridization state. The p--orbital, on the
other hand, is in a perpendicular direction to the sp? plane, thereby enabling the
formation of weaker pi bonds. This enables each sp*-hybridized carbon atom to form a
sigma bond in-plane with three other sp?>-hybridized carbon atoms and vertically form
pi bonds with other bonded planes, thereby forming the typical stacked hexagonal
structure observed in graphite. It is the high-mobility, non-hybridized electron (p--
orbital) that is responsible for the exceptional transport properties of sp’>-hybridized
structures. However, the delocalized p:-orbitals possess the particularity that they can
freely move in-plane, while requiring higher amounts of energy to move cross-plane.
Therefore, sp>-hybridized structures generally present anisotropic transport properties
[94].

Lastly, sp-hybridized structures are made up of a single strong sigma bond [94], which
accounts for two electrons, and two delocalized p-orbitals. Due to the strong repulsion
between the two sp-orbitals, this structure is linear, forming a 180° angle between each
orbital [94]. Carbynes are typical sp-hybridized structures.

VIII



	Bruno_Thesis_v1.7 - post defense - unlinked



