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Meinen Eltern

“The greatest compliment that was ever paid me was
when one asked me what I thought,
and attended to my answer.”

— Henry David Thoreau



Abstract

Nickel-titanium (NiTi) shape memory alloys are functional materials that are
capable of undergoing a reversible temperature-induced shape change. Specifically in
martensitic NiTi alloys, a reversible two-way shape memory effect can be induced using
indentation techniques enabling a temperature-induced change in topography.
Combining switchable topographies with nano- or microstructures could expand the
properties of functional surfaces, and in addition make the surfaces responsive to their
environment. For example, it would be possible to change the adhesive properties of
surfaces with switchable dry adhesive microstructures or to control celladhesion on
implant materials with specific nano- and micro-switchable structures.

In this study, the indentation induced two-way shape memory effect was
investigated in different NiTi alloys. In particular, the effects of alloy microstructure,
deformation parameters (training) and thermal treatments on switchability were
explored. In an austenitic NiTi alloy a specific thermal treatment led to the formation
of coherent precipitates, which were shown to be crucial for the two-way shape memory
behavior; exceeding the phase transformation temperature considerably decreased the
switchability of the topography. At higher temperatures the stabilized martensite,
which is required for an oriented phase transformation and consequently for the two-
way shape memory behavior, transforms to austenite.

An embossing and an electrochemical forming process were developed to prepare
switchable topographies on larger areas. Both methods led to surface arrays on NiTi
with two-way shape memory topographies.

Finally, two approaches were presented, which use the switchable topographies to
enable switching of a formerly passive surface function. In combination with
bioinspired dry adhesive structures, the switchable NiTi topography led to a reversible,
temperature-induced change of the adhesive properties of the surface. Secondly, the
two-way shape memory effect was transferred to an alloy system with a phase
transformation temperature near body temperature and a small width of hysteresis. By
this, a switchable topography was induced, which is controllable within a physiological
temperature range. The only issue impeding the use of this switchable surface for
experiments on cell-surface interactions is an increased leakage of harmful copper ions.
Therefore, surface passivation through oxidation is presented as a method to reduce

the 1ion leakage.
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Kurzzusammenfassung

Nickel Titan (NiTi) Formgedichtnislegierungen erméglichen eine Forminderung
als Funktion der Temperatur. Bei martensitischen NiTi-Legierungen kann durch
Indentieren der Oberflache ein reversibler Zwei-Weg Formgedéachtniseffekt induziert
werden, der die Ausbildung thermisch schaltbarer Topographien bewirkt. Die
Kombination dieser schaltbaren Topographie mit funktionalen Nano- oder
Mikrostrukturen erlaubt die Entwicklung von Oberflichen mit schaltbaren
Eigenschaften. Beispielsweise liele sich durch eine schaltbare Topographie das
Zellwachstum auf Implantatmaterialien steuern, oder in Kombination mit trocken-
adhasiven Mikrostrukturen, die Adhésionseigenschaften einer Oberflache regulieren.

In der vorliegenden Arbeit wurde der indentations-induzierte Zwei-Weg
Formgedachtniseffekt in verschiedenen Legierungen untersucht, insbesondere der
Zusammenhang zwischen Schaltbarkeit und Verformung, Mikrostruktur und
Temperaturdnderung. In einer austenitischen NiTi-Legierung fliihrte eine gezielte
Temperaturbehandlung zur Bildung koh&renter Ausscheidungen, welche sich als
entscheidend fiir eine schaltbare Topographie gezeigt haben. Wurde die
Phasenumwandlungstemperatur weit tiberschritten, wandelte sich der fiir den Zwei-
Weg Formgedachtniseffekt notwendige stabilisierte Martensit in Austenit um, was eine
Rickumwandlung der Topographie verhindert.

Um schaltbare Topographien auf gréBeren Flachen zu erzeugen, wurden ein
Kaltprage- und ein elektrochemisches Abtragungsverfahren entwickelt. Beide
Methoden ermoglichten die Herstellung von schaltbaren NiTi- Oberflachen.

Dass dynamische Topographien in NiTi fur die Schaltbarkeit einer passiven
Oberflachenfunktion genutzt werden kénnen, wurde in zwel Ansitzen aufgezeigt. In
Kombination mit bioinspirierten Haftstrukturen wurde eine reversible temperatur-
induzierte Anderung der adhésiven Eigenschaften einer Oberfléiche erméglicht.
AubBerdem wurde der Zweil-Weg Formgedichtniseffekt auf ein quaternires
Legierungssystem  mit einer Phasenumwandlungstemperatur nahe der
Korpertemperatur und schmaler Hysteresebreite tibertragen. Hieraus resultierte eine
Oberflache, deren Topographie sich innerhalb eines physiologisch tolerierbaren
Temperaturfensters schalten lasst. Einzig eine erhohte Abgabe von zellschadigenden
Kupferionen stand der Untersuchung einer Zellwechselwirkung mit der schaltbaren
Oberflache entgegen. Mit dem Ziel die Ionenabgabe zu reduzieren, wurde deshalb die

Oberflache durch Oxidation passiviert.
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Chapter 1
Introduction

Functional surfaces with super-hydrophobic, (anti)-reflective, adhesive or bioactive
properties play a central role for new developments in research areas such as tribology,
microfluidics or biomedicine.> In many cases these surface properties were induced
using functional micro- or nanostructures or even a hierarchical morphology, as found
in the lotus leaf, the natural prototype for super-hydrophobic surfaces.® In addition,
functional coatings and changes in the surface texture are frequently used to improve
or change surface properties such as wettability or friction.”® For these properties the
surface topography on micro- and nanometer scale plays an important role and induces
macroscopic effects.?

So far, mostly passive structures and materials have been used to obtain certain
functionalities. Recently, investigations in the field of ‘smart’, ‘stimuli-responsive’,
‘intelligent’, ‘active’ or ‘dynamic’ materials and hybrid systems have gained increasing
attention. The ability to change and control specific surface properties could enable
applications from data-storage, over microelectromechanical systems to dynamic
biomedical surfaces, guiding cell-adhesion, and surfaces with adaptive reflectivity.
Besides complex molecular systems, which show a responsive chemical modification,
shape memory materials, which are able to manifest a shape change, have been used
to trigger surface functionalities. Many of these systems are based on polymers
changing their physio-chemical properties activated by pH, humidity, light or
temperature.l912 Only a few studies are available using inorganic and metal-based
responsive surfaces. Most of these switchable systems obtain their active properties by
a combination with a modified polymeric surface layer or physical adsorption of polymer
molecules.’213 These hybrid systems combine the mechanical advantages of a passive
metal with the switchable properties of an active polymer. However, switchable

metallic topographies could surpass switchable polymeric topographies in particular for
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load bearing or high temperature applications. Magnetism, electric currents and
inductive heating could be used as external stimulus and induce a shape change in
shape memory alloys with actuation forces exceeding those of polymers by far.1416
Regarding biomedical applications, metal based implants were frequently used and
medically proven.l7

Prominent responsive metallic materials are nickel-titanium (NiTi) shape memory
alloys. Near equiatomic NiTi alloys show a reversible shape change triggered by a
change in temperature and extraordinarily high elastic deformation, called
pseudoelasticity. Their exceptional mechanical properties make them a frequently used
material in actuator applications and biomedicine.'819 For example, pseudoelastic NiTi
materials are used in orthodontic wires or in flexible stents for endovascular therapy.20
22 Only few applications, such as actuators, control devices, or fasteners, make use of
the two-way shape memory behavior in NiTi alloys.2325

Depending on the alloy composition and specific thermomechanical training, either
the one-way shape memory effect (OWSME) or the two-way shape memory effect
(TWSME) can be exploited. Previous research on the two-way shape memory effect has
established temperature-induced switchable topographies in NiTi shape memory
alloys. Indentation followed by planarization yielded a shape memory effect, where the
topography of the NiTi surface reversibly changed from flat to textured. The switch is
controlled by heating above, or cooling below the characteristic phase transformation
temperatures of the alloy.16 26-28

So far, the detailed microstructural mechanisms behind the indentation induced
TWSME remain unclear, especially the influence of heat treatments on the TWSME is
not well understood. A better knowledge on the adaptation of the phase transformation
temperatures and on the enlargement of protrusion height and reversibility is required
for technical application. For example, could this enable a switch of topographies at
physiological conditions and improve the manufacturing technology for such switchable
metallic topographies.

Apart from a study by Fei et al. the focus of previous studies has been on the
scientific investigation of the effect. The same indentation preparation technique
presented in the first study by Zhang et al. was used, which is rather complex and time
consuming.?’-29 No method has been presented for a training of the TWSME on larger
areas that enables a parallel preparation. This step is crucial for upscaling of switchable

metallic arrays and subsequent implementation into process engineering.
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Apart from a wear resistant coating, applications of metallic switchable
topographies have been rarely investigated. 30 The usage of such a switchable metallic
topography is very promising regarding the control of surface properties. The change in
topography from flat to textured might have a strong impact on the contact area. In
particular, properties which are strongly related to the surface topography, such as
friction, wettability or adhesion, could be controlled.

The development of a hybrid system, combining switchable metallic surface
topographies with functional coatings and microstructures could further extend the
field of applications. For example, could a combination with dryadhesive
microstructures induce switchable adhesive properties for pick and place applications.
In biomedicine, the control of the surface topography of a hybrid NiTi implant system
may promote the healing process, e.g. by controlled drug release or by influencing cell
proliferation due to controlled wettability and surface roughness.31-32

With respect to these possible applications, the aim of this thesis is to understand
the indentation induced shape memory effect and its influence on switchable surface
structures in more detail. Furthermore, with a view to a possible upscaling, preparation
techniques that enable large area patterning were developed. Finally, two applications
of switchable metallic topographies will be presented; an approach using a shape
memory topography in a NiTi-polymer hybrid system to gain temperature-induced
switchable adhesion, and a switchable topography activated near body temperature
using a new shape memory alloy. This thesis is outlined as follows:

After the introduction in the first chapter, in the second chapter the nature of NiTi
shape memory alloys, the martensitic phase transformation and the indentation
induced two-way shape memory effect are described. Furthermore, a brief overview on
the current state of the art in micro manufacturing and structuring of NiTi alloys is
given. The chapter ends with a detailed overview of the current research in the field of
functional micro- and nanostructures, coatings and topographies. In particular,
developments on switchable dry adhesive and biomedical surfaces are emphasized.

The third and the fourth chapter present the research on the influence of
precipitates on the two-way shape memory effect. This work was started by Dr. Enwei
Qin and completed during this thesis with additional differential scanning calorimetry
(DSC), indentation and temperature cycling measurements to analyze the effect of
aging on the indentation induced two-way-shape memory effect in austenitic NiTi. In

chapter 5 embossing and pulse electrochemical machining are reported as techniques
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to train switchable metallic surfaces based on the TWSME. Three different geometries
are induced by these techniques. The resulting switchable surface arrays are quantified
with focus on their morphology and reversibility using white light interferometry and
thermal cycling. Chapter 6 discusses the development of a hybrid system by combining
a switchable metallic topography in NiTi with a bioinspired, micro-patterned adhesive
polymer layer. The adhesion properties and reversibility of the hybrid system are
measured as a function of temperature. The results are discussed in terms of a change
in contact area using classic contact mechanics and a finite element analysis.

Chapter 7 introduces switchable metallic topographies activated near body
temperature using a quaternary shape memory alloy. The reversible switch between
flat and structured is used to investigate the control of cell adhesion and cell alignment
without chemical surface modifications.

The thesis concludes in Chapter 8 with a general discussion of the most relevant
results presented in this work, and an outlook on possible investigations based on the
presented findings is given. Further, ideas for subsequent developments using metallic

shape memory topographies are introduced.

1.1 Publications and author contributions

Parts of the present thesis have been published with contributions of co-authors in
refereed scientific journals. Two manuscripts were mainly contributed by the author of
this thesis and published with first authorship; the third publication was published in

co-authorship.

» Chapter 3 was published by Qin, E.; Peter, N. J.; Frensemeier, M.; Frick, C. P.;
Arzt, E.; Schneider, A. S. in the article Vickers Indentation Induced One-Way and
Two-Way Shape Memory Effect in Austenitic NiTi, Adv. Eng. Mater. 2014, 16 (1),
72-79.

The author carried out the indent-depth-measurements and the evaluation and
interpretation of the results. The writing of the paper was conducted in close
collaboration with C. Frick and N. Peter. E. Qin was responsible for the sample

heat treatment and TEM measurements. The project was supervised by E. Arzt

and A. S. Schneider.

» Chapter 4 was published by Frensemeier, M.; Arzt, E.; Qin, E.; Frick, C. P.;
Schneider, A. S. in the article Indentation Induced Two-Way Shape Memory Effect
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in Aged Ti-50.9 at.% Ni, in MRS Commun. 2015, 5(01), 77-82.

The first author was responsible for the conduction and evaluation of the DSC,
topography and temperature cycling measurements. The TEM imaging and heat
treatment was carried out by E. Qin. The author wrote the manuscript and
received scientific supported by E. Arzt and C. P. Frick. Both contributed with
fruitful discussions. The idea and concept of the publication was developed by A. S.

Schneider.

Chapter 5 was published by Frensemeier, M., Schirra, D., Weinmann, M., Weber,
0., Kroner, E. in the article Shape-Memory Topographies on Nickel-Titanium
Alloys Trained by Embossing and Pulse Electrochemical Machining in Adv. Eng.
Mater. 2016, doi- 10.1002/adem.201600012

The author carried out the concept of the work, the sample preparation and
topography change measurements. The writing of the paper was conducted in
close collaboration with E. Kroner. D. Schirra performed the reversibility tests
under supervision of M. Frensemeier. M. Weinmann and O. Weber provided the

PECM system and were responsible for the PECM structuring process.

Chapter 6 was published in the article Temperature-Induced Switchable Adhesion
using Nickel-Titanium—Polydimethylsiloxane Hybrid Surfaces, by Frensemeier,
M.; Kaiser, J. S.; Frick, C. P.; Schneider, A. S.; Arzt, E.; Fertig, R. S.; Kroner, E. in
Adv. Funct. Mater. 2015, 25 (20), 3013-3021.

The first author was responsible for all laboratory work and measurements,
particularly the establishment of the hybrid systems. The adhesion measurements
were supported by J. Kaiser and the advice from E. Kroner. The FEM analysis
was performed by R.S. Fertig. The author has coordinated the summary of the
results and the writing of the manuscript. The final manuscript was discussed and
corrected with the suggestions from the co-authors C.P. Frick, E. Arzt and A.S.
Schneider. The project was supervised by E. Arzt and E. Kroner.
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Chapter 2
Fundamentals and literature review

2.1 Shape memory effects in nickel-titanium alloys
Intermetallic NiTi shape memory alloys respond to external mechano-caloric
stimuli. They are frequently used in micromechanical and biomedical devices as
actuators, sensors and implant materials.3 All of these applications originate from the
shape memory effect or pseudoelasticity; two complex behaviors associated with an
austenite-martensite phase transformation.® In order to increase the magnitude of
shape change and the reversibility, the underlying martensitic phase transformation
has been the subject of continued research since its discovery in 1963.5 NiT1i alloys show
extraordinarily strong pseudoelastic properties and a reversible shape change even for
relatively large strains up to 8%.6 In addition to their shape memory behavior, good
corrosion resistance and biocompatibility compared to other shape memory alloys

makes them an excellent candidate for advanced biomedical and implant applications.”

8

2.1.1 The martensitic phase transformation

NiTi alloys with shape memory effect typically have a near equiatomic composition.
At moderate temperatures (<650 °C), the region of homogeneity is quite narrow and
lies between 50.0 and 50.5 at.% Ni.? In this temperature range, slightly Ni-rich alloys
(>50.5 at.% Ni) decompose upon ageing into metastable TisNi4, Ti2Nis and subsequently
TiNis. Especially, the TisNis phase influences the shape memory effect due to a lattice
distortion by the formation of coherent precipitates.101! Their anisotropic shrinking of
2.7 % in the [111]-direction and only 0.3 % in the perpendicular orientation leads to a
lenticular shape surrounded by strain fields, as shown in Figure 2.1.1! The phase

transformation temperatures can be altered by changing the composition, additional
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alloying elements, and by thermo-mechanical treatments of the alloy. In binary NiTi
alloys of 50.0 to 51.5 at.% Ni, M; decreases by 150°C per at.% Ni until no martensite
phase transformation occurs anymore.!2

The shape change recovery of NiTi shape memory alloys is based on a martensitic
phase transformation, a shear-dominant diffusionless solid-state phase transformation.
As shown in Figure 2.2, the martensitic phase transformation involves an athermal
first-order displacive transformation from the cubic B2 high-temperature parent phase
(austenite, A) to the monoclinic B19’ low-temperature phase (martensite, B).4 Ageing
and thermo-mechanical treatments, enable a two-step transformation from the highly
symmetric B2 phase over the trigonal R-Phase to the lower symmetric B19’ phase.!?

The martensitic B19” unit cell is elongated over 10% compared to the austenitic B2
unit cell in the [223] B2-orientation and an order larger than the R-phase with an
elongation of 0.94% along the [111] B2-orientation.'416 The shape change in NiTi alloys
is driven by this change of transformational volume and the high mobility of twin
boundaries under the influence of shear stress. In polycrystalline NiTi shape memory
alloys, the martensitic phase transformation is driven by nucleation and growth.
Nucleation preferably evolves at phase and grain boundaries, at temperatures below
the martensitic start temperature Ms. Below the martensitic finish temperature Mrthe
phase transformation is completed and the material is fully martensitic. Analogously,
the transformation from the low temperature martensitic phase to the high
temperature austenitic phase starts at the austenite start temperature As and
continuous until the austenite finish temperature Aris reached and the material is in

a fully austenitic state.

I11|’| |
2 11,

Ni > 50.5 at.% T>680°C h>10

Figure 2.1: Schematic of the lattice distortion and intrinsic stress fields induced by shrinking of
coherent NisTis precipitates. Modified after Tadaki et al.l!
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The phase transformation temperatures can be altered by changing the
composition, additional alloying elements, and by thermo-mechanical treatments of the
alloy. In binary NiTi alloys of 50.0 to 51.5 at.% Ni, M; decreases by 150°C per at.% Ni
until no martensite phase transformation occurs anymore.!2 Moreover, the formation of
precipitates in Ni-rich alloys and the formation of a two-step transformation due to the
R-Phase have to be considered.?

Phase transformation temperatures are usually determined by DSC, and range for
NiTi from -150 to 100 °C. This temperature range generally defines the field of
application of the shape memory alloy.

Furthermore, phases can be stabilized by mechanical stress. Due to the displacive
nature of the phase transformation, martensite can also be induced by stress (SIM).
The correlation between induced stress and temperature is described by the Clausius-

Clapeyron equation:18

dT € eTy

do AS AH (2.1)

Here, T'is the stress-induced transformation temperature, € is the transformation
induced strain, AS 1is the entropy, AH the enthalpy difference of the phase
transformation, and 7% the temperature of thermodynamic equilibrium. Accordingly,
martensite can be induced by mechanical stress at a constant temperature (T > A4j. It

spontaneously recovers after unloading since the reverse transformation takes place.

A B

Austenite B2

Martensite B19’

(110)[110],,

basal shear
shuffle

Cardl 1105,

\bB19[1 1 O]BZ

Figure 2.2: Sketch of the crystal structures in NiTi shape memory alloys.* 19 (A) The parent
austenitic B2 structure, with four primitive cells leading to a tetragonal unit cell (dashed line).
(B), The phase transformation from austenite (B2) to martensite (B19’) is induced by shifting
the (110) plane in the [110]-direction and a cooperative shearing of the (001) planes in [110]-
direction.
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This stress-induced reversible deformation, called pseudoelasticity, is limited by the
temperature dependent critical stress for plastic yielding in the austenitic phase
(Figure 2.3).

Once the applied stress level overcomes the critical stress for slip, before reaching
the level for a stress-induced martensitic transformation, permanent deformation
occurs.20 Ms is shifted to higher temperatures with increasing stress, until the critical
yield stress, oy, is reached. With further increasing stress level, the pseudoelastic

deformation is displaced by plastic deformation.

2.1.2 The shape memory behavior

Depending on the thermomechanical treatment and loading path, the diffusion-less
stress-induced martensitic transformation leads to either pseudoelastic, one-way shape
memory or a two-way, i.e. repeatable, shape memory behavior (Figure 2.4). At
temperatures below Mz two different variations of martensite accommodation are

shown.

Stress o

detwinned
martensite

#

twinned
martensite

M Ms A Ay Temperature T

Figure 2.3: Schematic relationship between temperature and stress-induced martensitic phase
transformation. After Lagoudas et al.20
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If the martensitic transformation takes place in absence of any external mechanical
stimuli, e.g. an applied stress, the multiple variants of the low-symmetric martensite
show an intrinsic self-accommodation due to twinning. In this case, no macroscopic
shape change can be observed. The change in symmetry enables the formation of twin-
related pairs of the martensite variants, which nucleate to a single, coherent habit-
plane variant.

If the transformation takes place in presence of an external mechanical load, the
multiple martensitic variants re-accommodate with a preferred orientation (Figure
2.4). This detwinning process leads to a large, reversible (non-plastic) strain,
accompanied by a macroscopic shape change. After heating above Az the material
returns to the highly symmetric, single variant austenite phase and the deformation

fully recovers.

B
©
%]
1%)]
L
&
Strain €
one-way shape memory effect
i. T<M;
i. T> A,
&\5‘6« pseudoelasticity Strain &
o2 T>A;
"e’((\ o< cv

Figure 2.4: Schematic stress-strain diagram and martensitic phase transformation of (A) the
one-way shape memory effect and (B) pseudoelasticity.
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The memorized shape is always the austenitic shape, which can be recovered by
heating the deformed, martensitic sample. Once the original austenitic shape is
recovered, no re-deformation occurs during a subsequent cooling. Thus, this shape
memory behavior is restricted to one switching process, the so-called one-way shape
memory effect (OWSME). If the macroscopic shape recovery is inhibited during
transformation from martensite to austenite, high restoring forces occur. Combined
with an external bias force, the one-way shape memory effect can be used as a
switchable actuator.?!

For applications with operating temperatures above Az another effect is elicited due
to mechanical loading, referred to as pseudoelasticity. If the material is deformed at
temperatures near or above Ag a spontaneous stress induced formation of SIM takes
place. Similarly, to the transformation mechanism of the OWSME, favored martensite
variants start growing and detwin depending on the magnitude of the applied stress.
Thus, the microstructure and the macroscopic deformation is assumed to be the same
as for lower temperatures. When the external load is removed, a sudden re-
transformation to the austenitic shape occurs. The pseudoelastic deformation is directly
related to the phase equilibrium temperature and the martensitic transformation
temperature. It can be controlled in a mechanically loaded state and decreases
immediately in the absence of load. The martensite recovers isothermally to highly

symmetric austenite.

In order to elicit the two-way shape memory effect, an appropriate thermo-
mechanical ‘training procedure’ has to be applied to the shape memory alloy.2223 The
combination of deformation and heat treatment enables the material to memorize its
shape at both high and low temperature. Thus, the two-way shape memory effect
(TWSME) allows switching between the two shapes controlled by cycling temperature.

While the TWSME shows relatively low recovery strains compared to the OWSME,
it shows high reversibility and high fatigue resistance.?*2> Most training procedures
create internal stress fields, which then guide the growth of oriented martensite
variants. Usually, a thermomechanical training process is applied to the material,
which consists of a defined heating and cooling procedure under controlled stress, strain
and temperature.? 26 The applied stress or strain often exceeds the recoverable strain
and leads to plastic slip and the generation of dislocations and stress fields. It is

believed, that these stress fields act as nucleation sites for martensite variants with a
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favored orientation, a process that is crucial for the shape deformation in absence of an
external load (Figure 2.5).23 After the ‘training’ (i.-iii.), which induces a permanent
dislocation structure in the material, a reversible deformation occurs spontaneously
during thermal cycling across the transformation temperatures without any external
bias (iv. —vi.).2728

The internal stress, generated by the dislocations, is associated with the
stabilization of martensitic variants in favored orientations. During the thermally
induced transformation, these pre-oriented variants guide the direction of the overall
martensitic transformation leading to a macroscopic deformation of the sample.22

The reversible shape change due to the TWSME has been demonstrated in various
studies.2931 However, theoretical attempts explaining the underlying fundamental
principles of the TWSME were mostly based on the analysis of experimental
phenomena. A detailed analysis of the interaction between deformation, associated
dislocation structures, precipitates, stress fields, and the generation of oriented
martensite variants is currently missing. Only a few studies investigated the specific
interaction between deformation, precipitates and the activation of martensite growth

with certain variant orientation.25 3233

Stress o

_.""'Strain €

Figure 2.5: Characteristic stress-strain behavior of the two- way shape memory effect (TWSME).
The oriented microstructural change during deformation and the martensitic phase
transformation lead to a macroscopic shape change induced by changing temperature. No
external stress is required for the shape recovery.
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For example, the interaction of the dislocation structure with favored martensitic
variants was investigated by transmission electron microscopy (TEM) of fatigued NiTi
samples by Gall and Maier.?> It was suggested that defect nucleation is energetically
favored at the austenite-martensite interface. Norfleet et al. showed that the amount
of stress-induced martensite correlates with a high dislocation density and that the
orientation of the martensite twins is parallel to the dislocation accumulation.34

Nishida and Honma, and Gall et al. showed that, in addition to the dislocation
structure, the presence of precipitates may influence the behavior of the TWSME.10. 29
The phase transformation behavior (see 2.1.1) changes with internal stress fields.
Therefore, size, amount, volume and orientation of precipitates were directly correlated
to the growth of oriented martensite variants.?3 35> These studies have highlighted that
the guidance of oriented martensite growth by precipitates and dislocation structures
is the key-element for TWSME evolution, a fundamental understanding of the TWSME

1s still missing.

2.1.3 The indentation induced two-way shape memory effect

While the fundamental mechanisms causing the reversible two-way shape
transformation remain unclear, recent research has identified a new mechanism for
inducing the TWSME. Besides relatively complex treatments such as thermo-
mechanical cycling or stress-assisted aging, severe plastic deformation, e.g. through
indentation, can induce a reversible shape memory effect.36

Studies by Ni et al. have shown that a TWSME can already be induced by a single
indentation, without repeated thermal cycling or subsequent heat treatment. The
indentation depth in a NiTi-surface was shown to decrease or increase upon heating
and cooling above and below the transformation temperature, respectively. Thus, after
indentation the material elicit a reversible shape memory effect, i.e. a TWSME (Figure
2.6).37

Most of the decrease in indentation depth is related to the OWSME and occurs after
heating the sample above Az After cooling the sample below My the indent depth
increases again, leading to a partially reverse deformation related to the TWSME. Upon
thermal cycling, the depth of the indent can be changed reversibly. Lower indent depth

1s shown after heating and an increase is shown after cooling.
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Based on these results, Zhang et al. proposed a technique to develop a reversible
shape memory surface.3®40 They indented NiTi alloys to high strains, thermally cycled
them, and replanarized the samples by stepwise grinding and polishing (Figure 2.7).
The multiple grinding and polishing steps were applied in order to remove the
remaining indents and regain an optically smooth surface. When heated above Ay the
replanarized surface elicited semispherical surface protrusions at the former positions
of the indents. These protrusions were thermally switchable and most likely induced
by the residual dislocation structure oriented around the initial indent.

Hence, indentation of the surface leads to a surface form memory by means of a
specific indentation and planarization technique. This method (indentation induced
TWSME) leads to a thermally reversible surface topography which can be switched

between a flat and structured state, depending on the initially applied deformation.

(PP A

twinned martensite oriented martensite variants induced by indentation
ii. % V.

deformation via indentation austenite: heating above A, leads to indent recovery
iii. Vi.

detwinned martensite marteniste: cooling below M, leads to indent growth

Figure 2.6: The indentation induced two-way shape memory effect. (i.-ii.) Twinned martensite
is indented and plastically deformed. (iii.-iv.) The indentation induced stress leads to detwinning
and stabilization of martensite variants with a preferred orientation. (v.) If the sample is heated
the first time above Ara recovery of the indent takes place. The depth of the initial indent profile
(green) decreases with the austenitic transformation by the associated one-way shape memory
effect. (vi.) After cooling the sample below M;, the indentation depth increases (blue). A reverse
shape change is shown within the martensitic transformation, which is related to the two-way
shape memory effect. The profile depth can be changed reversibly by heating (red, v.) and cooling
across the transformation temperatures (blue, vi.).
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The microstructural mechanisms of the structure formation have not been
identified in detail and a characterization of the interacting mechanisms of the
structuring phenomena remains unclear. Likewise, the experimental parameters,
which may enhance the structure formation and their role during martensite
transformation, have not been identified in detail.

Current approaches used either single indentation or scratching to induce the
deformation related stress field. The resulting remnant dislocation structure favors the
nucleation of certain martensitic variants. The growth of these variants causes a shape
change upon cooling and is thus thought to be responsible for the TWSME.3° Based on
this theory, Fei et al. tried to improve the recovery rate of the TWSME by shifting the
quasistatic indentation conditions (Hertzian contact at low strain rates) to a dynamical
regime by laser shock indentation (high strain rates).4! They observed that the shape
recovery was five times greater in laser shock indentation compared to quasistatic
indentation. Accordingly, a higher protrusion size was achieved relative to the

deformation depth induced by indentation.
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Figure 2.7: Illustration of the preparation steps for switchable surface topographies induced via
surface indentation.(A, 1) The surface of a NiTi shape memory alloy is plastically deformed by
the indenter, leading to a remaining indent. (B) After heating and cooling the sample above and
below the phase transformation temperatures a shallower indent profile (blue) remains on the
surface due to the two-way shape memory effect. (A, ii) This indent is removed by grinding and
subsequent polishing until an optically smooth surface is regained. (A, iii) When the sample is
heated above Ar, a semispherical protrusion appears in the indented area and disappears again
after cooling below M:. (C) Thus, by successively heating and cooling the sample, the surface can
be switched between flat and structured and vice versa.
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2.1.4 Metal forming and structuring processes

The methods of surface texturing for metals range from macroscopic computer
numerical controlled machining such as drilling,%2 over laser treatments?® and
lithographic technologies,** to micromachining using focused ion beam technology,*> or
electrochemical processes.4® Preparation methods, in which the topography is formed
serial and point-by-point, are significantly slower compared to parallel texturing, where
the whole pattern is transferred at the same time such as in batch or roll-to-roll
processes.

Apart from the study by Fei et al., where laser shock indentation was used to
prepare switchable TWSME surfaces, all other studies used the same indentation based
preparation technique presented by Zhang et al. (Figure 2.7). This technique is a rather
complex and time consuming preparation routine.?® Neither single indentation, nor
stepwise planarization is an adequate technique for large-scale production of TWSME
surfaces.

In order to select an appropriate machining technology for producing surfaces with
switchable topographies on NiTi, the following requirements and specifications have to

be considered:

» The size of manufactured structures should range from nano- to millimeters, since

usually surface functionalities are related to structures of such a size scale.

» Preferably strong stress fields should be induced highly localized into the surface to
promote the TWSME.

» The amount of heat transfer into the work piece should be kept as low as possible

in order to avoid any negative influence on the TWSME.

» The process should enable an efficient parallel structuring of larger areas and

already be applied or being applicable in industry.

2.1.5 Cold embossing

One of the most direct ways to induce a surface texture into a metal is the surface
deformation through embossing or coining. A relatively coarse surface texture with
several grooves of 5 to 20 um in width can be used to improve lubrication for
roller/piston in hydraulic motors as shown by Pettersson and Jacobson.*” A specific

diamond embossing tool was used to induce parallel or crossed grooves, with a 45°
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rotation to the sliding direction on a steel piston.4749 With the increasing demand for
miniaturization, the limits of these technologies were currently investigated. Geiger et
al. summarized the developments in micro-metalforming and showed that especially
the tool manufacturing limits the application for small-scale features.50

Bohm et al. showed that a structure size in the range of a few micrometers can be
embossed into a surface with high accuracy (see Figure 2.8). In order to do so, high
pressures exceeding the yield strength of the substrate material were applied. The
samples were loaded with 2000 N for alumina and more than 5000 N for stainless steel.
Subsequently, very high die wear or even failure of the brittle silicon dies was
observed.?!

Only little research has been carried out regarding the texturing of NiTi shape
memory alloys through embossing. Hornbogen described a thermomechanical
embossing process as the simplest way to determine the final shape formation in NiT4.52
He clamped the martensitic material in a die and heated it high above Arbut below the
recrystallization temperature. At temperatures above Arthe growth of nanometer scale
precipitates, which then affect the martensitic transformation, was favored.

Bradley et al. patented the structuring of a shape memory sheet via embossing
using an electromagnetic force-assisted imprint technology.?35¢ The features of the
‘embossed shape memory sheet metal article’ should be suitable for the generation of
holographic images. The required surface features to gain a visible image is in the range
of millimeters and is formed by an electromagnetic forming process. The authors
preferred the use of thin foils for this process and applied a thermal treatment in form

of heating and cooling during the electromagnetic forming.

=l

A - silicon die

Figure 2.8: SEM images of metallic surfaces with complex micro-geometries fabricated via
embossing. (A) Silicon die with straight grooves and a gap width of 1 pm. (B) Straight grooves
on an alumina (A199.5) substrate transferred with cold embossing. (C) Silicon die with a complex
geometry. D, Complex surface structure transferred by superplastic embossing at 250°C for
12 min.5!
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Due to the specific stress-strain behavior and high degree of work hardening, in
NiTi shape memory alloys, the embossing process leads to a poor structuring accuracy
and high tool wear.?® Various studies demonstrated the poor machinability of NiTi
shape memory alloys using conventional machining such as cutting and drilling.5558
Thus, non-conventional techniques such as electrochemical machining are of growing

interest to form NiTi devices.

2.1.6 Pulse electrochemical machining

Pulse electrochemical machining (PECM) is an extension of electrochemical
machining (ECM), an electrolysis process without direct contact between tool and
sample surface. As shown in Figure 2.9, a negative pattern of a tool is transferred onto
a substrate by an anodic dissolution. During the process, a small gap between the
sample and the cathode is maintained and flushed with an electrolyte at high flowrates.
A high voltage is applied, leading to very high current densities. Heat production is
avoided and residues of the manufacturing are removed from the interelectrode gap by
a uniform flow of the electrolyte through a flushing chamber.?® The pulse current leads
to higher instant current densities and subsequently enables higher surface quality

compared to electrochemical machining with continuous current.

Figure 2.9 Schematic drawing of the PECM process and resulting surface texture. (A) The tool
is moved upwards and downwards to widen the interelectrode gap (S, gap distance). A short
pulse (7, current pulse) is applied at the lower turning point. Modified after 60. (B) SEM images
of a micro-machined tool and the structured Ni substrate.6! (C) It has yet to be shown if
protruding structures could also be manufactured by using a cathode with cavities of various
geometries.
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The tool (cathode) is moved in a sinusoidal manner upwards and downwards to
widen the interelectrode gap (S, gap distance) between the substrate (anode) for the
removal of oxides and trapped air in the electrolyte. A short pulse (I, current pulse) is
applied at the lower turning point and induces the anodization of the sample, leading
to an increased manufacturing accuracy. Rajurkar et al. mentioned that PECM is
already applied to manufacture dies, turbine blades, and precision electronic
components with an accuracy of 20 to 100 pm.6263

Besides the advantages of a residual stress-free structure formation and low
production of heat, the geometry of the structures and their accuracy is limited by the
electrolytic flow. Hence a sophisticated design of the inverse tool geometry is required.54

In literature, most investigations on nonconventional machining of NiTi alloys focus
on electropolishing for a highly accurate surface finish in biomedical applications or
electro discharge machining (EDM) to structure implant surfaces of NiTi.6566 Both
processes do not meet the requirements for the preparation of TWSME topographies,
since electropolishing does not allow a formation extending surface structures and
EDM, as a thermal process, interacts with the thermo-sensitive TWSME in NiTi. Only

few investigations have focused on PECM processing of NiT1i.67-68

2.1.7 Applications of two-way shape memory surfaces

In terms of potential applications of TWSME surfaces, little research has been
conducted.38 The recovery behavior of the indentation depth upon heating, which can
be described as a self-healing property, has been studied for tribological applications by
Ni et al.?? Due to the recovery behavior of the OWSME, former indents and wear scars
faded away upon heating. Because the hardness of NiTi was not high enough, the wear-
induced material loss was prevented by coating the surface with a thin film of hard
CrN. Using this strategy, wear resistant and self-healing tribological surfaces could be
created.

Shaw et al. used the shape memory effect for high-density data storage. Data bits
were stored by indentation and deleted by heating, due to the OWSME and the self-
healing behavior of indents.70"7!

Fei et al. showed that TWSME surfaces could also perform mechanical work with
sufficient energy to induce localized plastic deformation in a strong base metal
substrate. In planar contact, the formation of protrusions on a NiTi TWSME surface

was able to deform stainless steel (304) under compressive loading. Considering that
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this process works robustly at the nanoscale, the authors emphasized its possible
application in the field of MEMS micro assembly, nanolithography or thermally
variable friction surfaces. 40

The previously mentioned studies have focused on binary NiTi alloys, no research
has been conducted on further alloys such as ternary or quaternary shape memory
alloys. This could lead to different mechanical properties of the surface, enable
increased actuation forces or the use of different external stimuli. A transfer of the
indentation induced TWSME onto alloys with different phase transformation
temperatures would enable an adaptation to the required activation temperatures. For
example, an alloy with a phase transformation near body temperature could enable an
activation of the TWSME by body heat, leading to new applications in biomedicine.
Although not investigated in this thesis, a transfer of the TWSME topographies onto

magnetic shape memory alloys could enable switching by a magnetic field.

2.2 Functional microstructures and microtopographies
Apart from the wear resistant coating on a TWSME surface, no research has been
carried out combining functional surface structures or other coatings with switchable
topographies in NiTi. For many properties, the surface topography at micro- and
nanometer scale plays an important role and induces macroscopic effects.”? As
schematically shown in Figure 2.10, functional coatings or micro- and nanostructures
could influence effects, such as thermal radiation, wettability, reflectivity or friction

and drag reduction.*”. 7377

Properties of functional surfaces and microstructures

* A:thermal radiation * C: wettability *  E:reflectivity
B: adhesion * D: cell-interaction * F: friction and wear
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Figure 2.10: Schematic of different surface properties induced by the interaction of functional
surface structures and coatings with external factors. The microtopography plays an important
role for macroscopic effects such as (A) heat transfer,”> (B) dry adhesion,”® (C)
superhydrophobicity, (D) cell-response,”™ (E) anti-reflectivity576 and (F) drag8 as well as wear
reduction.47
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Microdroplets coupled with specific surface textures were used to promote spreading
and evaporation for cooling in high heat flux MEMS.73

Many superhydrophobic surfaces were induced using microstructures mimicking
the lotus-effect.®! Lotus plants, possess hierarchically structured waxy crystals on their
leaves, which lead to very little adhesion of water droplets to the surface.” Also anti-
reflective coatings were mostly inspired by nature and make use of the interaction of
light with different microstructures.’76 For example, nipple arrays, multilayer systems
or microlense arrays in natural photonic structures induce optical effects such as
reduced-reflectivity, structural colors or collection of light. 828 Other research showed
that friction and drag could be reduced using scales and rib-like microstructures. 8>
Such riblet surfaces, which were also found in shark skin, reduce turbulent skin friction
if they are aligned parallel to the direction of flow.80 Aircraft drag is shown to be reduced
by up to 8% using a riblet foil.®¢ Another example from nature using specific
microtopographies to reduce friction is found in the skin of sandfishes and snakes.8789
Saw-tooth shaped ridges and bumps on the skin lead to a reduced friction coefficient
and increased abrasion resistance, along the animals longitudinal axis and higher
friction in the opposite direction. Thus, these nano-to microstructures provide friction
anisotropy for locomotion. Recently, Greiner and Schifer showed a reduction of dry
sliding forces by more than 40% using such a bioinspired morphological surface
texture.®® They anticipate that these results could have a significant impact on all
applications with dry sliding contacts. Other microstructures and topographies with a
specific morphology were used to induce adhesive properties or to control cell-alignment
on biomedical surfaces.?: 9091

Accordingly, the combination of such functional surface structures with a TWSME
surface or substrate material would enable control and switch the specific properties

related to the surface structures by temperature.

2.2.1 Bioinspired dry adhesives and switchable adhesion

The ability of a surface to adhere to a substrate depends on chemical interaction,
proximity and area of contact. The latter two are strongly influenced by surface
topography. Inspired by the attachment devices of natural prototypes, such as spiders
and geckos (see Figure 2.11), dry adhesives usually use functional microstructures to
enhance van der Waals interactions in order to get robust adhesion on various

surfaces.9

24



Chapter 2

By the use of fibrillar structures, the contact area is split into many single contacts,
the short-range Van-der-Waals forces are enhanced and adhesion is increased.%
Kamperman et al. summarized different mechanisms interacting with the topography
of the substrate to promote dry-adhesion by contact splitting (Figure 2.12).90

The hierarchical fibrils on the micro- and nanometer scale allow conformal contact
with the substrate to increase adhesion.?9* The flexibility of the fibrillar structures
enables enhanced adaptability to smooth, but also to rough, substrates.? Furthermore,
the high number of separated contact elements leads to higher defect tolerance and

redundancy.?

body mass

beetle fly spider gecko

Figure 2.11: Terminal elements (circles) of hairy attachment pads in animals of different size.
With increasing body weight, finer fibrillary structures to enhance adhesion are shown.%

A B
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size effects due to surface-to-volume ratio adaptability to rough surfaces
‘ N
extrinsic contribution to the work of adhesion defect control and adhesion redundancy

Figure 2.12: Schematic illustration of mechanisms, which enhance adhesion by contact splitting
in fibrillary dry adhesive surfaces. (A) The reduced radius and increased number of contact
elements induced a size effect enhancing the short-range van der Waals forces. (B) highly
flexible features enable adaptability to rough topographies. (C) Increase in work of adhesion due
to discontinuous crack propagation. (D) low susceptibility to interfacial defects. Modified after
Kamperman et al. 9
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In the last decade, many different surface structures were developed as synthetic
dry adhesives to benefit from nature’s contact-splitting principle.®. 9798 Greiner et al.
performed a systematic study on elastomeric pillars with a variation in aspect-ratio, tip
shape, and backing layer thickness.99100 Fibrillar structures terminated with flanged
ends, so called mushroom tips, received particular interest due to their strong adhesive
behavior. The detachment of such bioinspired microstructures usually requires peeling
or shear movements, which are difficult to adapt to industrial fabrication processes.

For industrial applications, the release from the substrate by detachment of the dry
adhesive structures is as important as the increase in adhesion, to allow attachment.
The ability to attach to, and detach from various surfaces without leaving residues or
causing any mechanical damages is highly beneficial for many industry processes.

For example, in pick-and-place processes and for the handling of sensitive products,
a reliable short time attachment is required. Thus, more recently, switchable adhesive
systems have been developed.101:106

In many of these studies a change in topography leads to an increase or decrease in
contact area, and subsequently, to a change in the adhesive performance (Figure 2.13).
Northen et al. combined an adhesive polymer with magneto-sensitive Ni-cantilevers for
reversible adhesion (Figure 2.13, A).191 They applied a magnetic field to change the
orientation of the cantilevers that induced a change in contact area and subsequently
in adhesion. Their system showed excellent switchability, but the complicated
fabrication process and the low adhesive strength limited its application. Reddy et al.
used a temperature triggered thermoplastic elastomer in order to change the tilting
angle of fibrils (Figure 2.13, B). Mechanical tilting of these structures led to an adhesion
loss, and subsequent heating recovered the original orientation of the structures and
by this the adhesive state.l2 A one-time switch in adhesion was possible, but no
reversibility of the effect could be obtained. Kim et al. developed a mechanism based on
a temporary, metastable contact for picking up and releasing small objects (Figure 2.13,
().197 This system lacked active control in adhesion, which significantly limits the
process reliability and maximum weight of the objects. Paretkar et al. presented a
reversible pressure actuated adhesive system (Figure 2.13, D).193 They triggered the
loss in adhesion by mechanical loading, causing a reversible buckling and subsequent
loss of intimate contact of the structures with the testing surface. Accordingly, when a
threshold compressive load was applied to the fibrillar system, adhesion dropped

significantly. In comparison to cylindrical structures, the mushroom structures
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required higher preload to force buckling. This is plausible, because their flanged ends
increase contact adaptability.108

Other systems were triggered by light or humidity.199110 Boyne et al. found a
reduction of peel strength dependent on light intensity and irradiation time in a
pressure sensitive adhesive.1% Humidity triggered the adhesion in porous polymer pads
presented by Xue et al.ll® In the sponge-like structures adhesion increased due to a

humidity-induced decrease in the elastic modulus of the polymer.

Figure 2.13: Overview on switchable adhesive systems. (A) Freestanding nickel cantilevers with
paddles of nanorods for switchable adhesion stimulated using a magnetic field.10t (B) Shape
memory polymer pillars were bend and triggered by temperature to change contact area. (C)
Elastomeric micropyramidal structures for use in assembly by transfer printing.'l (D)
Switching behavior due to bending and buckling of pillars.112
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Most approaches in switchable adhesion induce a change of the adhesive structures
themselves. Only few took advantage to change the shape or topography of the backing
layer in order to switch adhesion (Figure 2.14).105-106

Xie et al. induced a peeling motion, analogue to the detachment movement in gecko
toes, in a double layer system of a shape memory polymer with an elastomeric adhesive
polymer. Due to a slight curvature of the shape memory polymer, the compliance to the
substrate was reduced and the sample detached.

Jeong et al. presented a similar approach. They used the formation of wrinkles on a
polymer sheet to misalign fibrillar adhesive structures positioned on top of the sheet.106
By stretching the backing layer, the fibrils oriented in a normal direction to the surface
of contact and, by relaxing the backing layer, the wrinkled topography led to
misalignment with respect to the surface of contact. Thus, a control of adhesion in

normal and shear direction was achieved.

2.2.2 Influence of (active) topographies on cells

The interface between tissue and an implant surface plays a crucial role during the
integration and healing process in a body. Therefore, the cell-surface interaction of
implant materials and different cell cultures has been investigated for years. Curtis
and Varde showed, already in 1964, how the topography of an implant surface controls

the interaction with cells and contributes positively to tissue repair.113
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Figure 2.14: Two examples for switchable adhesives using a topographic change of the backing
layer to control the area of contact to the substrate surface. (A) A self-peeling dry adhesive is
build using a two layer composite with a dry adhesive layer and a shape memory polymer.105 (B)
Surface wrinkling was controlled by an applied strain. In the stretched state the pillars are in
contact and adhesion increases, in the released state the pillars tilt and adhesion is reduced.106
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Beside mechanical properties and surface chemistry, the substrate topography has
a direct impact on cell-adhesion, orientation and activity.

Curtis and Wilkinson elaborated a remarkable overview on the topic of cell-
topography interactions.?! Starting with various types of topographies and cell
reactions, their work covers the fundamentals and guides the reader up to therapies
using cell-guiding topographies.: 91

Fused silica is the most frequently used substrate material for the analysis of cell-
topography interactions.'* It can be structured using photolithography and reactive
ion etching. In addition, the structured silica substrates can be used as a dye and mold
for embossing and casting of polymer substrates. Both techniques enable a high
accuracy of the reproduced structures.!'> Metallic substrates are structured by laser
ablation, sandblasting or acid-etching, whereby the latter two lead to arbitrary surface
structures.!16117 Wilkinson et al. recommend to seed cells at least on 10 mm? of a
structured substrate to obtain adequate statistics.”

Due to the strong correlation between preparation processes and surface chemistry,
it is hardly distinguishable whether a cellular response comes from topography or
chemistry. Britland et al. showed that topographic guidance overcomes chemical
(adhesive) guidance for cells, if a minimum feature size is reached, although both
aspects influence the cell orientation simultaneously.!18119 The localization of extending
cells along discontinuities and transition zones, such as chemical interfaces and
geometric boundaries, has been consistently observed in numerous investigations.9!
The influence of topography was found to be more pronounced for features in the range
of cell size. Geometric parameters that affect cell-response are: feature size, curvature
radius, edges and step-size to groove width, and random roughness.

For example, cardiomyocytes, which aid tissue repair in heart disease, show a highly
aligned cell growth in order to facilitate integration and contraction in living tissue.
They align along grooves on a patterned substrate, if cultivated in vitro, which is close
to the native myocardium.!20 The cells were found to grow with great alignment along
grooves with a periodic distance from 2 to 4 pm.

An increase in the average surface roughness is correlated to an enhanced
cytocompatibility in biomedical NiTi.'?! Zheng et al. used three different surface
treatments, leading to an increase in average surface roughness (&, from 0.03 um to
1.8 um. With increasing roughness they observed a promoted cell proliferation.!22

Ponsonnet et al. showed higher proliferation of fibroblasts for NiTi samples if the
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roughness, which was defined in this study as the peak-to-valley roughness (R), is
lower than 1 um (Figure 2.15).

They conclude that the higher the roughness, the lower is the cell proliferation.23
On the contrary, the surface with the highest roughness showed stronger alignment of
the cells.’2¢ After 2h of culture onto a biomedical nickel-titanium alloy, NiTi80, with a
R: of ~5.8 um, and NiTi2400 with R; of ~0.5um, the fibroblasts adhered to the substrate
by cytoplasmic extensions and adapted to the roughness. After four days of culturing
on NiTi400 with and R, value of ~1.3 pm and NiTi2400, the cells were proliferated and
aligned along the deeper grooves of the rougher surface.

So far, no guideline has been established for optimal surface design for biomedical
devices. This is mainly due to the complex response behavior of different cells. The
existence of an interaction between cells and topography has been confirmed, but ‘how’

they interact has yet to be explained. 119

INITISO ==

Figure 2.15: Effect of different surface roughness in NiTi on cell adhesion and orientation. (A)
Cell attachment after 2h of culture onto a biomedical nickel-titanium alloy. (B) cell proliferation
after four days of culture onto NiTi400 The cells were aligned along the deeper grooves of the
rougher surface. Modified after Ponsonnet et al.124
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The microenvironment of implant materials with growing tissue is highly dynamic.
Therefore, the demands for modern implants go far beyond the mechanical support of
damaged structures. In addition to the mechanical stability, biocompatibility,
biodegradation, the possibility for medication and an active stimulation are in the focus
of recent developments in biomedical research.

In particular, research in active implant materials has more recently emerged.
Hereby, the main goal is the development of an implant with a dynamic switchable
topography, which provides physiomechanical cues to guide cell growth in vitro or even
in vivo. Active spatial control of cell-growth through switchable nano- and
micropatterned substrates gives the opportunity to gain deeper insights into adhesion-
mediated cell signaling and adds another dimension to the mechanobiology of the
cells.125127 Most stimuli responsive substrates use humidity or temperature to induce a
change in the materials chemical configuration, leading to a change in topography or a
change in the molecular configuration of the interface.'2®¢ As presented by Ebara et al.,
the use of polymeric shape memory surfaces is often restricted to a one-time change in
topography, from a temporary state into a permanent state (Figure 2.16). For
biomedical applications, the adaptation of phase transition temperatures of shape
memory materials to physiological temperatures as well as constant and non-cytotoxic
surface chemistry is an important challenge.129

Lam et al. presented a reconfigurable microtopography system without any
significant changes in surface chemistry.130 They used compression-induced buckling to
form an undulated polymer surface. The wavy topography recovered to a flat surface by
releasing the compressive strain and vice versa. The wavelength in the compressed
state was around 5-7 um and recovered to 0.6 pm without loading. This reversible
change in topography was used to align and re-align myoblast cells, to promote an
alignment for healthy muscosceletal genesis (Figure 2.17). This approach enabled
reversible cell-alignment by material manipulation and compression. However, the

mechanics of the material system limited the topography patterns to wavy geometries.
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Pattern direction

Figure 2.16: Shape memory surface for cell mechanobiology. Phase contrast images of fibroblasts
seeded on a shape memory biopolymer (polycaprolactone). (A) The height of the temporal grooves
was 300 nm. (B) For the surface shape memory experiment, cells were heat treated at 37 °C for
1h. After hating, the grooves show a 90° rotation. (C) Finally the cells were allowed to equilibrate
at 32 °C for 48 h. After 36h 70% of the cells realigned with the permanent topography.125

wave direction

9 intervals

Figure 2.17: Optical microscopy images of muscle cells on the reversible wavy surface. (A) Cells

aligned along the waves with an amplitude of 5-7 pm and (B) returned to random orientation on
the flat surface within 24h. Scale bar 100 pm.130
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Most investigations have focused on switchable topographies in single material
systems. Switchable surface functions on metallic implant materials and metal-
polymer hybrid systems can extend customization of an implant and promote fast
Integration into living tissue. Skorb and Andreeva already prognosticated the potential
of such hybrid systems. Although their focus lies on surface functionalization by organic
molecules, the combination of an alternating morphology of a responsive NiTi implant

with an elastic biochemical surface layer is seen as a very promising.128

2.3 Motivation

In summary, only a few studies have focused on the indentation induced two-way
shape memory effect in NiTi shape memory alloys. Most of these studies have
investigated the extend and the reversibility of the TWSME by analyzing the
indentation depth and protrusion height as a function of the cycling temperature and
indentation parameter. However, no microstructural characterization was performed
so far. Thus, the microstructural mechanisms behind the indentation induced TWSME
remain unclear. Michutta et al. observed that during aging, the precipitates arrange in
preferential orientations relative to the applied stress. They proposed that during the
phase transformation the surrounding stress fields of the precipitates stimulate the
growth of preferentially oriented martensite variants leading to a shape change upon
cooling.3? However, the influence of preexisting precipitates on the TWSME is still not
very well understood and current models are based on cause-and-effect experimental
relationships. Therefore, the effect of pre-existing TisNis precipitates on the TWSME
will be fundamentally investigated in this thesis. For this purpose the aging time will
be systematically varied leading either to solutionized, semi-coherent, or incoherent
precipitates. A detailed analysis of the two-way deformation recovery behavior of the
differently heat-treated samples will give insight into the underlying microstructural
mechanisms affecting the indentation induced TWSME and will pave the way for the

creation of shape memory surfaces.

Apart from a study by Fei et al., previous studies used the same indentation
preparation technique firstly proposed by Zhang et al., which is rather complex and
time consuming.38 41 Neither single indentation, nor stepwise planarization is an
adequate texturing technique for large scale training of switchable topographies.

Therefore, two different sample preparation techniques are tested within the present
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work: Embossing and pulse electrochemical machining. Both processes are widely used
in industry and if larger areas can be textured in a parallel manner, applications for

switchable topographies using the TWSME may extend considerably.

Inducing switchable surface structures on shape memory alloys gives rise to a range
of new applications, allowing for example the control of surface properties such as
hydrophobicity and reflectivity, to name just a few. Apart from a wear resistant coating,
no research has been carried out on the combination of metallic switchable topographies
with other functional structures.®® A reasonable combination of a TWSME surfaces with
one or more functional microstructures in a hybrid system has a high synergetic
potential. Existing functional surfaces with super-hydrophobic, (anti)-reflective,
bioactive or (anti)adhesive properties might obtain additional functionality by the
switchability of the TWSME, e.g. switchable adhesion or dynamic cell growth.

Therefore, the aims of this study are:

6% The investigation of the influence of pre-existing precipitates on the TWSME
Indentation induced TWSME. The effect of heat treatment and cycling
temperature in order to enhance the size of switchable surface structures
and increase the reversibility.

(1) The development of large area texturing processes for the training of the two-
way shape memory effect leading to switchable metallic topographies.

(iii) The combination of functional microstructures and switchable topographies
based on the two-way shape memory effect - an approach to encounter new

hybrid systems and temperature adaptation.
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Chapter 3

Vickers indentation induced one-way
and two-way shape memory effect in
austenitic N1T1

Abstract - In this study, the indentation induced shape memory effect was used to
create reversible protrusions on the material surface. In the austenitic nickel-titanium
alloy, the shape memory behavior was investigated after Vickers indentations followed
by planarization and temperature cycling. Heavily cold-drawn Ti-50.9 at.% Ni was
either solutionized at 700 °C for 1.5 h or aged at 550 °C for 1.5 h. The surfaces of both
variants were indented at loads ranging from 20 N to 200 N. The depth recovery ratio
of the indents as well as the formation of protrusions on the surface after a re-
planarization through grinding and polishing were analyzed as a function of
temperature cycling above and below the phase transformation temperatures using
white light interferometry. For characterization, differential scanning calorimetry, x-
ray and electron backscatter diffraction, and transmission electron microscopy were
employed. In the aged material, both a one-way and two-way shape memory effect were
found, whereas, the solutionized sample showed a much smaller one-way and no
measureable two-way shape recovery. This phenomenon is discussed in terms of
martensite stabilization as observed by in situ heating transmission electron

microscopy experiments.

This chapter was published in Advanced Engineering Materials (2014), 16, 72-79.1
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one-way and two-way shape memory effect in austenitic NiTi

3.1 Introduction

Nickel-titanium (NiTi) alloys are the subject of continued research due to their
unique shape recovery properties. This shape memory behavior has been exploited in
several fields, including biomedical devices,?* civil structures,>” and micro-
electromechanical systems (MEMS).81° The shape memory effect (SME) in NiTi is
attributed to a diffusionless stress-induced martensitic phase transformation.!!12
Relative to the phase transformation temperature NiTi deforms by martensite
reorientation at low temperatures, stress-induced martensite transformation at
intermediate temperatures, and plastic slip at high temperatures.’314 After
low/intermediate temperature deformation, heating above the austenite finish
temperature allows the stress-induced martensite (B19’) structure to transform back
into austenite (B2), thereby fully recovering the deformation. This process is referred
to as the one-way shape memory effect (OWSME). By a combination of deformation
processing and heat treatment, the material may be trained to elicit a two-way shape
memory effect (TWSME). This effect is characterized by the alloy’s memorization of
both a high and low temperature shape, allowing a spontaneous change between the
two shapes as a function of cycling temperature.

The three main conventional techniques used to elicit the TWSME involve: (i.)
severe deformation below the martensite start temperature (M), e.g.1518, (ii.) some form
of thermomechanical cycling, e.g. 1923 and (iii.) stress-assisted aging, e.g.2427. These
techniques have in common that they lead to an internal stress state, which biases
martensite formation of preferential orientation, thereby leading to recoverable
deformation.

Recently it was shown by Zhang et al.2831 that indentation without repeated thermal
cycling or subsequent heat treatment is capable of inducing the TWSME on the sample
surface. In addition, it was shown that post-indentation grinding and polishing of the
sample to form a planarized surface allowed the surface topography to be thermally
switched between a patterned and a flat state. Such thermally switchable surface
structures open the realm for many exciting potential functionalities, e.g. for variable
tribological or self-cleaning applications. The protrusions were hypothesized to be
caused by preferentially-oriented dislocation structures remaining underneath and
around the indentation site after planarization.2® Such dislocations would elicit

prescribed martensite variants to form upon thermal cycling. While this explanation is
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reasonable as the test temperature (RT) was below M, direct characterization of the
microstructure to visualize either the dislocation arrangement or the martensite
variants formed during indentation is still lacking. Furthermore, testing was limited to
spherical indenters and equiatomic composition of the NiTi alloy, leaving the effects of
indenter shape and phase composition unexplored.

In this paper, we demonstrate that a TWSME and thus switchable micropatterned
surfaces can also be obtained if predominantly austenitic NiTi is trained by Vickers
indentation. The NiTi alloy chosen for this study is slightly nickel-rich, which allows
for heat treatment to create TisNis precipitates known to influence the SME.!3.32:33 The
Internal stress associated with these coherent precipitates has been shown to increase
the phase transformation temperatures.343> This makes both austenite and martensite
stable at room temperature, which has the distinct advantage that both the flat surface
and the protrusions are stable under ambient conditions. Furthermore, the coherency
stress associated with the precipitates can be tailored to optimize the TWSME surface
by deriving a better understanding of the underlying microstructural mechanisms

influencing the phase transformation.

3.2 Experimental
The material used in this study was a commercial polycrystalline alloy with a nominal
composition of Ti- 50.9 at% Ni (Ti-55.7wt% Ni). The initial melt was poured into a
cylindrical steel mold under vacuum and allowed to solidify. The ingot was then
sectioned, and hot-rolled at temperatures between 845 °C and 955 °C. Subsequently,
the bar was heavily cold-drawn by approximately 30%. Several samples were machined
from this bar by electro-discharge and used as the as-received material in this study.
Initial microstructure and mechanical behavior of the cold-drawn material have been
thoroughly characterized in previous work.3>

To investigate the effect of microstructure on the shape memory behavior, two
different heat treatments were applied to the cold-drawn samples. One sample was heat
treated at 550 °C for 1.5h (referred to as the ‘aged’ sample) and the other one
solutionized at 700 °C for 1.5 h (referred to as the ‘solutionized’ sample). Both samples
were quenched in water to room temperature and cut into pieces with a rectangular
cross-section, where the long axis was parallel to the drawing direction. The final
dimensions of the samples were approximately 5 mm x 5 mm x 24 mm. For the

indentation experiments, the sample surfaces perpendicular to the drawing direction
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were prepared by grinding down to 2400 grade SiC paper, followed by electropolishing
with a solution composed of 20 vol% H2S04 and 80 vol% methanol at a voltage of 8 V
for 30 s.

Vickers indentation was performed on a LecoV-100 indenter at room temperature.
Loads of 20 N, 100 N, and 200 N were applied and then held for 10 s before unloading.
For each load, indents were made in 3 x 3 matrices with a spacing of approximately
twice the indent width. Cross-sectional profiles of the indents were obtained after initial
indentation at room temperature, after heating to 80 °C, and after cooling with liquid
nitrogen, using a ZygoNewView 5000 white-light interferometer (WLI). To assess the
cyclic reversibility of the temperature-induced topographical changes, three further
heating and cooling cycles were applied to both samples. Profiles of the indents were
recorded after each cycle. The indents were removed by carefully grinding the samples
after cooling. In order to avoid artifacts from the damage layer induced by the grinding,
an additional electropolishing step with the same solution and parameters as for the
initial material was applied to the sample surface. The precise depth of the removed
material was a function of the indentation depth, with the aim to result in a flat surface.
The root mean squared value of surface roughness (Rms) after electropolishing was
approximately 70 nm as determined by the WLI. After planarization, the samples were
subjected to the same temperature cycles as previously described, and the resulting
surface morphologies were characterized using the WLI.

The phase transformation temperatures of the solutionized and aged samples were
measured by differential scanning calorimetry (DSC) at a heating/cooling rate of
20 Kmin using a Mettler Toledo DSC1 Star System. For these experiments, small
pieces with masses of approximately 10 g —20 g were machined from the bulk samples
and subsequently mechanically polished and electrochemically etched to remove the
surface damage layer.

The microstructure of the NiTi samples was analyzed through a combination of X-
ray diffraction and electron microscopy. The X-ray diffraction patterns were recorded
with ©/20 scans using a Bruker AXS D8 X-ray diffractometer (XRD) to determine the
phase composition. Identification of the phases was achieved by comparing the sample
diffractograms with the International Center for Diffraction Database (ICDD). For the
aged sample the fractions of the phases were further analyzed by electron backscatter
diffraction (EBSD) using a JEOL JSM 7000F scanning electron microscope (SEM)
equipped with an EDAX detector for Kikuchi patterns at a voltage of 20 kV and a
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working distance of 15 mm. The data was collected with a step size of 50 nm and then
analyzed with the TSL software unit. In addition, the microstructure was characterized
with a Philips CM200 transmission electron microscope (TEM). Electron transparent
samples were obtained by grinding discs of the differently treated alloys with a
diameter of 3 mm to a final thickness of 50 um and subsequent twin-jet polishing at
20 V using the same electrolyte as for the electropolishing. In order to characterize the
mechanisms responsible for the TWSME, a TEM lamella was machined with a focus
ion beam (FIB) from the material underneath an indent, which had been made with a
load of 100 N. The ion beam cuts were performed using an FEI HeliosNanoLab Dual
Beammicroscope. This lamella was subjected to in situ heating cycles inside the TEM
using a Gatan Model 652 double-tilt heating holder equipped with a Model 901 stage

controller.

3.3 Results

Figure 3.1a shows the phase transformation behavior as characterized by DSC
measurements: For the solutionized sample, only one peak is observed during either
heating or cooling. Such behavior is typical for solutionized NiTi, strongly indicating
that this alloy transforms in one step from martensite to austenite. The transformation
to martensite starts at -36 °C (M) and finishes at -60 °C (M9, while for the austenite
formation a start temperature of -18 °C (4, and a finish temperature of -10 °C (49 are
observed. These values are consistent with solutionzied 50.9 at% Ni used in a previous
study.?® In comparison, the transformation temperatures for the aged sample are
shifted to higher values and the appearance of a second peak during heating and cooling
indicates the occurrence of the intermediate R-phase.?6 As the peaks are overlapping,
partial DSC cycles would be needed to precisely characterize the transformation
temperatures. However, the curves clearly show an R-phase peak upon both cooling
and heating, and therefore it 1s appropriate to estimate the transformation
temperatures; for the aged material upon cooling, we found the values Rs= 22 °C and
Mr=-25°C. Kr and Ms are at approximately 5°C, but are difficult to resolve
individually. Upon heating the aged material, Rs=5 °C and A= 44 °C; Rrand Asalso
overlap, estimated to be at approximately 27 °C.

XRD profiles for the two NiTi variants are shown in Figure 3.1b. For the
solutionized sample, the profile shows only austenite peaks, indicating that the sample

contains no other phases at room temperature. For the aged variant, the profile
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indicates mainly austenite peaks alongside other less pronounced peaks, which are
highlighted in the inset graph covering the 20-range of 38 - 48°. Comparing the
diffractogram with the ICDD, it was determined that these less pronounced peaks were
attributed to R-phase, martensite, and Ti3Nis precipitates.

To quantitatively analyze phase constituents in the aged variant, EBSD
measurements were carried out. Figure 3.1c shows the phase distribution for a
representative area on the sample. It is mainly composed of austenite (red) and
precipitates (blue), with volume fractions measured to be 96.5% and 2.5%, respectively.
The rod-shaped TisNis4 precipitates have a typical length of approximately 520 nm, a
width of about 150 nm, and are often situated at or near grain boundaries (marked by
arrows in the inset). In addition, 0.1% of martensite and 0.7% of R-phase are observed,

almost always in relative proximity to the grain boundaries.
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Figure 3.1: Microstructure characterization: (A) DSC curves showing the distinct phase
transformation behavior in the two NiTi variants during thermal cycling. (B) XRD profiles
indicating that the solutionized sample is austenitic at room temperature whereas the aged
sample exhibits also other peaks attributed to R-Phase, martensite, and TisNis precipitates
(inset graph). (C) EBSD map of the phase distribution for a representative area of the aged
sample composed of austenite (red), TisNi« precipitates (blue), martensite (yellow) and small
amounts of R-phase. (D) Bright field image of a TEM analysis showing the bimodal grain size
distribution and rod-shaped TisNis precipitates (black arrows) in the aged sample. The
diffraction pattern of a selected area indicates the mainly austenitic state of the sample (inset).
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Additional insight into the microstructure of the aged material was obtained by
TEM. The bright field image in Figure 3.1d shows that this sample has a bimodal grain
size distribution with grains in the sub-micron and micron range. In the larger grains,
the dislocation density is observed to be relatively low, and few rod-shaped TisNi4
precipitates can be detected (exemplary precipitates are marked by black arrows). A
selected area diffraction pattern in the inset of Figure 3.1d indicates that the sample is
mainly in the austenitic state. The relative strain contrast frequently observed in the
sub-micron grains is attributed to a residual dislocation structure.

Figure 3.2a and b shows depth profiles of representative Vickers indents performed
with a load of 100 N on the aged and the solutionized variants, respectively. In order to
visualize the indentation induced shape recovery due to a temperature change, the
profiles are shown in the as-indented state as well as after heating and subsequent
cooling. The indent widths were also optically measured and the corresponding depths
for a Vickers indenter geometry calculated. This calculation of the theoretical indent
depth demonstrates that the obtained WLI data points in the indentation groove are

reasonable and reliable.
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Figure 3.2: Change of indentation depth initially after indentation, after heating and second
cooling. The Vickers indent was performed with a load of 100 N. The profiles show the
indentation induced shape recovery according to the existing OWSME and TWSME in the aged
(A) and solutionized (B) sample. Reversibility and shape recovery of indentation depth after
thermal cycling are shown in the aged (C) and solutionized (D) material.
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Figure 3.2 indicates that the indent morphology experienced two types of changes
during thermal cycling above and below the transformation temperatures. First, both
the lateral width and the depth of the indents on the aged variant decreased during the
first heating step above the austenitic finish temperature. In particular, the average
and standard deviation of the depth decreased from initially 39.7 £0.3 pm to
25.1 £0.4 pm (Figure 3.2a). Second, subsequent cooling below Mrled to an increase in
depth, which was shown to be repeatable over several thermal cycles (Figure 3.2c).
However, the reversible change in depth during these subsequent temperature cycles
was much smaller than that observed for the first heating step, measuring
approximately 2 um. The irreversible shape recovery induced by the first heating is
related to the OWSME, while the reversible change in depth during subsequent
temperature cycles is a result of the TWSME. In contrast, the solutionized variant
recovered only from 27.3 £1.5 pm to 23.7 £0.7 pm in depth during the first heating as
shown in Figure 3.2b, and remained nearly unchanged during further cooling or
heating cycles (Figure 3.2d).

The recovery ability of the indentation induced OWSME and TWSME are
quantitatively evaluated by the depth recovery ratio.?> 3738 For the OWSME, it is
defined as:

d; —dy
d; (3.1)

RROW =

Whereas for the TWSME the recovery ratio is:

dc - dh
dc (3.2)

RRTW =

where d; is the as-indented depth upon unloading, dx is the depth after heating
above Az and d:is the depth after cooling below M. Previous studies investigating fully
martensitic NiTi using Berkovich or Vickers indentation showed a RRow of 20 - 40%.37
38 In the present study, the solutionized NiTi indents showed a RRow=13%, and no
measurable RRrw. The aged NiTi demonstrated significantly increased recovery, with
a RRow=37%, and RRrw=7%.

After the depth recovery of the indents had been fully characterized, the aged NiTi
variant was planarized and subjected to the same temperature cycles as described
previously. Figure 3.3 shows representative WLI images of the planarized surface for

the aged variant at room temperature.
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Initially, the sample was cooled below M, and then allowed to heat up to room
temperature, leading to a relatively flat surface (Figure 3.3a). Afterwards, it was heated
above Arand allowed to cool down back to room temperature, creating a pattern of
surface protrusions (Figure 3.3b). After cooling with liquid nitrogen, it can be seen that
the indents were almost completely removed; heating of the sample above the
transformation temperature led to the formation of protrusions at the former positions
of the indents. This switchable morphology was repeatable over three cooling and
heating cycles. Furthermore, it was observed that protrusion height was dependent on
the indentation load, which is highlighted in Figure 3.3c, where the height of the
protrusions after successive heating and cooling steps is plotted as a function of the
indentation load. The height of the protrusions after heating increased from
0.70 £0.20 uM to 2.31 +£0.12 um as the indentation load increased from 20 N to 200 N.
In addition, it is observed that the protrusions did not disappear completely after
cooling and that the height of the remaining protrusions also increased with the
indentation load. In particular, the residual height increased slightly from

0.26 +£0.10 um to 0.54 £0.15 pm, as the indentation load increased from 20 N to 200 N.
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Figure 3.3: 3D — white light interferometry images of the surface topography at room
temperature after cooling (A) or heating (B). The reversible formation of surface protrusions due
to indentation induced TWSME is shown. Dependence of protrusion height on the indentation
load (C) and their recovery behavior after cooling.
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In order to better understand the microstructural mechanisms, which influence the
TWSME observed in the aged indented material, a TEM lamella was cut beneath a
representative 100N indent. The TEM images of the areas are shown in Figure 3.4.

It is important to note that the right hand side of the image captures the material
directly beneath the indent as schematically indicated in Figure 3.4a. However, the
total width of the indent is much larger than the lamella.

The bright field TEM image (Figure 3.4b) reveals preferentially oriented
martensitic plates that mirror the general shape of the Vickers indenter, as well as
dislocations. The specific alignment of the martensite indicates that these variants

were preferentially induced by the stress field.

1) Plastically deformed martensite
2) Stress induced martensite

3) Elastically deformed austenite
4) Position of TEM lamella

N110)A
(110) M

Figure 3.4: Sketch of the existing phase compositions beneath the indent and the surrounding
area (a, 1-3). Position of the tested TEM lamella (A, 4). Bright field TEM images of the lamella
cut from the indentation-deformed volume, at room temperature (B) and after in situ heating to
120 °C (C). The preferentially oriented martensitic plates and dislocations remain during
heating. The diffraction pattern reveals the presence of austenite and martensite at elevated
temperature (D).
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Similar sized regions of aligned martensite were not observed in the original
microstructure (Figure 3.1d). In situ heating of the lamella to 120 °C, which is well
above the Artemperature, showed that a significant portion of the martensitic plates
remained stable (Figure 3.4c). The diffraction pattern in Figure 3.4d confirms the

presence of both austenite and martensite in the lamella at the elevated temperature.

3.4 Discussion

The purpose of this study is to better understand the underlying microstructural
mechanisms, which dictate the indentation induced TWSME in NiTi. The material
chosen for this study was slightly nickel-rich (50.9 at% Ni) and is known to have
relatively low transformation temperatures (Figure 3.1a).12 Based on previous work,
the solutionized variant is believed to have a relatively low dislocation density and
homogeneous grain size distribution.3> DSC measurements confirm that only austenite
1s stable at room temperature. The aged sample exhibits a more complicated
microstructure and transformation behavior. Previous studies show that aging Ni-rich
material elicits TisNis precipitates.3536. 39 The stress-state around the precipitates is
known to assist in the martensitic phase transformation, effectively increasing the
phase transformation temperatures, as shown by DSC on our aged material.l3 Strong
stress fields induced by the TisNis precipitates are also known to stimulate the
intermediate transformation of the rhombohedric R-phase consistent with the
observations in Figure 3.1.17 39 Depending on the transformation temperatures (Figure
3.1a), martensite, austenite, or the R-phase may be stable at RT. However, all
indentations were performed after a heating cycle above A; and therefore the
microstructure was primarily austenitic as confirmed by EBSD and TEM investigation
(Figure 3.1c and d).

Under the conditions used in this study, both the solutionized and the aged NiTi
should deform by a stress-induced formation of martensite. This can be rationalized by
the thermo mechanical nature of the martensite/austenite phase transformation and
the Clausius—Clapeyron type relationship between the transformation stress and
temperature.!? Because the phase transformation temperatures of the aged material
are much closer to RT, a lower stress is required to produce stress-induced martensite.
This is, in part, reflected by the larger initial indentation depths observed in the aged
NiTi for a given load (Figure 3.2a and b). Previous studies have also shown indentation

depth is a function of transformation temperatures.*® However, analysis is complicated
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by the spatially dependent strain gradient beneath the indenter and the differences in
the inherent microstructure between the aged and solutionized materials. Continued
deformation beyond that which can be accommodated by the phase transformation is
expected to result in plastic deformation of the martensite.

It is also important to consider that the stress state beneath the indenter is not
homogeneous; there exists a complicated three-dimensional strain gradient. The
volume of material directly beneath the indent will experience the most deformation,
tapering off for material that is further away. For example, Chaudhri! estimated a
maximum of 25 - 36% strain for Vickers indentation. Adjacent to this highly deformed
volume is a strong gradient of plastic strain. Beyond that, the surrounding material
that only experiences elastic deformation will act as a hydrostatic constraint. For
Vickers indents into NiTi, deformation behavior is further complicated by the phase
transformation, which acts as an intermediate deformation mechanism.

We propose that the OWSME and TWSME results shown in this study can be best
understood by considering the strain distribution beneath the indent. This approach is
analogous to that taken by Su et al.#2 We believe that three regions exist after
indentation: (i) plastically deformed martensite, (ii) stressinduced martensite, and (iii)
elastically deformed austenite. The high strains directly beneath the indent lead to
plastically deformed martensite. This is substantiated by the TEM images shown in
Figure 3.4b-d. Beneath this lies a much larger volume of stress-induced martensite,
surrounded by elastically deformed austenite. There is also likely a region of R-phase
material for the aged NiTi. However, this phase transformation is associated with a
relatively small amount of strain of approximately 1%.12 A schematic overview of the
regions is presented in Figure 3.4a.

It is important to note that indents in both materials partially recovered their depth
during the first heating as is evidenced by the value of ERow=13% for the solutionized
and RRow=31% for the aged material. This is not intuitive, as the solutionized material
is expected to exhibit pseudoelastic behavior at RT. However, previous research has
observed similar behavior for pseudoelastic NiT1i.35 It is believed that the plastically
deformed martensite directly beneath the indent partially inhibits the reverse phase
transformation of the surrounding stressinduced martensite. Upon heating well above
Ar, the martensite is able to overcome this barrier and transforms to austenite, also
exhibiting the OWSME for the solutionized NiTi. This is consistent with the observed
high work output of NiTi.43 The aged NiTi is expected to show shape memory behavior,
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which is consistent with the much larger OWSME observed (RRow=37%). Previous
research using finite element analysis to estimate the indentation stress profile relative
to the critical stress for dislocation slip and martensite reorientation estimated that the
recovery ratio could be approximately 40% for pyramidal indenters.38

The disparity of the recovery ratios observed for the aged and the solutionized
material is also an indication that Vickers indentation induces different amounts of
stress induced/stabilized martensite in both samples. This is related to the lower phase
transformation temperature of the solutionized material (Figure 3.1a). According to the
Clausius—Clapeyron relationship between transformation stress and temperature,
higher transformation stresses are required in the material with the lower
transformation temperature relative to the test temperature to start the martensite
formation. Therefore, for a given indentation load, the solutionized NiTi shows a much
smaller fraction of martensite compared to the aged NiTi.

The TWSME observed for the indents and the planarized surface of the aged sample
is related to the stabilized martensite directly beneath the indent (Figure 3.4). The
thermally stabilized martensite can act as nucleation site of thermal martensite during
cooling and by this enhance the growth of preferentially oriented martensite variants.
In contrast, the stress-induced martensite in the solutionized sample is not thermally
stable. Therefore, the sample is fully transformed into austenite by the first heating
and the selfaccommodation of the martensitic variants circumvents a shape change
during cooling.44

The TEM results in Figure 3.4 shows stabilized martensite at RT and at high
temperatures beneath an indent, which mirrors the shape of the Vickers indenter. This
observation is a notable variation from conclusions drawn by Zhang et al. 2831 that the
preferential dislocation structure due to indentation leads to thermall-induced
preferentially oriented martensite. Rather, the TEM data from this study shows that a
significant portion of the martensite remains stable even at very high temperatures
relative to Ar This indicates that the dislocations and/or the high internal stress
stabilize the stress-induced martensite remaining at higher temperatures. Previous
studies have shown that NiTi under constraint requires higher temperatures for
reverse phase transformation.**46 Further TEM studies using NiTi of different
compositions, microstructures, and indentation conditions are currently underway in
order to draw more global conclusions about the microstructural mechanisms which

dictate the TWSME surfaces.
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3.5 Conclusions

We studied the SME of heavily cold drawn NiTi (50.9 at% Ni). Our experiments can

be summarized as follows:

>

>>

>

>>

A solutionizing heat treatment resulted in an austenitic NiTi material at RT with a
relatively low dislocation density and homogeneous grain distribution, and is
expected to show pseudoelastic behavior. Aging elicits TisNis precipitates, which are
known to assist in the martensitic phase transformation, effectively increasing the
phase transformation temperatures. Based on the transformation temperatures,
the aged NiT!i is likely to show shape memory behavior. Both solutionized and aged

samples were mostly austenitic during indentation.

The strain gradient beneath the indentation probe results in three deformation
zones: (1) plastically deformed martensite, (ii) stress-induced martensite, and (iii)
elastically deformed austenite. Relative to the solutionized material, the aged

material is expected to have a larger region of stress-induced martensite.

Indentations in the solutionized NiTi show some recovery during the first heating,
which is related to the OWSME. It is concluded that the plastically deformed
martensite directly beneath the indent inhibits spontaneous recovery of the stress-
induced martensite expected from this pseudoelastic material. Heating well above
Ag ultimately results in some reverse phase transformation and deformation
recovery. The aged NiTi shows a much higher RRow as it is in the shape memory

regime.

The solutionized NiTi did not exhibit any TWSME, while the aged NiTi did. TEM
imaging of material directly beneath the indent for the aged NiTi shows
preferentially oriented thermally stabilized martensite. It is believed that this
region acts as a nucleation site for martensite during cooling and guides the growth

of preferentially oriented martensite variants.

In summary, this work clarified that both the initial microstructure and the

indenter shape play a strong role in the indentation induced TWSME. The significant

influence of the precipitates opens promising possibilities to tailor the indentation

induced TWSME, even in austenitic matrix material showing increased mechanical

properties compared to martensitic NiTi.
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Chapter 4
Indentation induced two-way shape
memory effect in aged Ti-50.9 at.% Ni

Abstract - In this study, Vickers indentation was used to investigate the two-way
shape memory effect (TWSME) in an austenitic Ti-50.9 at.% Ni alloy, exposed to
different heat treatments. Three aging treatments were used to manipulate the size of
TisNis precipitates. All samples were Vickers indented, and the indent depth was
investigated as function of thermal cycling. The TWSME was found only in the material
aged at 400 °C, which contained coherent precipitates. Thermal cycling shows stable
TWSME, however, heating well above the austenite finish temperature lead to
permanent austenitic protrusions. The results indicate that stabilized martensite plays

a critical role in creating TWSME surfaces.

This chapter was published in MRS Communications (2015), 5, 77-82.1
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4.1 Introduction

Nickel-titanium (NiTi) shape memory alloys are capable of recovering their
previously defined shape after certain deformation upon the application of heat. This
recovery, called one-way shape memory effect (OWSME), is due to a stress-induced
martensitic phase transformation, i.e., a coordinated shift in atomic structure, that is
completely reversible even for large strains up to approximately 8-12%.2 Through an
appropriate combination of deformation processing and/or heat treatment, it is possible
to elicit a switchable TWSME.? This effect is characterized by the alloy’s memorization
of the high- and low temperature shape, allowing for spontaneous change between these
shapes as a function of cycling temperature. The intrinsic mechanism that dictates the
TWSME remains a subject of research interest.

Recent studies have shown that a TWSME surface can be induced in NiTi using an
indentation method.4*® The near equiatomic NiTi samples were indented to high strains,
thermally cycled, then planarized, and re-polished. When the sample was reheated into
the austenite phase, protrusions formed on the sample surface, a phenomenon found to
be repeatable over multiple heating cycles. The protrusions were hypothesized to be
caused by preferentially oriented dislocation structures, which remained underneath
and around the indentation site after planarization. A more recent microstructural
characterization performed on Ti-50.9 at.% Ni shape memory surfaces after Vickers
indentation revealed both dislocations and thermally stabilized martensitic plates
parallel to the indents.” It was theorized that this stabilized martensite may act as
nucleation seed for the TWSME. However, more detailed testing is necessary for a
deeper understanding of these TWSME surfaces.

The purpose of this study is to expand the limited experimental studies on TWSME
surfaces by investigating the effect of pre-existing TisNis precipitates. For slightly Ni-
rich NiTi, precipitates are well known to influence the martensitic phase
transformation. It has been shown by Gall and colleagues that coherent TiszNi4
precipitates increase the stress necessary for plastic flow and decrease the martensite
transformation stress (e.g., 89). Essentially, local stress fields caused by precipitates act
in addition to an applied external stress, and become the location of the phase
transformation. Thus, the transformation stress scales inversely with the precipitate
coherency. Unfortunately, the role of preexisting precipitates on the indentation

induced TWSME is not well understood. Therefore our approach was to vary the aging
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time systematically, leading to either: (i.) solutionized, (ii.) coherent, or (iii.) incoherent
TisNis precipitates. TWSME surfaces were then created via Vickers indentation
followed by planarization. The results show that coherent precipitates were critical for
good TWSME behavior and the protrusion height as well as the two-way deformation
recovery were sensitive to the re-heat temperature. The observed behavior is discussed

in terms of the underlying microstructural mechanisms.

4.2 Experimental

Three bulk samples were electro-discharge machined from rod stock of a cold-drawn
Ti-50.9 at.% Ni alloy, used in previous studies.” 19 These samples were oven heated to
700 °C for 1.5 h and then immediately water quenched, which is well known to lead to
a solutionized microstructure. The solutionized NiTi has an austenitic B2 structure at
room temperature. Two of the solutionized samples were aged for 1.5 h and water
quenched at 400 °C and at 550 °C, respectively. These aging treatments were explicitly
aimed at generating either coherent (400 °C) or incoherent precipitates (550 °C).

Using a wire-cutting saw, slices weighing approximately 10 mg were prepared for
thermal analysis by differential scanning calorimetry (DSC) using a Mettler Toledo
DSC1 Star System. The heating/cooling rate was set as 20 °C/min. The phase
transformation temperatures were obtained by the tangent methods and listed in Table
4.1.

The microstructures of the aged specimens were investigated via a Philips CM200
transmission electron microscope (TEM). Electron transparent samples were prepared
by grinding (down to 4000 grade SiC paper) discs of 3 mm diameter to a final thickness
of 50 pym and subsequent twin jet polishing at 20 V using an electrolyte of 20 vol.%
sulfuric acid and 80 vol.% methanol.

Deformation recovery was investigated by measuring the depth of Vickers indents,
as a function of thermal cycling. Samples were grinded down to 4000 grade SiC paper,
followed by electropolishing with an electrolyte solution composed of 20 vol.% sulfuric
acid and 80 vol.% methanol, leading to a final average roughness (R, of approximately
0.15 pm. Indentation was performed with a Leco v-100 indenter at room temperature
with a load of 20 N, a loading time of approximately 5 s and a holding time of 10 s. The
depth of the indents was measured via white-light interferometry (Zygo NewView 5000)
at room temperature, after subsequent heating above the transformation temperature,

and after cooling with liquid nitrogen (In) at room temperature. Measurements of the
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indent depth in the initial and heated state were taken in situ using a custom-built
heating stage.

To generate the TWSME surface for the protrusion analysis an array of six Vickers
indents with an interspacing of 900 pm from center to center was indented into a
polished surface. A maximum load of 200 N, a loading time of approximately 5 s, and a
holding time of 10 s was used. The higher load was chosen to increase the size of the
protrusions, which correlates with the indentation diameter and depth. Thus, the
indent diameter of approximately 300 pm leads to protrusions of approximately 300 pm
in diameter. Based on preliminary analysis, the large interspace between the indents
was chosen to avoid any interaction of the intrinsic stress fields induced by the indents.

The residual indents were removed via grinding and electropolishing, to a depth
just below the indents as estimated optically. The re-planarized and trained surface
showed reversible protrusions of several microns upon heating and re-flattening after
cooling. Measurements of the protrusion height at different maximum temperatures of
80, 100, 120, 160, and 200 °C and subsequent cooling with In in between each cycle,

were carried out.

4.3 Results and discussion

The characteristic phase transformation temperatures of the three investigated
materials, shown in Figure 4.1 were measured by DSC. The specific transformation
temperatures are listed in Table 4.1. The solutionized material exhibits a one-step
transformation from austenite to martensite, with all transformation temperatures

well below room temperature.

>
o]
(@]

12 12F 12
n
= 06 2 06 06 |
oo .o or A o Ly
E _____ // ‘\ ____________________ =N =N R S T a—
s 00f 00} 00t
o i S
==
© 06r 06t f\/\{, 06}
[}
T solutionized i i i i
ol A2l 400°C aging A2l 550°C aging
-80 -40 0 40 80 -80 40 0 40 80 -80 40 0 40 80
Temperature °C Temperature °C Temperature °C

Figure 4.1: Representative DSC curves for the three tested NiTi samples: (A) solutionized, (B)
solutionized then aged at 400 °C for 1.5 h, (C) solutionized then aged at 550 °C for 1.5 h. The
dashed line indicates cooling and the vertical line represents room temperature, where all
indentation testing was performed.
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This 1s expected due to the excess Ni content above equiatomic.? Upon aging at
400 °C for 1.5 h, the transformation temperatures increase. Notably, a secondary peak
appears for both heating and cooling. This is associated with an intermediate
orthorhombic phase, termed the R-phase. The presence of the R-phase is typical for
aged, Ni-rich, NiT1.1011 The specimen aged at 550 °C for 1.5 h resembles more closely
the solutionized NiTi, although the phase transformation temperatures are
significantly higher. The microstructure of the two aged NiTi samples used in this study
is shown in the representative bright-field TEM images in Figure 4.2.The solutionized
NiTi was not explicitly investigated as thermal history and DSC measurements
strongly indicate that the material has been solutionized.!2

The sample aged at 400 °C (Figure 4.2,a) shows precipitates with a length of
approximately 100 nm, leading to strong internal strain fields in the microstructure
due to their coherency.'? These homogenously distributed precipitates lead to intrinsic
stress fields by means of austenitic lattice distortion. The strain fields assist in the
stress-induced martensitic phase transformation, and effectively increase the phase
transformation temperatures. 89 12 The primary and brightest pattern observed in the
selected area diffraction pattern (Figure 4.2, a, inset) are from the [111] B2 zone axis
confirming the presence of austenite. The secondary, weak reflections stem from the R-
phase at 1/3 [110] B2 positions, and from the TisNis precipitates lying at 1/7 [321] B2

positions.

Table 4.1: Transformation temperatures derived from DSC curves for the tested NiTi materials
(A, austenite; M, martensite; R, R-phase).

fFinish temperature Heating (°C) Cooling (°C)

sStart temperature  Rs Rt As As Rs Rt M; M;
Solutionized -13 -3 -28 -43
400°C aging 26 35 37 45 50 35 47 -20
550°C aging -8 4 -26 -39
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The DSC curves (Figure 4.1) are consistent with the assumption of the presence of
the R-phase; however, it is clear that the 400 °C aged material is mostly austenite. TEM
images of the 550 °C aged specimen (Figure 4.2, b) show that the lenticular TisNis
precipitates have increased in size to several hundred nanometers. The inset in Figure
4.2, b illustrates a stress induced fringe contrast in proximity to a precipitate.
Nonetheless, the 550 °C aged specimens show a lower overall internal distortion
compared with the 400 °C aging, which is consistent with overaging. Thus, the
microstructural features of the different samples have to be considered as a fully
austenitic lattice for the solutionized material, high amount of intrinsic stress fields
induced by coherent precipitates of mid-size precipitates for the 400 °C aged material,
and overaged precipitates leading into semi/non-coherent interface to the austenitic

phase for the 550 °C aged material.

.
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Figure 4.2. Bright-field TEM images of NiTi aged at (A) 400 °C and (B) 550 °C. Both heat
treatments lead to lenticular-shaped TisNi4 precipitates. The diffraction pattern [(A), inset,
aperture 800 nm] shows mainly austenitic phase (1,[1119 B2) with weak reflections at the 1/3
[110] B2 positions, revealing the presence of the R-phase (2) and Ti3Ni4 precipitates lying at 1/7
[321] B2 (3). Further heat treatment shows increasing precipitation size with stress-induced
fringe contrast [(B), inset].

66



Chapter 4

Each of the three samples was deformed via Vickers indentation with a load of 20 N,
which was performed at room temperature. The indent depth was quantified in the
heated and the cooled states by white-light interferometry, as tabulated in Table 4.2.
Previous studies have shown that the TWSME effect can be directly observed by
measuring repeated indentation depth recovery.*” The results show depths taken
immediately after indentation, after first heating to 80 °C, after cooling with In, then
after reheating to 80 °C. The OWSME recovery ratio (RRow) and TWSME recovery ratio
(RRrw) can be calculated using the respective changes in indentation depth.1214 For the

OWSME the recovery ratio is defined as:

d;—d
RRyyy = =) (4.1)
d;
and for the TWSME it is:
d,—d
RRyy = (de — dn) (4.2)
de

where d;is the initial depth, dxis the depth after heating above Ar(austenite finish
temperature), and d. is the depth after cooling below M; (martensite finish

temperature).

Table 4.2: White light interferometry measurements of indentation depths. All measurements
were taken at room temperature, prior to either heating above 80°C or prior to cooling with
liquid nitrogen.

solutionized 400°C aging 550°C aging

One-Way Initial indent (um) 12.0 15.5 12.0
Shape Memory o 1+t heating (um) 10.3 9.1 11.0
Recovery (um) 1.7 6.4 1.0
Recovery ratio (%) 14.0 41.0 8.0
Two-Way Repeated cooling (um) 9.0 10.0 9.0
Shape Memory Repeated heating (um) 9.0 9.1 9.0
Recovery (um) 0.0 0.9 0.0
Recovery ratio (%) 0.0 9.0 0.0
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The results in Table 4.2 illustrate that all three materials show some permanent
deformation and some indent recovery upon the first heating (i.e., the OWSME).
Therefore, a combination of martensite and plasticity must exist in the deformed
material beneath the residual indent. The solutionized and 550 °C aged samples exhibit
similar RRow values of 14 and 8%, respectively. The 400 °C aged sample exhibits a
larger REowof 41%. Similar values have been reported in literature'?* and can be best
understood by considering the Clausius—Clapeyron relationship.!® For conventional
uniaxial testing, deformation at temperatures below As leads to shape memory and
above Ar to pseudoelastic behavior. With increasing strain beyond what can be
accommodated by martensitic phase transformation and reorientation, plasticity of the
martensite is expected. As Vickers indentation leads to a complex threedimensional
(3D) stress-state, with a strong spatial strain gradient beneath the indent, it is not as
straightforward to characterize; however, the same basic relationship holds true.

For the solutionized and 550 °C aged materials, indentation at room temperature is
well-above Az and therefore a significant fraction of the phase transformation
deformation is expected to be pseudoelastic (.e., will spontaneously recover upon
unloading). The presence of any ERowis an indication that martensite is stabilized due
to deformation beneath the indent, even though the testing temperature is well above

Ar

AW martensitic austenitic austenitic martensitic
(cooled: air) (cooled: liquid nitrogen)

80°C ' RT

5th cycle, 200°C max. Temp

Figure 4.3: 3D Surface topography changes during subsequent temperature cycles taken via
white-light-interferometry with 80, 100, 120, 160, 200 °C maximum temperature.
Representative results are shown for the initial cycle with 80 °C maximum and the last cycle
with 200 °C maximum temperature. A high ratio of the TWSME recovery is shown at maximum
temperature of 80°C, (A), and almost no TWSME remains after reaching the upper
‘transformation-temperature-threshold’, in this case 200 °C (B).
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Several studies have shown stabilized martensite due to plastic deformation (e.g.,
1620) Tt is theorized that additional heating is required to overcome a frictional effect
associated with residual plasticity which prevents the deformation stabilized
martensite from fully returning to austenite. For the 400 °C aged material, the volume
of deformation stabilized martensite is expected to be much larger, subsequently a
larger shape memory effect and RFEowis found.

With additional heating and cooling cycles the reversible TWSME was only
observed in the 400 °C aged sample; thus, only this material was used for the analysis
of TWSME surfaces. To create TWSME surface protrusions, the sample was deformed
with an array of six Vickers indents at a load of 200 N. Afterwards the deformed surface
was ground and re-planarized. An interferometer was used to quantify this TWSME
surface as a function of thermally cycling between In and progressively increasing
temperatures of 80, 100, 120, 160, and 200 °C. The temperature-dependent shape
recovery behavior for two representative protrusions is shown in Figure 4.3. For
example, only the first cycle where the sample is exposed to a maximum temperature
of 80 °C (top row) and the progressively last cycle with 200 °C (bottom row) maximum
temperature are shown. For the first cycle the replanarized flat sample was heated up
to 80 °C, and protrusions arise after exceeding the transformation temperature. They
reach approximately 1.3 ym in height and exhibit reversible TWSME behavior (Figure
4.4).

° martensite, RT ° martensite, RT
80°C max. T ——austenite, 80°C 200°C max. T ——austenite, 200°C

3.0 ----austenite, RT 3.0 ----austenite, RT
— - martensite (In), RT — - martensite (In), RT
25

2.0

15

Height (pm)
Height (um)

0 200 400 600

Distance (um) Distance (um)

Figure 4.4. Cross-section profiles of surface protrusions after different temperature cycles.
Shown are profiles of the initial martensitic state, after heating (austenitic state), after
subsequent cooling in air to room temperature (austenitic state) and again after cooling with
liquid nitrogen (martensitic state). (A) High reversibility is shown for lower maximum
temperatures like 80 °C. (B) Increasing protrusion height is shown for higher maximum
temperatures such as 200 °C. Low reversibility and remaining TWSME is shown by second
cycling with 200 °C max. temperature.
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They remain stable when allowed to cool in air to room temperature and disappear
after cooling with In. This phenomenon was observed to be repeatable over ten cycles.
After being exposed to progressively increasing thermal cycles with a maximum
temperature of 200 °C, the same protrusions become stable upon temperature cycling
and did no longer illustrate the TWSME (Figure 4.3, bottom row). Owing to this no flat
surface is regained after cooling with IN. Furthermore, the protrusion height in the
high-temperature state at 200 °C increased to approximately 2.4 pm. The progression
of the protrusion height and the protrusion height recovery as a function of the thermal
cycling is summarized in Figure 4.5. It is observed that the increase in height and
decrease in recovery scales with the maximum temperature until the TWSME is
virtually no longer present.

To interpret the results, shown in Figure 4.4 and Figure 4.5 studies, which have
investigated the TWSME have to be considered. The TWSME can be induced via
preferential orientation of precipitates or thermo-mechanical training over several
cycles, neither of which has been performed in this study. It can also be induced by
severe plastic deformation of martensite. For indentation induced TWSME surfaces,
the underlying mechanism has been hypothesized to be dislocation arrays beneath the

indent, which lead to preferential martensite orientation.*®
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Figure 4.5. Comparison of protrusion height and recovery ratio during thermal cycling. Within
increasing maximum cycle temperature, protrusion height steadily increases, while the TWSME
decreases.
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This hypothesis has been supported by recent TEM observations of patterns formed
in NiTi via laser shock-assisted direct imprinting,?! where a significant increase in the
dislocation density is shown. However, current investigations have shown both
dislocations and stabilized martensite beneath residual indents, even after thermal
cycling from room temperature to 120 °C.7 Dislocation-induced stabilized martensite
has also been observed in previous work.1619 For the TWSME surfaces, it was theorized
that the stabilized martensite acts as a nucleation point for the phase transformation,
which 1s supported by the results shown in Figure 4.3. Although cycling progressively
from 80 °C to 200 °C is not sufficient to cause significant dislocation annihilation or
precipitate growth, it would be appropriate for overcoming internal friction due to
dislocations structures and transforming the stabilized martensite back to austenite.
Also, it 1s important to note that the height of the protrusions becomes larger with
increasing cycle temperature (Figure 4.5), which is consistent with dislocation-
stabilized martensite returning back to austenite. Consequently, it remains our belief
that the stabilized martensite plays a critical role in indentation induced TWSME
surfaces.

In comparison to the present work, previous investigations on TWSME surfaces
have been carried out exclusively on Ti-50.3 at.% Ni material, where only martensite is
stable at room temperature. It is therefore possible that the combination of testing
temperature and composition may lead to different mechanisms which dictate the
TWSME surfaces. Systematic investigation into the effect of composition and

indentation temperature is currently underway.

4.4 Conclusions

In summary, indentation induced TWSME is only shown in the material, which was
solutionized and subsequently aged at 400 °C, containing semi-coherent TizNi4
precipitates with a size of about 100 nm. The indentation induced stress fields
contribute to the activation of corresponding martensite variants.

Within thermal cycling up to moderate temperatures no tendency of fatigue was
shown, the surface protrusions are highly reversible. Stepwise thermal cycling high
above the transformation temperature leads to an increase of the protrusion’s heights
and simultaneously to a decrease and elimination in their reversibility. Thus, the
TWSME disappears at high temperatures, which lead to the assumption that stabilized

martensite is critical to generate TWSME surfaces from aged Ti-50.9 at.% Ni.
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Shape memory topographies on nickel-
titanium alloys trained by embossing
and pulse electrochemical machining

Abstract - Nickel-titanium (NiTi) shape memory alloys are of strong interest for
applications in aerospace, for biomedical purposes, and in general micro engineering
technologies due to their pseudoelastic and shape recovery properties. While the
pseudoelastic and the one-way shape memory effect are both already in application,
less emphasis has been placed on the reversible intrinsic two-way shape memory effect
(TWSME), which requires complicated training procedures. In this study we
demonstrate two approaches to obtain switchable surface structures using the TWSME
in a martensitic Ti-50.3 at. % Ni alloy. NiTi samples were structured using two different
surface geometries by either cold embossing, or by pulse electrochemical machining
(PECM). After planarization of the structures, a change of the topography from
optically smooth to structured and vice versa is observed using white light
interferometry. The switch is induced via heating and cooling of the sample above and
below the phase transformation temperature. The emerging protrusions reflect the
characteristic pattern applied by the embossing and the PECM process. Both methods

are promising for preparation of switchable metallic surfaces on larger areas.

This chapter was published in Advanced Engineering Materials (2016),
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5.1 Introduction

Nickel-titanium (NiTi) shape memory alloys are capable of recovering their
previously defined shape after certain deformation at temperatures above their
characteristic transformation temperature. This shape change is due to the one-way
shape memory effect (OWSME), which has its origin in a stress-induced martensitic
phase transformation below the austenite start temperature and the reverse
transformation upon heating.?2 Due to a coordinated displacement in the atomic
structure, a completely reversible deformation, even for large strains up to
approximately 3-8%, can be induced.3 By combining deformation processing and specific
heat treatment it is possible to induce an intrinsic two-way shape memory effect
(TWSME).45 This effect allows a reversible shape change as a function of cycling
temperature without external restoring force.

Studies by Zhang et al. have shown that a TWSME can be induced on a NiTi surface
using an indentation method, which leads to switchable surface protrusions.t8 Near
equiatomic NiTi samples were indented, heated above the transformation temperature,
cooled down again and then planarized by grinding and polishing. When the planarized
sample was heated above the transformation temperature, protrusions formed on the
sample surface and disappeared after the sample was cooled back to room temperature.
This phenomenon was found to be repeatable over multiple temperature cycles. The
protrusions were attributed to preferentially oriented dislocation structures in
proximity to the former indentation site. We recently performed a microstructural
study of Ti-50.9 at. % Ni shape memory surfaces after indentation and found both
dislocations and thermally stabilized martensitic plates oriented along to the indents.10
It was proposed that the stabilized martensite acts as a nucleation site for the TWSME
and is crucial for inducing reversible surface protrusions. All these studies suggest that
alloys with a TWSME are, in principle, able to reversibly change their surface
topography as a function of temperature. As many physical properties depend on the
surface structure of a material, a switchable surface geometry may be used to achieve
a switchable functionality.

A TWSME surface with a reversible change from flat to a structured topography
may lead to new applications in the field of tribology, in microfluidics and in biomedical
devices.102 However, implementation and testing of new functionalities usually

requires larger surface areas. The conventional preparation technique via individual
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indents or scratches is time-consuming and difficult to scale up.® Liu et al. used a layer
of packed soda lime glass balls to indent an array of holes simultaneously into a shape
memory polymer leading to an array of micro protrusions.!3 This cost and time-efficient
method is limited to spherical protrusion geometry and may only be applied to soft
polymeric shape memory materials. NiTi shape memory alloys, in contrast, show poor
formability!415 which is counterproductive for achieving a precise deformation
geometry and subsequently a well-defined shape change of the NiTi surface. Therefore,
the purpose of this study is to expand the limited preparation techniques on TWSME
surfaces to methods which can be applied on larger scales and allow high localized
deformation at the same time.

In this study, two plastic forming approaches are pursued to facilitate and optimize
the preparation of surfaces with TWSME in a martensitic Ti-50.3 at. % Ni alloy. In the
first approach, the NiTi alloy is trained by cold embossing using a metallic micro-mesh
as a template. The remaining deformation after embossing is removed by mechanical
grinding. In the second approach, the NiTi alloy is pre-patterned using pulse
electrochemical machining (PECM) and subsequent planarization via compression with
a smooth work piece. The PECM process allows comparatively fast formation of stress-
free surface structures with high accuracy and without generation of heat,'6 which is

beneficial for large area training of the indentation induced TWSME of NiTi alloys.1719

5.2 Experimental

Embossing- A polycrystalline NiTi shape memory alloy composed of Ti-50.3 at.% Ni
(Ti- 55.47 wt.% Ni) was procured from Memry GmbH (Germany). The phase
transformation temperatures were measured by differential scanning calorimetry
(DSC) using a Mettler Toledo DSC1 Star System. The martensite finish temperature
(Mp is about 25°C, and the austenite finish temperature (49 is about 76°C. A two-
millimeter thick NiTi sheet was cut into pieces of 10 x 10 mm and discs of 10 mm
diameter. The NiTi samples were ground using 2500 grade SiC paper, followed by
several mechanical polishing steps down to 1 um diamond paste, and oxide polishing
with an OP-S suspension (Struers, Germany). The resulting average surface roughness
(R») was 0.04+0.006 um, measured by white light interferometry (Zygo NewView 5000,
Kyoto, Japan).
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Figure 5.1: Schematic of the two preparation techniques for shape memory surfaces. (A), cold
embossing using a metallic micro-mesh, the result of which is demonstrated in the optical
micrograph (inset). (B), pulse electrochemical micromachining of a NiTi surface with two
structured tools with grooves and with holes of different sizes.

Figure 5.2: Schematic drawing of the PECM process and resulting surface texture. (A) The
cathode is moved in a sinusoidal manner to widen the interelectrode-gap (S, gap distance) to the
anode. A short pulse (Z, current pulse) is applied at the lower turning point. (B) Experimental
PECM-Setup. 1: NiTi sample, 2: tool cathode, 3: electrolyte flow. Modified after 20,21,
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Cold embossing was performed in a hydraulic press (Paul-Otto-Weber GmbH) using
a metallic micro-mesh. The cloth-like mesh was made from fine stainless steel wires,
procured from Haver & Boecker (TRD 75) with a mesh size of 75 um and cloth thickness
of 260 um, (Figure 5.1, A). Three samples were embossed with at a load of 100 kN for
10 s. The samples were then planarized in two steps, using an optically smooth hard
metal work piece and an active oxide suspension for polishing (OP-S Suspension,
Struers, Germany) to regain an average roughness of 0.05+0.005 pm.

Pulse Electrochemical Machining- The polished NiTi discs, representing the anode
of the setup, were fixated in the flushing chamber of a PEMCenter8000 (PEMTec SNC,
France). Two different tools, one with a pattern of grooves and one with holes as shown
in Figure 5.1, (B) were prepared via drilling and milling from stainless steel and were
used as a cathode. The faces of the two stainless steel tools had a diameter of 12 mm.
The holes of 1 cm depth had diameters 150, 250, 500, and 1000 pm; the size of the
grooves was 120, 150, 250 and 500 pum at a depth of 250 pm. The electrolyte was axially
fed up through a flushing chamber (Figure 5.2) so that uniform flushing conditions were
obtained in the interelectrode gap, which was set at an initial size of 30 um. A sodium
nitrate (NaNOs) electrolyte, with an electrical conductivity of 72 mScm™ at 21 °C and a
pH value of 7.2, was pumped into the gap at a flow rate of 10 Lmin? and a pressure of
250 kPa. The amplitude of the cathode vibration was 373 um. The applied voltage
amplitude was set to 12.8 V, the electrical pulse on-time to 2.5 ms, the electrical and
mechanical pulse frequencies to 50 Hz and the cathode feed rate to 0.27 mmmin®. The
angular phase shift between the bottom dead center of the mechanical vibration and
the triggering of the electrical current impulse was set to 0.65. During the machining
process, the surface patterns of the cathode were negatively transferred to the anode.

The surface morphology of the PECM samples was analyzed by scanning electron
microscopy using an FEI Versa 3D Dual Beam (Oregon, USA) microscope. Topography
measurements were carried out by white-light interferometry in a 3-D optical
microscope (Keyence, VHX 2000D, Japan).

Subsequently, the surface structures on the NiTi surface were compressed with the
smooth hard metal work piece at a load of 200 kN. The remaining surface roughness
was mechanically and chemically polished as described above for cold embossing.

The shape memory behavior was investigated by thermal cycling and in-situ
characterization of the surface topography. Heating and cooling was conducted with a

Peltier heating and cooling stage (Linkam, PE 120, UK), which was installed in the
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white light interferometer for in situ topography measurements. Experiments were
made at room temperature (23°C), at 80°C, and again after cooling down to room
temperature. The temperatures were chosen to be above and below the phase
transformation temperatures of the alloy. White light interferometry images were

taken after hold times of one minute to ensure a homogenous temperature distribution.

5.3 Results and discussion

Cold Embossing: Figure 5.3 shows optical micrographs of the micro-mesh, before (A)
and after (B) embossing, and of the deformed NiTi substrate (C). The high compression
force and the hardness of the NiTi surface have led to the deformation of both, mesh
and sample surface. The NiTi sample shows a clear surface deformation in form of a
mesh-like pattern. White light interferometry measurements of the deformed NiTi
surface exhibit a surface pattern with a peak to valley distance of about 11 pm and a
width of the grooves between 100 and 200 pm.

The surface topography after planarization is shown in Figure 5.4. No clear pattern
is visible at room temperature (A), after heating the sample up to 80°C a mesh-like
pattern (B) appears on the surface. To test for the switchability and the reversibility,
white light interferometry measurements were taken at room temperature, at 80°C,
and again after cooling down to room temperature. Figure 5.4 shows the topography at
room temperature (C), after heating (D), and after cooling down again (E). As soon as
the temperature was increased above the phase transformation temperature, a
significant mesh-like pattern appeared with structure features of approximately 2 to
3 um in height. The average surface roughness R. increased from 0.04+0.006 pm at
room temperature to 0.69 +£0.023 um in the heated state, and recovered to
0.08 £0.007 pm after cooling back to room temperature. During further heating and
cooling cycles, the sample switched reversibly between states (D) and (E).

The switchability and reversibility of the surface structures indicate that embossing
a pattern with subsequent re-planarization by a second compression step induces a
TWSME. Consequently, a relatively large area may be structured by a simple two-step
process in short time compared to single indentations with subsequent grinding.
Furthermore, a significant change in the average roughness was measured depending

on the sample temperature.
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Figure 5.3: The images of the cold embossing preparation steps were taken by 3D-optical
microscopy and show (A) the metallic micro-mesh before embossing, (B) the micro-mesh after
embossing, and (C) the corresponding surface deformation of the NiTi sample. The scale bar
corresponds to 100 um.
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Figure 5.4: Optical micrographs and White light interferometry of switchable topography using
cold embossing. (A) and (C) correspond to the embossed and re-planarized surface at room
temperature,(B) and (D) exhibit the appearing mesh structure upon heating to 80°C. (E)
demonstrates the recovered flat surface after cooling back to room temperature. The cross
section profiles (black line) of the three different topographies are shown below. The scale bar
corresponds to 100 um.

81



nickel-titanium alloys trained by embossing and pulse electrochemical machining

Pulse Electrochemical Machining: The optical microscopy and SEM images in
Figure 5.5 exhibit the resulting four different sizes of lines and bumps on the NiTi
sample surface after the PECM process. Apart from a darker optical appearance due to
oxide formation, the space between the protrusions is smooth and non-structured; a
clear separation of structured and unstructured area was achieved proving that plastic
deformation was highly localized and defined.

The SEM images suggest that the definition of edges of the protrusions formed
decreases with decreasing feature size. The edges of the smallest protrusions are hardly

visible and their dimensions are difficult to determine.

Figure 5.5: Optical and SEM micrographs of the surface structures formed by PECM. Lines and
semispherical structures were transferred onto the NiTi samples by PECM. (B) and (D) show a
close up of the marked section, focusing on the spherical protrusions and the edges of the linear
pattern. The scale bar corresponds to 1 mm.

Table 5.1: Dimensions of the cathode structures and the electrochemically processed structures
on the NiTi sample: The initial geometries made by PECM are compared to the geometries of
the switchable surface structures upon heating the NiTi sample to 80°C.

stricture Cathode PECM TWSME at 80°C

LINES width depth width height width height
1 500+ 1pm 250+ 1 pm 608+ 5pm 190+ 4 pum 1341+ 5pum 22 + 4um
2 250+ 1pm 250+ 1pm 310+ 17 pm 111+ 10 um 775+ 14 pm 4+1pum
3 150+ 1pum 250+ 1 pm 337+ 2pm 49+ 3um 692 £ 15 pm 3+1um
4 120 1pm 250+ 1 pm 207+36pm 26+ 3 um 368 £ 16 pm 3+1pum

BUMPS
1 1000 pm 1000 pm 961+18 um 247+4pum 1295 + 11 pm 941 pum
2 500 pm 1000 pm 806 + 64 pm 73+ 1 pm 631+24pm 3+£0.3pm
3 250 pm 1000 pm 723 £ 60 pm 15+ 1 pm 554+ 29 pym 2+0.2pum
4 150 pm 1000 pm 325+ 5pum 8+ 0.4 um
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More precise information on the dimensions of the protrusions was obtained by
white light interferometry measurements on the switchable TWSME protrusions in the
heated state, and on the counterpart structure of the cathode (Table 5.1). The
measurements show that the lines formed range from 26 £3 to 190 +4 um in height and
from 207 +£36 to 608 £5 um in width. The bumps range from 8 +1 to 247 +4 um in height
and from 372 +5 to 1198 +12 um in width.

For better comparability of the PECM structuring accuracy, a form deviation Alis

defined as

|ls_lc|

A== (5.1)

where Is is the length of the cross-section of the structure at the base and / is the
length of the diameter of the cavity in the cathode. For A= 0%, the protrusion exactly
matches the diameter of the counterpart in the cathode (Figure 5.6, A). The results in
Figure 5.6 (C) show that the form deviation increases with decreasing feature size. In

most cases the structures are much larger than their counterpart, reaching values of A/

as high as 190+24 %.

The aspect ratio as of the structures is defined as

as = l_ (5.2)
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Figure 5.6: (A and B) Schematic of interelectrode gap in the PECM process. (C) Form deviation
of the lines and semispherical protrusions formed by PECM, listed for each size category. (D)
Aspect ratio for the structures made by PECM in each size category.
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The aspect ratios of the protrusions, in this case of the lines and bumps in the four
different size categories, are shown in Figure 5.6 (D): they decrease with decreasing
size from 0.36 £0.01 for lines of structure size no. 2 to 0.13 £0.03 for size no. 4. Overall
the bumps show a smaller aspect ratio compared to the cross section of the lines, which
was expected because of the low contrast in the SEM and optical microscopy images.
Their aspect ratio decreases from 0.26 £0.01 to 0.02 +0.001.

To explain the deviation between the form of the cathode and the resulting surface
pattern, the following aspects have to be considered. The shape evolution on the sample
depends on the current density distribution and the mass transport; to achieve a
structuring effect also the current distribution on the work piece plays an important
role. Therefore, a small gap size and a homogeneous flow of the electrolyte are crucial
for precise manufacturing via PECM. 19 2223 The gap size of the cathode and the NiTi
surface slightly increases during the anodization process leading to an ill- defined
boundary geometry between the processed and unprocessed areas in the smaller
structures. A similar deviation in processing accuracy of grooves with different size in
NiTi is shown by Lee et al. using PECM.18 As shown in Figure 5.6, the aspect ratios of
the formed protrusions decrease with structure size, while a widening of the structures
occurs. The variation of structure size and spacing on the same cathode leads to lower
current densities for the smaller structures, causing a less precise material removal in
comparison to the larger protrusions.2* The smaller gap size between the edges of the
cathode features and the sample surface leads to stronger anodic dissolution than the
bottom of the features, with a depth of 500 and 1000 pm.!9 25 The analysis of form
deviation and aspect ratio is a convenient method to characterize the two-way shape
memory effect induced by the compression of surface structures.

Subsequently the protrusions formed by PECM were compressed into the sample
surface using the work piece. As shown in Figure 5.7, polishing led to an optically
smooth, nearly flat surface at room temperature (A and C). During heating up to 80°C,
the specific surface arrays appeared, as shown in Figure 5.7 (B) and (D). After cooling
the sample back to room temperature, the arrays disappeared and the surface recovered
its optically smooth state. The images in Figure 5.7 show an exemplary switch of the
patterned array after ten heating and cooling cycles, indicating high reversibility.

Two exemplary white light interferometry measurements of the linear and
semispherical protrusions are shown in Figure 5.8. They confirmed that both

geometries deformed reversibly. The height of the two linear structures (Figure 5.5, A
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No. 3; Figure 5.8 A) increased upon heating from 1.2 to 2.8 pm and 2.4 pm in height

and showed a width of 690 and 675 um. After cooling back to room temperature, the

lines recovered their initial profile. The exemplary measurements of the spherical

protrusions (Figure 5.5, C No. 3; Figure 5.8, B) showed a similar behavior. The bump

increased from 0.7 to 2.1 um in height with a width of 561 um and decreased after

cooling to the initial state.

Figure 5.7: Optical micrographs showing the switchable topographies. (A and C) The planarized
samples at room temperature. (B and D) A change in topography is observed in the heated state.
The optically smooth surface shows a linear and spherical pattern. This change in topography
can be reversibly switched by temperature cycling. Scale bar 1 mm.
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Figure 5.8: 3-D topography images and the according cross section profiles from white light
interferometry measurements. An exemplary linear (A) and spherical protrusion (B) are shown
for one temperature cycle. Both types of arrays, show reversible protrusions which appear in the
heated state and recover in the cooled state
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The dimensions of the switchable TWSME protrusions in the heated state at 80°C
are listed for all four size categories in Table 5.1. Only the smallest bump structures
(size No. 4) could not be detected, since no protrusions appeared in the heated state.

An interesting feature to be noted is the lowering of the edge for the spherical
protrusions in the heated state, leading to a circular groove around the bump. In the
displayed example the depth of the groove is about 0.7 pm leading to height change of
2.8 um measured from peak to valley. Thus, upon heating the surface shows two
different deformation directions induced by one single compressive pre-deformation.

This effect 1s not reported in literature so far and results from the present
preparation technique. Due to the compression of material into the surface a complex
deformation field is extended underneath, and surrounding, the former PECM
structures, which may be considerably more complex than that of a quasi-static
indentation. For simplification, we assume that the deformation field resulting from
compression of the PECM structures is comparable to that of a flat punch indentation.
For this case Murthy et al. revealed a variation of texture indicating a state of simple
shear right at the corner of the flat punch, in our case the edge of the PECM
structures.??> Meanwhile, a state of plane-strain compression was observed directly
underneath the flat punch. Applied to our situation, the state of plain-strain will be
located centrally below the PECM structure. Based on this we assume a stagnation of
material flow underneath the compressed structures, a presence and orientation of
shear bands, and transitions in plastic modes between shear and compression.2>

The deformation behavior of NiTi shape memory alloys was shown to be asymmetric
in tension and compression, and intrinsic stress fields and defects, which stabilize
stress induced martensite, are considered to be fundamental for the indentation
induced TWSME. 2729 Therefore it can be assumed that the change in deformation
modes below the compressed PECM structures, from plane strain compression to highly
strained shear mode, may influence the deformation behavior of the shape memory
alloy.?0 Thus, the presence of two different deformation modes in the area of the
compressed PECM structure may have led to different stress fields and defects which
induce the bidirectional deformation after the phase transformation.

Consequently, the present preparation technique enables the fabrication of
switchable surface arrays with a bidirectional extension of protrusions, which is

promoted by high strain rates in the dynamic regime and a tailored microstructure.
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Having shown that a TWSME can be induced by compression of PECM processed
structures we now compare our results to other studies. Fei et al. reported that the
average indentation depth using spherical indenters was 40 times the height of the
switchable protrusions obtained by the TWSME.2® Hence the height of switchable
protrusions was found to be 2.4 % of the indentation depth. For comparison we assume,
that the height of the structures formed by PECM equals the indentation depth, since
the structures should be fully compressed into the surface. Following this assumption
the height of the switchable protrusions was found to range from 3.4 % to 14.3 % of the
indentation depth. This in turn means that a shallower deformation depth is needed to
receive the same height of reversible TWSME structures by applying the present
technique. Additionally, the surface structuring by PECM followed by compression
allows formation of relatively large TWSME arrays at the same time compared to
conventional single indentation techniques. Due to the planarization via compression
of the structures, less material needs to be removed during the grinding steps. In the
present case, one mechanical and chemical polishing step was sufficient to receive an

optically smooth surface.

5.4 Conclusions

This study presents two approaches on the fabrication of switchable surface arrays
on NiTi shape memory alloys. Based on the principle of the indentation induced two-
way shape memory effect, cold embossing and pulsed electrochemical machining with
subsequent structure compression, are used to simplify preparation of different

reversible surface patterns. In addition patterning of larger areas at the same time was

enabled.

» The two step process of embossing and re-planarization of a metallic micromesh
leads to a reversible change in surface roughness on the micrometer scale with
specific geometric features and stable recovery. This method facilitates the
preparation technique for large areas and could enable applications of switchable

surface arrays in tribology, switchable adhesion, or biomedicine.3133

»  Pulsed Electrochemical Machining plays in important role in NiTi processing due
the oxidation and deformation free formation of complex microstructures without

thermal damage or distortion.3* In the present work we revealed that a formation
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of different protruding structures on a NiTi surface was possible via PECM using a

tool of holes and grooves.

»  We induced a TWSME by compression of surface structures. After subsequent
polishing, arrays with switchable topographies were shown upon heating and

cooling the sample above and below its transformation temperatures.

» Additional to a protruding deformation dimension of the topography, a ‘sink-in’ of
the surrounding area — a bidirectional deformation — was observed. Subsequently,
two different highly strained regions were induced by the compression of structures,
leading to opposite deformation directions during phase transformation. This
phenomenon might be attributable to the heterogenic deformation field extending
below the PECM structures after compression and the asymmetric deformation
behavior of NiTi on compression or shear mode. To confirm these assumptions, a
detailed analysis of the microstructure and crystallographic texture in the

deformation area has to be conducted.

A fundamental understanding of the factors guiding the different deformation
orientations during transformation would enable a more elaborate and coordinated
switching of grooves and protrusions.

As mentioned by Zhang et al. a switchable roughness might be of interest for
applications in tribology.!® The surface texture can be varied as a function of
temperature, actively by heating above the transformation temperature, or passively
for example during breaking events using the friction induced heat. The change in
surface geometry can then be used to control friction. In addition to the change in
topography, the phase transformation itself, from martensite to austenite, may

contribute positively to increase wear resistance of the NiTi alloy.3>
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Chapter 6

Temperature-induced switchable
adhesion using nickel-titanium-
polydimethylsiloxane hybrid surfaces

Abstract - A switchable dry adhesive based on a nickel-titanium (NiTi) shape
memory alloy with an adhesive silicone rubber surface has been developed. Although
several studies investigate micropatterned, bioinspired adhesive surfaces, very few
focus on reversible adhesion. The system here is based on the indentation- induced two-
way shape memory effect in NiTi alloys. NiTi is trained by mechanical deformation
through indentation and grinding to elicit a temperature-induced switchable
topography with protrusions at high temperature and a flat surface at low temperature.
The trained surfaces are coated with either a smooth or a patterned adhesive
polydimethylsiloxane (PDMS) layer, resulting in a temperature-induced switchable
surface, used for dry adhesion. Adhesion tests show that the temperature-induced
topographical change of the NiTi influences the adhesive performance of the hybrid
system. For samples with a smooth PDMS layer the transition from flat to structured
state reduces adhesion by 56%, and for samples with a micropatterned PDMS layer
adhesion is switchable by nearly 100%. Both hybrid systems reveal strong reversibility
related to the NiTi martensitic phase transformation, allowing repeated switching
between an adhesive and a non-adhesive state. These effects have been discussed in
terms of reversible changes in contact area and varying tilt angles of the pillars with

respect to the substrate surface.

This chapter was published in Adv. Funct. Mater. (2015), 25, 3015-3021.1
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6.1 Introduction

Many industrial processes require efficient adhesion systems to grip and release
fragile objects such as wafers, lenses or glass plates. State-of-the-art solutions such as
vacuum-based handling systems are cost-intensive and have limitations in their
applicability. An alternative are micropatterned dry adhesive surfaces similar to those
found in nature in various organisms. Several studies, inspired by adhesion systems of
spiders and geckos, have investigated synthetic micropatterned adhesives.?* These
structures allow easy adaptation to a wide variety of surfaces, causing an increase in
contact area at negligible elastic strain and, thus, improved adhesion.

One significant barrier for the application of micropatterned surfaces is the lack of
switchability. For gecko setae, the fibrillar structures can be detached by a combination
of shear- and peel-motion.>? While it is possible to mimic the design of the gecko
structures, the complex detachment mechanism is often impractical or expensive for
1mplementation into industrial processes.f® A system showing switchable adhesion will
be of industrial interest as it might be capable of replacing suction systems, allow
handling of fragile and sensitive objects, and can even be used in a wide variety of
conditions including in vacuum.

Several studies have investigated various approaches to generate switchable
adhesion. Vogel and Steen used surface tension force from liquid bridges which could
be controlled by a low-voltage pulse, driving an electroosmotic flow to generate
switchable adhesion.? Due to the use of a liquid film and its capillary forces this system
1s not applicable in vacuum or for very sensitive and clean products, where residual free
adhesion is required.

Other studies have focused on magnetic concepts for switchable dry adhesion.0
Northen et al. developed a hybrid-material of an adhesive polymer combined with
magnetic nickel cantilevers. They used a magnetic field as trigger and were able to
change the orientation of the cantilevers by magnetic fields, which induced a change in
contact area and, thus, in adhesion.!! Although the system showed good switchability,
the adhesion forces were very small. Paretkar et al. presented a pressure actuated
adhesive system, where adhesion can be switched by varying the compressive load.!2
Mechanical overloading caused buckling of the structures and subsequent loss of
intimate contact, which resulted in adhesion loss when a threshold compressive load

was applied. This system is sensitive to shear movement, which might trigger the
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buckling and subsequently loss in adhesion. Another switchable adhesive system, based
on a change in contact area and crack-trapping, was presented by Nadermann et al.1?
A metastable film-terminated architecture is switched via air pressure between a
collapsed and uncollapsed state; the two states lead to different adhesive properties.
The change of the surface state was induced by mechanical loading or air pressure, and
the associated critical values were unknown. Triggering this system by use of air
pressure may restrict its applicability for use in vacuum. Jeong et al. also used
mechanical loading or stretching as a trigger to switch adhesion in a wrinkled dry
adhesive surface.!* Other systems showing switchable adhesion are based on shape
memory polymers. Due to a specific external stimulus like light or temperature a phase
change in the material occurs and leads to a switch of the stiffness, geometry or surface
properties.!>16 A drawback of these systems is their reversibility. Many systems show
a characteristic switch of their properties after applying the specific trigger but need
another external force to return back to their initial state.!” Thus, the combination of
two stimuli such as mechanical deformation and thermal-induced recovery are
frequently used.1618 Reddy et al. used a micropatterned shape memory polymer to
change adhesion. However, this required shearing of the pillars to change the contact
area and consequently the deformation of the polymer was irreversible.

NiTi alloys can be trained to elicit a reversible two-way shape memory effect, where
the shape can be spontaneously changed between a high and a low temperature state.!®
20 Tt was shown that indentation followed by planarization yields a shape memory
surface, where the topography of the NiTi surface reversibly changed from flat to
bumpy by heating above, or cooling below, the austenite-martensite phase
transformation temperatures.?'2¢ The fundamental premise is that the localized
deformation due to indentation leads to the two-way shape memory effect (TWSME). A
more recent study has strongly indicated that the mechanism associated with this is
deformation-stabilized martensite.?® It is assumed that by acting as a nucleation site
the deformation-stabilized martensite guides the growth of the thermally induced
martensite and, consequently, the shape change during cooling. This effect has been
shown to be repeatable over thermal cycling.

The present work combines the NiTi with TWSME as a functional backing layer
with an adhesive polydimethylsiloxane (PDMS) top layer to achieve temperature-

induced switchable adhesion. The smooth or patterned PDMS layer functions as
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adhesion mediating contact element. The deformation-induced TWSME 1is used to

control the topography of the surface and, thus, the contact area of the adhesive.

6.2 Experimental

Materials: In this study, a polycrystalline NiTi shape memory alloy
(Ti- 50.3 at% Ni (Ti-55.47 wt% Ni)) procured from Memry GmbH (Germany) was used.
The alloy had a martensite finishing temperature (M of about 25 °C and an austenite
finishing temperature (49 of about 76 °C, as measured by differential scanning
calorimetry (DSC, Figure 6.1). Thus, the material is expected to be martensite at room
temperature, and austenite in the heated state at 76 °C and above. At temperatures in
between, both states are stable depending on the thermal history of the material. For
sample preparation, (100) silicon wafers were purchased from Crystec GmbH
(Germany). The silanization was conducted with Hexadecafluoro-1,1,2,2-
tetrahydrooctyltrichlorosilane acquired from AlfaAesar (MA, USA).
Polydimethylsiloxane (PDMS, Sylgard 184) was purchased from Dow Corning (MI,
USA). The negative photoresist SU8 and the developer mr-600 were procured from
MicroChem GmbH (Germany).

Ti-50.3 at.% Ni
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Figure 6.1: Differential scanning calorimetry curves of the NiTi shape memory alloy. The curves
show the one-step transformation behavior and the characteristic transformation temperatures
of the material. The martensite start and finish temperatures are 40°C and 25°C, and the
austenite start and finish temperatures are 54°C and 76°C, respectively.
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Sample Preparation’ NiTi bulk material of 2 mm thickness was cut into pieces of
10 x 10 mm. The two-way shape memory NiTi surfaces were prepared by indentation
with a hardness tester (type V-100-C1, Lecolnstrumente, Germany) and a Vickers
diamond indenter tip (Ahotec, Germany). A 32 x 65 matrix of indents with interspaces
of 400 uym was produced with a load of 10 N. Indentation was performed at =50 °C.
After deformation, the samples were replanarized via multistep grinding with SiC
paper and mechanical polishing down to 0.25 ym diamond paste. The remaining
deformation layer was removed by electropolishing (PoliMat2, Buehler, Germany) with
20 vol% H2S04 and 80 vol% methanol electrolyte solution at 13 V for 60 s. The indented
and planarized NiTi samples were covered with a 10 pm - 15 um thick layer of PDMS
by spin-coating (type CT62, Karl Suss, Germany). The base and crosslinker of PDMS
were mixed in a ratio of 10:1, degassed in a desiccator, and poured onto the NiTi sample
with subsequent spinning at 5000 rpm for 200 s. The PDMS layer was cured for 48 h at
40 °C (T < Ao. As reference sample a NiTi- PDMS hybrid system without TWSME was
prepared using the same protocol.

The samples with a patterned PDMS layer were prepared in a two-step process
(Figure 6.2). 1) The NiTi alloy was indented and polished as described above and covered
with an about 10 pm PDMS layer via spincoating. ii) A silicon wafer was spin-coated
with SUS8, heat treated at 65 °C and 95 °C, exposed to UV-light (365 nm) through a
lithography mask (ML&C Jena GmbH, Germany) and subsequently developed,
resulting in arrays of holes with 50 pm diameter and a depth of 40 pm. The silicon wafer
was replicated by mixing PDMS in a 10:1 ratio, degassing, pouring the liquid PDMS
onto the silicon mold and curing at 75 °C for 12 h, resulting in PDMS mold (I), which
was subsequently silanized. To prevent stiction to the mold and facilitate the demolding
process of the hybrid system the silicon mold was silanized by vapor deposition of the
silane (hexadecafluoro-1,1,2,2-tetrahydrooctyltrichlorosilane) in a desiccator for 40 min
and subsequently heat treated at 95 °C for 45 min.26 The process was repeated, using
PDMS mold (I) as master mold, achieving PDMS mold (II). The PDMS mold (II) was
filled with mixed and degassed PDMS, merged with the sample from process step (i)
and cured in an oven at 40 °C for 48 h. Finally, the flexible PDMS mold (II) was
carefully removed from the sample.

The topography of both samples was measured in the initial state at room
temperature, after heating to 80 °C and after cooling again to room temperature using

white light interferometry (ZygoNewView 5000, Zygo, USA) and inverse optical
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microscopy (Olympus PMG3, Olympus Corporation, Japan). The profiles of ten
representative protrusions were measured for each sample in the heated state before
and after covering the surface with PDMS. The arithmetical mean and standard
deviations where calculated for their heights and diameters.

Adhesion Measurements: Adhesion was measured with a custom-built adhesion
tester. The positioning stage was equipped with a heating element. A spherical 4 mm
diameter glass probe was fixed to the cantilever, measuring deflection by laser
interferometry, further details are described in ref.2” The spring constants of the double
beam glass spring were k =284 Nm™! for the samples with a smooth PDMS layer and
k =2475 Nm™! for the patterned sample. All measurements were performed using a
constant displacement velocity of 5 pms= . Adhesion was measured at least ten times
for each temperature. The tests were performed at about 10 mN for the sample with
the smooth PDMS layer and about 15 mN for the patterned sample, where pull off force
was found to be independent of preload. For temperature cycling, ten measurements
were performed on each sample at three positions in the cooled and heated state. An

arithmetical mean and standard deviations were calculated from the pull-off forces.

|. TWSME surface + I1. Spin coating + I1I. NiTi-PDMS hybrid IV. NiTi-PDMS hybrid
structured Si-mold 5 mold to mold process P molding process » system + switch
Indentation and planarization Covering of TWSME surface with Positioning of TWSME NiTi sample De-moulding of patterned
to obtain TWSME surface thin PDMS layer via spin coating with liquid PDMS layer on mold NiTi-PDMS hybrid system
Indentatios ratching. .. 23°C
P — il
Remaining mgm changes » hd v hd ’ NiTi e A -
Ti- 50.3 at % Ni - I I NiTi-PDMS cool
L . o
» PDMS —mold Il w
T e ot
Si- mold NiTi-PDMS heated
Lithographically structured Remolding of mold I to receive a Silanized flexible mold Il with Final switchable adhesive
Si-mold filled with PDMS flexible patterned PDMS mold Il structures -> curing at 40°C NiTi-PDMS hybrid sample

Figure 6.2: Schematic illustration of the fabrication process of the NiTi-PDMS hybrid system.
The samples with a smooth PDMS layer on top were fabricated via spin coating. For the sample
with a patterned PDMS layer, a multiple step process was applied. A silicon wafer was patterned
by photolithography, resulting in cylindrical cavities having a diameter of 50 pm and a depth of
40 pm. A PDMS mold I was cast from the structured silicon wafer and used as template to
prepare a flexible PDMS mold II. The latter was applied for the final patterning of the PDMS
layer on the hybrid system. Mold II was filled with liquid PDMS, and then a previously indented
and polished NiTi sample was brought into contact with the filled mold. All hybrid systems were
placed in an oven at 40 °C for 48 h to ensure full curing of the PDMS. The pillar patterned
samples were carefully demolded to avoid delamination of the PDMS layer from the NiTi
sample.
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6.3 Results and discussion

In this study, we used a polycrystalline alloy with a nominal composition of Ti-50.3
at% Ni with an austenite finish temperature of 76 °C and a martensite finish
temperature of 25 °C. Thus, the material is expected to be martensitic at room
temperature, and austenitic in the heated state at 80 °C and above. At temperatures in
between, both states are stable depending on the thermal history of the material. The
TWSME was trained using an approach similar to that outlined by Fei et al.2* and more
recently by Qin et al., 2> where semi-hemispherical protrusions are created using
indentation. The plastically deformed surfaces were planarized by grinding and
polishing. Subsequent heating above the austenite start temperature led to the
formation of surface protrusions. Two different hybrid systems were fabricated using
the indented and planarized NiTi samples: systems covered with a smooth 10 um -
15 pm thick layer of PDMS and systems coated with a patterned PDMS layer having
hexagonal arrays of pillars with 50 pm diameter and a height of 40 pm. The sample
topography was characterized in the cooled (flat) state at room temperature and in the
heated (structured) state at 80 °C using an optical and white light interferometric
microscope equipped with a heating stage (Figure 6.3).

Figure 6.3a shows an optical image of the sample consisting of a thin layer of PDMS
cast directly onto the TWSME NiTi surface in the flat state. Figure 6.3c, e shows the
same sample when heated to the structured state. Similarly, Figure 6.3b, d, f) shows
the sample with structured PDMS pillars cast onto a duplicate NiTi surface, in both the
flat and bumpy states. The smooth sample shows protrusions in the heated state with
an average and standard deviation height of 4.0 £0.3 ym and a center-to-center
distance of about 400 pm (Figure 6.3c, e). The protrusions were entirely reversible after
cooling. For the sample with the patterned PDMS layer the pillars and the underlying
protrusions are clearly visible in the heated state (Figure 6.3d, f). Thus, the topographic
change of the NiTi can be observed also on the PDMS layer.

Adhesive Performance and Reversibility: The adhesive properties were measured
15 times at three different positions for multiple temperatures, by load-displacement
tests. The sample was brought into contact with a spherical probe, loaded and unloaded
again while continuously measuring forces. The maximum load is called preload and

the minimum (negative) load is defined as the pull-off force (F¢). Experiments were
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performed at temperatures ranging from room temperature up to 100 °C in steps of
20 °C, using a constant displacement velocity. Note that the different x -axis scaling in
Figure 6.4b is due to differing stiffness of the spring used in the measurement system.
The displacement is including cantilever and sample. Figure 6.4 A, B shows the load-
displacement curves in the heated and cooled state, with the overall displacement in
the system.

For the sample with the smooth PDMS layer, the average pull-off force at room
temperature is 1142 £113 uN, and decreases to 574 +17 puN after heating to 80 °C. The
patterned sample shows an average pull-off force of 711 +27 uN in the cooled state and
nearly no adhesion in the heated state, respectively. Upon unloading multiple
detachment events lead to several detachment-peaks, which are typical for structured

surfaces if tested with spherical probes.2829

Figure 6.3: Topographic change of the surface for the two NiTi-PDMS hybrid systems with a
smooth PDMS layer (left column) and patterned PDMS layer (right column). (A, B) At room
temperature (23 °C) both systems are in a flat state. (C, D) In the heated state (80 °C) both
systems show a characteristic surface structure induced by the TWSME in the NiTi surface.
Pictures are taken via optical microscopy. (E, F) The topography in the heated state, imaged and
quantified by white light interferometry. Scale bar 200 um.
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Adhesion measurements were performed for ten temperature cycles to investigate
the reversibility of the shown effects. The results in Figure 6.4 C, D indicate no
significant loss in adhesion and the switching performance for both hybrid systems.
While the patterned sample switches continuously between ‘on’ and ‘off’, the adhesion
of the sample with the smooth PDMS layer drops to 54% of the initial pull-off force at
room temperature.

The velocity of switching is restricted by heating and cooling, since the transition of
the topography switches instantaneous once the transformation temperature is

reached. For better comparability a switching efficiency Sis defined as

S=1-—-= 6.1
For (6.1)

where Fcris the pull-off force in the flat (adhesive, room temperature) state, and
Fepis the pull-off force in the bumpy (non-adhesive, heated) state, with Fcr> Fep and
0 <S5<1. For §=0, there is no change in pull-off force, while S=1 corresponds to an

optimal switching action.
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Figure 6.4: Adhesive performance and reversible switching of the two PDMS-hybrid systems.
(A, B) Representative load-displacement measurements for each system taken at room
temperature, in the heated state at 80 °C and after cooling again to room temperature; the insets
represent the topography of the samples in the heated state. (C, D) The repeatability of
switching between the adhesive and less/non-adhesive state. Adhesion is measured for 10 cycles
from 23 °C to 80 °C. The value for relative adhesion is obtained by dividing the adhesion values
by the initial adhesion value prior to thermal cycling.
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The normalized pull-off forces (relative adhesion) and the switching efficiency were
evaluated for all samples and tested temperatures, and are shown in Figure 6.5.

As can be seen in Figure 6.5a the relative adhesion remains within one standard
deviation of 1.00 for all samples up to temperatures of 60 °C. Increasing the
temperature to 80 °C leads to a large drop in relative adhesion for both of the TWSME
surfaces. This corresponds directly with the formation of protrusions on the NiTi
TWSME surfaces at 4¢(76 °C), which is just below 80 °C. The drop in relative adhesion
remains stable up to 100 °C. The structured hybrid system shows no remaining
adhesion force after the topographic change and the smooth hybrid system drops to half
of its former adhesive force.

In contrast to these TWSME hybrid systems, the reference system without TWSME,
meaning without any switchable topography, shows no significant change in adhesion

for all temperatures.
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Figure 6.5: (A) Change in adhesion with temperature. The relative adhesion, normalized by the
room temperature value, is shown for the tested NiTi-PDMS hybrid systems and compared to
the reference sample NiTi-PDMS hybrid without a TWSME. Adhesion is shown at different
temperatures relative to the initial adhesion force. The lines are added to guide the eye. (B), The
calculated switching efficiency S for the three tested systems. (C) Schematic illustration of a
patterned sample in the cooled and heated stage during adhesion test with a spherical probe,
exemplifying the decrease in contact area. The dimensions of the protrusions are not to scale.
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Upon cooling and acclimating to room temperature, the NiTi TWSME surfaces
return to =1.0 relative adhesion, corresponding to the protrusions returning to a flat
surface. Figure 6.5b shows the sample with the smooth PDMS layer has a switching
efficiency S of 0.5 £0.02, while the patterned sample shows the strongest effect with a
switching efficiency of 0.95 +0.05, resembling a near perfect switch within the
measurement accuracy. The reference measurement with the NiTi-PDMS sample

without TWSME demonstrates a low switching efficiency of 0.06 +0.03.

Modeling and Finite Element Analysis (FEA): Multiple adhesion theories are
available for the contact of elastic spheres.’® The primary approaches have been
proposed by Hertz,3! Johnson et al. (JKR),32 Derjauguin et al. (DMT),33 Maugis,3* and
Bradley.?5> Although these theories often times leads to very similar solutions, the
appropriate theory for any particular application can be determined by the evaluation
of two parameters. The first, p, 1s a ratio of the elastic displacement of the surfaces at

the point of pull-off to the effective range of the surface forces. This ratio is given by 30
, A%
Rw 3
_ (6.2)
" ((E*)Zzg )

where R is the reduced radius of the spheres given by

1

. <R_1 Riz)_l (6.3)

E*is the combined elastic modulus of the spheres given by

.2 o223\ !
E* = ((1 E1171) N (1 E2U2)> (6.4)

wis the work of adhesion (experimentally determined to 39 m Jm=2 for PDMS-glass
adhesion), and zo is the equilibrium separation (taken to be 0.2 nm, which is the van
der Waals radius of Si 36). R; and R are the radii of the two spheres and £ and v
correspond to their Young’s modulus and Poisson’s ratio, respectively. The effective
radius (R) for the flat specimen Rcris 2.00 mm and the effective radius for the bumpy
specimen Rcpis 0.806 mm, the radius of the bump was computed at the peak. Using
geometric parameters given in Table 6.1 and material properties given in Table 6.2, the
values of p for indentation of a flat surface and curved surface are given by 37.6 and

22.0, respectively. According to Johnson and Greenwood,?® these values place the
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appropriate adhesion model as either JKR or Hertz, depending on the load. The critical

parameter for determining between JKR and Hertz is the ratio P of load to pull-off force

5__F (6.5)

For indenting the flat and curved specimens at a load of 1000 uN these ratios are
4.1 and 20.2, respectively. These values place the adhesion studied here well within the
JKR region of the adhesion map given by Johnson and Greenwood. 3°

Using JKR theory the pull-off force F'is dependent only on the surface energy and

the effective radius R

3
F= —EYT[R (66)

Thus, the JKR predicted switchability is given by

Sir =1 — = = 0.60 (6.7)
Rer

This value is slightly higher than the experimentally observed value of 0.50 +0.02,
however, this is to be expected as indenting perfectly on the peak of a bump represents
the condition with the least contact area and, consequently, the highest switchability.
Thus, Equation (6.7) represents an upper bound on the switchability.

Despite the maturity and convenience of JKR theory to describe adhesion, the
applicability of JKR in the case of compliant layers on elastic substrates is a topic of
current research. 3742 The primary feature of JKR is to consider adhesive forces within
the contact area, which can be considered as the summation of a Hertz contact area
plus an area that arises due to interactive surface forces. The surface forces themselves
are not influenced by the bilayer nature of the PDMS-NiTi hybrid, but the Hertz
solution will be affected. Consequently, to confirm that the switchability observed
between the flat and bumpy morphologies could be described by conventional JKR
theory, a finite element (FE) model for the Hertzian contact area was developed in
Abaqus (Simulia, Dassault systémes, 2014). Modeling approaches of this type have
been commonly used to assess the effects of a thin layer on adhesion. 3940 The goal of
the FE analysis was to evaluate whether the bilayer morphology combined with
underlying surface bumps was well-approximated by a Hertzian contact approximation

in the load regime of interest (<1000 pN) such that the use of Johnson—Kendall-Roberts
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(JKR) model to predict switchability would be appropriate.3132 As such, the finite
element model discussed below did not explicitly include adhesive forces, but focused
instead on evolution of contact area.

Two primary configurations were modeled: i) glass sphere indenting a flat PDMS-
NiTi bilayer and ii) glass sphere indenting a PDMS-NiTi bilayer with a bump.
Simulations of these two configurations with a pure PDMS material substituted for the
bilayer were also simulated for comparison. All models were axisymmetric with
geometric parameters as described in Table 6.1. The bilayer structure was meshed with
62400 4-node reduced integration axisymmetric elements (CAX4R); the indenter was
meshed with 65100 CAX4R elements. The bumpy surface was modeled as a sinusoid.
Contact between the glass indenter and the PDMS layer was implemented using
surface to surface discretization with small sliding. Tangential contact behavior was
assumed to be frictionless. Normal contact was defined as hard contact and all contact
constraints were enforced directly (in contrast to a penalty method). Nominal linear

elastic material properties were used for the three materials and are given in Table 6.2.

Table 6.1: Geometric parameters for the finite element model.

Geometric parameter (um)
Indenter radius 2000
PDMS layer thickness 12
Bump height 3
Bump period 400
Model radius 75
Bilayer substrate thickness 47

Table 6.2: Material properties for the finite element model.

Glass®s PDMS#4-45 NiTi46
E (GPa) 2.1 56
v 0.3 0.49 0.3
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Linear elastic material properties were selected because the von Mises stresses in
the PDMS under the loads of interest did not exceed its yield strength. Loading was
applied via displacement control on the top surface of the indenter and loads were
computed from the summation of reaction forces on the top surface of the indenter. The
bottom boundary of NiTi was fixed. To ensure convergence of the solution with contact
nonlinearity, displacement incrementation was controlled such that the maximum
displacement increment during any increment was 1 nm.

Contour plots of the maximum absolute principal strains at a load of 1000 uN for
the flat specimen geometry are shown in Figure 6.6. The bilayer specimen geometry is
shown in a; the same geometry is shown in b, but with a substrate comprised completely
of PDMS, shown for comparison as it represents the classic Hertz solution.

The influence of the bilayer interface on the strain field can be clearly observed. In
the bilayer material, a, the indent-induced strain is primarily contained in the more
compliant PDMS layer such that the bilayer boundary serves to qualitatively change
the morphology of the strain from the case of a homogeneous material. This is most
evident in the region of the bilayer with a tensile strain component near the outside

contact boundary; this is not observed in the homogeneous specimen, b.

Figure 6.6: Maximum (absolute) principal strain (A) for a bilayer specimen and (B) a PDMS only
specimen of the same geometry.
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The effect of the differences in strain morphology between the homogeneous PDMS
material and the bilayer material on the contact area is not immediately obvious. To
directly examine the differences, the contact area for the bilayer was computed via FE
analysis as a function of load for both configurations. These data are shown in Figure
6.7 A, where the dashed line is the contact area for the flat geometry and the solid curve
1s the contact area for the bumpy geometry. As expected, the contact area for the flat
specimen is significantly larger than for the bumpy specimen (e.g., nearly a factor of
two at the maximum preload). The Hertz contact area, assuming a homogenous PDMS
material, was also calculated and is plotted for both configurations. The contact area

after Hertz is given by 31

3| /3FR\?
= 1132 = 6.8
A =ma T (4E*) ( )

where a is the radius of the contact area, F'is the applied load, E”is the effective
modulus and defined in Equation (6.4), and R is the effective radius given by Equation
(6.3). For the Hertz contact calculation, the PDMS modulus only was used for the
substrate and the NiTi was ignored.

From Figure 6.7, the Hertz solution describes the contact area well for both samples,
but begins to deviate slightly with increasing load. The agreement between the finite
element analysis (FEA) model of the bumpy bilayer sample and the Hertz PDMS-only

model is very good.
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Figure 6.7: (A) Evolution of contact area with applied load in a NiTi PDMS hybrid system. (B)
Effect of the bump geometry on the switchability.
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This indicates that although the interface does influence the stress and strain fields
underneath the indenter, the analytical contact area calculation is still valid over the
loads of interest. This was particularly surprising, given the significant differences
between the strains under the indenter due to the presence of the NiTi interface.
Because of this good agreement with respect to contact area the use of analytical
solutions, specifically JKR theory, to describe adhesion and switchability in this bilayer
system is warranted.32

To examine the sensitivity of switchability to the geometry of the bump, Equation
(6.4) was solved for bump amplitudes ranging from less than 1 um up to 6 um. In
addition, the period L of the bumps was varied from 300 um to 500 pm. These results
are shown in Figure 6.7 B, where the dashed line indicates the value at which the FEA
analysis was run (3 pm) and two lines showing £10% of this value. As can be seen from
these data, the experimental values are well within the predicted switchability bounds
defined by uncertainties in the geometry. These comparisons are sufficient to conclude
that the switchability is entirely due to geometry change and the resultant contact area

reduction.

Topographic Change and PDMS Micropattern: The overarching goal of this research
was to create a temperature- induced switchable adhesive surface. The premise was to
use the recently discovered indentation induced TWSME surfaces to change the contact
area between the surface and the probe as a function of temperature. After cooling, the
flat surface would have a relatively large contact area with the probe, and after heating
the structured surface would make poor contact (e.g., Figure 6.5 C). These NiTi
TWSME surfaces are advantageous because the change in surface structure occurs over
a narrow temperature range, each state is stable at room temperature, is inherent to
the material occurring very quickly (.e., fraction of a second), and is repeatable over
many thermal cycles. Furthermore, although not explored in this work, it would be
possible to thermally cycle the NiTi relatively quickly using resistive heating.

Because metallic surfaces exhibit poor dry adhesion via van der Waals forces, our
surfaces were coated with PDMS and PDMS pillars in order to facilitate contact
adhesion.

The experimental investigation of our switchable adhesive surfaces revealed that
the pull-off forces, switching efficiency, and reversibility of all tested samples are not

only affected by the change in contact area but also by the topographic change of the
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TWSME material and the PDMS micropattern. Both factors are thoroughly discussed
below in turn.

The results in Figure 6.5 strongly suggest that the switchability is due to the change
in topography, caused by the TWSME of the NiTi alloy. This is supported by the fact
that the NiTi-PDMS sample without TWSME shows no sudden switching behavior.
Consequently, the temperature range at which the adhesion switch occurs may be
adjusted by choosing a shape memory alloy with a different transition temperature.
The sudden change in the adhesion at the transition temperature can be explained by
the change in contact area between the surface and the probe induced by the TWSME
of the NiTi (Figure 6.5 C). The contact area between probe and sample is reduced due
to the topographical changes of the NiTi and depends on the protrusion geometry, i.e.,
the width and the height.

Relative to a smooth PDMS coating, adding 50 pm diameter PDMS pillars on the
NiTi TWSME surfaces had a dramatic influence on the adhesive behavior. At low
temperatures, where the underlying NiTi is relatively flat, the addition of the pillars
decreases the overall pull-off force. This is expected as the presence of the pillars will
lead to an overall decrease in the contact area. It is difficult to quantify this value as
the precise location of the probe on the surface will strongly influence the number of
pillars it comes in contact with. Careful observation of the force-displacement curves in
Figure 6.4 B shows discontinuous behavior, indicating that multiple detachment events
occur (i.e., pillars separate from the probe at different times). The approximately half-
dozen discontinuities are consistent with the likely number of pillars in contact with
the probe. Figure 6.5 B also shows almost no measurable adhesion after heating. The
reason for this drastic change in switching efficiency is most likely caused by the angle
dependent adhesion of the pillar structures; it was shown that adhesion is greatly
reduced if the tip of the structure and the probe are misaligned.?8 Even a very small tilt
angle of 2°-3° causes a significant decrease in pull-off force. Furthermore, the
inclination of the pillars due to the formation of protrusions will provoke bending of the
pillars, which also reduces adhesion.4” In this study the PDMS pillars were specifically
designed to be shorter than their diameter. It is expected that long aspect ratio pillars
may better conform to a rigid probe, and thereby increase contact area, as has been
observed in previous studies.?6 In a subsequent study, this system will be modified
using different adhesion enhancing tip geometries such as mushroom shaped tips or

higher aspect ratios to further increase adhesion while maintaining the switchability.
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6.4 Conclusions

In conclusion, we developed a switchable adhesion system by combining a NiTi two-
way shape memory alloy with a bioinspired adhesive PDMS layer. This hybrid material
enables to reversibly switch between an adhesive and a low and non-adhesive state. By
changing the protrusion geometry of the NiTi shape memory alloy and the pattern of
the PDMS layer we were able to alter the switching efficiency, the pull-off forces, and
the reversibility of the switch. Such novel smart adhesives can be of interest for many
applications such as pick and place processes, for temporary adhesion in biomedical
devices, or for climbing robots. Furthermore, systems combining active shape memory
alloys and a functional surface may also be adapted to switch other surface properties,
e.g. friction, wetting behavior or reflectivity. By use of an additional active material
such as liquid crystal elastomers or shape memory polymers further functionality might

be provided, triggered by one or two different stimuli, e.g., heat and/or UV-light.#
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Chapter 7
Switchable metallic microtopographies
for biomedical applications

Abstract - The chemistry and topography of an implant surface are known to have
a strong influence on the cell response in biomedical applications. During the healing
process, an implant surface encounters a highly active microenvironment. Processes
such as cell-adhesion, proliferation and differentiation depend in a complex succession
on the implant surface, and their control is a key issue in tissue engineering. Therefore,
we developed a potential implant material with a surface topography that can be
switched between flat und structured using temperature as an external stimulus. By
using a quaternary nickel-titanium based alloy it was possible to adjust the
transformation temperatures. A key aspect is that not only the temperature range of
the topography switch lies within a biologically acceptable range, but also both surface
geometries can be stabilized at body temperature (~ 37°C), depending on the thermal
history of the material.

Due to the addition of copper and chromium, the transformation temperatures were
suppressed, but the alloy suffered from copper ion leakage when incubated in cell
cultivation media. Therefore, the surface shows low biocompatibility without
passivation. Electrochemical oxidation was used to pacify the surface, thereby reducing
the 1on leakage and increasing biocompatibility while retaining the desired dynamic
topography. A switchable surface topography could be used in a metallic implant
material to provide control of surface morphology to activate cell alignment or cell

proliferation.
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7.1 Introduction

A key issue in cell cultivation and tissue engineering is the guidance of cell growth,
their attachment, alignment and migration on an implant surface. The use of a metallic
shape memory surface as implant material may offer the possibility to alter the
topography and roughness by a certain external stimulation, e.g. induction heating.

As described by Duerig et al., nickel-titanium (NiTi) shape memory alloys have
become a ‘household’ material in the medical engineering world and attention has
turned particularly towards implants.! For example, NiTi alloys are specifically used
as orthodontic arch wires and vascular stents.13 In the stable physiological temperature
conditions, its superelastic behavior was mostly used instead of the more complex shape
memory effect.? Besides pseudoelasticity, subtle aspects such as biocompatibility,
thermal deployment and hysteresis make NiTi a promising material for biomedical
applications. However, Simon et al. presented one approach using the one-way shape
memory effect.” They inserted a straight, thin wire for treatment of pulmonary
embolism. Upon reaching the correct position, the wire self-unfolded to a complex filter
shape. Triggered by body heat, the trained shape memory wire, recovered its
programmed shape.

Most active implant devices based on the one-way shape memory effect are inserted
directly after cooling or with active cooling during insertion into the body.
Subsequently, the phase transformation from martensite to austenite, and therefore
the shape change, is induced by the body’s heat.

More recently, Pfeifer et al. presented an adaptable orthopedic implant, which can
be externally stimulated.® Motivated by the demand for implant materials which can
be activated externally after a certain time, they used the one-way shape memory effect
to adapt the implant stiffness during the healing process. In fracture repair, this
supports the healing process without the need of a second surgery. Heating the implant
to 60°C through induction activated a shape change of the NiTi alloy and, thus, changed
the stiffness of the implant device.

Miller et al. used the one-way shape memory effect in a similar way to stabilize
tibia osteotomies in rabbits. They used noninvasive induction heating to increase
fixation stiffness, thereby promoting bone healing.”® They revealed that, induction
heating of the implant to 40 °C or even 60 °C has neither led to significant inflammatory

changes, necrosis nor corrosion pits in a rat model. The advantage of an external
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activation enables a specific timing of the mechanical stimulus, several weeks after the
implantation. For applications in human therapy, the phase transformation
temperatures have to be lowered to reduce tissue irritation due to heat.

These studies demonstrate the potential of implant materials with a one-way shape
memory effect, to enable a one-time stimulation of the healing process. The introduction
of an implant device with the reversible two-way shape memory effect may enhance
stimulation of the healing process, due to temporally control of multiple activation
cycles. In addition, while the one-way shape memory effect induces mostly macroscopic
shape changes of the implant, the implementation of a reversible two-way shape
memory effect, permits relatively small reversible actuation. With such a switchable
topography the healing process could be accelerated, due to guidance of cell adhesion or
the stimulation of bone growth, by actively introducing or releasing stresses. Ingnatius
et al. concluded, after cyclic stretching of cell matrices, that mechanical load promoted
the proliferation and differentiation of osteoblastic precursor cells.?

Various investigations have focused on surface treatments and the cell-surface
interaction of NiTi implant materials, not only because Ni is known to cause
hypersensitive reactions and tissue necrosis,!? but also because surface topography and
chemistry play a crucial role in the healing process.!'!3 Shabalovskaya et al.
summarized recent developments in NiTi surface modifications for biomedical
applications. They demonstrate how a Ni- ion release is effectively prevented if the
surface integrity is maintained under strain and no Ni-rich sub-layers are present.
Mechanical surface treatments such as shot peening, grinding, and groove formation
were used to change the surface topography and promote cell adhesion as well as
endothelialization.4 1> Palmaz et al. determined that grooves of 1, 3, 15 and 22 pm size
promoted an increased rate of migration of endothelial cells up to 64.4% compared to a
polished smooth surface. Thereby a promising result regarding the endothelialization
time for endovascular stent surfaces was shown.'4 More recently, different publications
and patents on topographical features of metallic medical devices gave insights into the
importance of cell alignment and enhanced endothelialization due to specific
microtopographies.1618 Although Dalby et al. demonstrated that random nano-and
microtopographies influence osteogenic differentiation, other researches showed that
cells differentiate between specific pattern and feature sizes.1920

Control of the features plays a crucial role for the development and analysis of

implant materials and their cell-interaction. Accordingly, research on active implant
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materials emerged significantly over the last decade. Active spatial control of cell-
growth through switchable nano- and micropatterned topographies opens the
opportunity to gain deeper insight into adhesion-mediated cell signaling and adds
another dimension to the mechanobiology of cells.?2'23 Currently, stimuli responsive
substrates use humidity and temperature to induce a change in the materials chemical
configuration, leading to a change in topography or a change in the molecular
configuration of the interface.2* Until now, most studies have investigated switchable
topographies on single material polymers and were restricted to periodic patterns.
Investigations on metallic surfaces with different switchable topographies using Ti or
NiTi based alloys, which are frequently used as implant materials, are still missing.12
2526

A switchable topography can be elicit by trained NiTi surfaces.?” It was shown that
textures formed by indentation, cold embossing and electrochemical machining
followed by planarization yield a shape memory surface. The topography changed
reversibly from flat to bumpy by heating above, and cooling below, the austenite-
martensite phase transformation temperatures.2730 The two-way shape memory effect
(TWSME) is thought to be related to the localized stress due to indentation and
subsequent planarization. Current understanding of the TWSME mechanism treats
the deformation-stabilized martensite as a nucleation site that guides the growth of the
thermally induced martensite. During cooling, the growth of the preferred martensitic
variants leads to a shape change, which is shown to be repeatable over thermal cycling.

The work in this chapter is using the deformation induced TWSME to achieve a
temperature-induced switchable topography on a metallic implant material.

The transformation temperatures of commonly used NiTi shape memory alloys
exceed the temperature tolerances of living cells by far. Therefore, a novel shape
memory alloy was developed, which meets the requirements for contact with cells,
namely a small hysteresis width and martensite-austenite phase transformation
temperatures near body temperature i.e. 37°C. If switchable topographies can be
induced through embossing in a NiTiCuCr alloy will be investigated in the present
work. Furthermore, the activation of a switchable topography near body temperature
and its biocompatibility will be explored by cytotoxicity tests and by screening the ion

release rates.
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7.2 Material and methods

A polycrystalline NiTiCuCr shape memory alloy was developed in collaboration with
Ingpuls GmbH (Germany). The alloy with a composition of Nis25Ti49.65Cu7.5Cro.35 at%
was annealed at 800°C, above the recrystallization temperature, for 30 min and the
2 mm thick sheets were cut into pieces of 10 mm? using a wire-cutting saw.

Three samples were prepared for thermal analysis by differential scanning
calorimetry (DSC) using a Mettler Toledo DSC1 Star System and a temperature range
from -80 to +80 °C. Each sample was measured over three cycles with heating and
cooling rate of 10 Kminl. Characteristic phase transformation temperatures were
determined by the tangent method.

The two-way shape memory effect was trained with cold-embossing and subsequent
planarization. The samples were ground using 2500 SiC paper, followed by mechanical
polishing steps down to 1 um. The polished samples were cooled to a temperature of -
10°C and embossed in the cooled state using a hydraulic press (Paul-Otto-Weber
GmbH) with a metallic micro-mesh obtained from Haver & Boecker OHG. The cloth
like mesh made from stainless steel wires and was embossed into the surface applying
a load of 100 kN for 10s. The textured NiTiCuCr surface was subsequently planarized
by compression with an optically smooth hard metal workpiece applying a load of
200 kN. Thereafter oxide suspension polishing (OP-S Suspension, Struers GmbH,
Germany) was performed up to an average roughness (&) of 0.04 um.

The temperature-induced change in the surface topography was measured with
white-light interferometry (Zygo NewView 5000). The sample was heated and cooled
using a Linkam PE120 heating/cooling stage. The surface topography was measured in
situ, between 25 °C and 40 °C in 1 °C steps, both for heating and cooling of the sample.

The bulk microstructure and surface chemistry of the NiTiCuCr alloy were analyzed
using X-ray diffraction analysis (XRD) and energy dispersive X-ray spectroscopy (EDS).
The X-ray diffraction pattern were recorded with /20 scans using a Bruker AXS D8
X-ray diffractometer to determine the material composition on the polished and the
oxide surface.

For cytotoxicity testing, the samples were immersed in ethanol and put in an
ultrasonic bath for 5 min, dipped into acetic acid for 6 s, immersed in acetone, ethanol
and isopropanol, and rinsed with distilled water in between each step. Afterwards, the

samples were stored in phosphate-buffered saline (PBS) for 24 h. Under sterile
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conditions, they were immersed in 70% ethanol for 20 min, washed with PBS for 5 min
and immersed in sterile distilled water for 5 min. Three samples were incubated in cell-
culture media (Fibroblast Basal Medium, PCS-201-030, ATCC®) with a fibroblast
growth-kit, serum-free (PCS-201-040, ATCC®). After 48h, the cell culture media was
renewed. The removed cultivation media was saved for ion analysis. Human primary
dermal fibroblast were seeded (neonatal, PCS-201-010, ATCC®) with a density of
5x104ml!. As a control, an empty polystyrene well was filled with the cell culture
media. The cells were incubated for 48h at 37 °C and 5% COs. The samples and the
control were washed twice with PBS before they were live-dead stained with 4 uM
Calcein AM and 2 pM Ethidium Homodimer and finally incubated for 30 min at room
temperature.

Images of the samples were taken using an optical microscope (BX51, Olympus,
Japan). The ion concentration of Ni, Ti, Cu and Cr isotopes in the cell culture media
was measured using inductively coupled plasma mass spectrometry (ICP-MS, L.C 1100
MSD SL, Agilent, USA) after 48 h immersion of a NiTiCuCr sample.

The surface was electrochemically oxidized using acetic acid as electrolyte and a
voltage of 10 V with a current of 15 mA for 4 h. The oxide layers were characterized
with an inVia Raman spectroscope (Renishaw ple, UK), with a Nd:YAG Laser at 532 nm
wavelength. The switchable topography after the oxidation process was characterized

analogue to the measurements before the oxidation.

7.3 Results

A quaternary Nis2.5Ti49.65Cu7.5Cro.35 alloy system was developed in collaboration with
Ingpuls GmbH with the requirements to have a small hysteresis width, with a
martensite finish temperature (/) and an austenite finish temperature (45 as close as

possible to 37 °C and used in the following experiments.

7.3.1 Phase transformation temperatures

The phase transformations of the quaternary alloy system are shown in DSC
measurements in Figure 7.1. One single peak was measured during either heating or
cooling, strongly indicating a one-step transformation from austenite to martensite and
vice versa. One peak appears slightly above body temperature of 37 °C and the other

one slightly below 37 °C. The specific phase transformation temperatures are listed
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accordingly. The transformation to austenite starts at 30.7 °C and finishes at 51.3 °C.,
while for the martensite transformation a start temperature of 29.7 °C and a finish
temperature of 5.8 °C are shown. A thermal hysteresis, which is typical for martensitic
phase transformation, is still present, but reduced to a minimum, as required for the
intended application in biomedicine. In addition, the sample is still in a transition state
right at the application temperature of 37 °C at which austenite transformation is not

finished for samples heated from room temperature.

7.3.2 Switchable topographies activated near body temperature

White light interferometry measurements visualize a switchable temperature-
induced surface topography (Figure 7.2). The topography changes from flat to textured
after heating the sample to 40°C and vice versa upon cooling the sample to room
temperature. The average roughness (R, changes from 0.05 pm with peak to valley
roughness (R, of 0.26 um at 20°C to a R of 0.17 pm and an R of 1.72 um at 40 °C. Over
five heating and cooling cycles the topography exhibits a stable recovery behavior.

Analysis of the change in topography during heating or cooling revealed two
different states at 37 °C. Coming from room temperature, the sample remains nearly
flat at 37 °C, while coming from the heated state with 42 °C, a mesh-like pattern
appears at 37 °C.
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Figure 7.1: DSC measurement of heating and cooling the NiTiCuCr shape memory alloy. A
phase transformation near body temperature with a small hysteresis width is shown.
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Subsequently, both topographies can be stabilized at body temperature, depending
on the thermal history of the sample. Coming from the cooled state, the surface shows
a Rais 0.08 um with an R, of 0.91 um at 37 °C. Coming from the heated state, R
increased to 0.15 pm with an R, of 1.93 pm.

The results show that switchable topographies can be induced in the quaternary
NiTiCuCr system and manifest reversible switchability near body temperature.
Furthermore, the topography at the usual incubation temperature of 37 °C can be

adjusted by pre-heating or cooling the sample.
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Figure 7.2: Switchable topography in NiTiCuCr activated near body temperature. (A) White
light interferometry images of the change in topography during heating from 25 °C to 42 °C and
cooling back to 25 °C. The material shows a flat or a textured topography at 37 °C depending on
its thermal history. (B) Profile of the topography depending on the temperature. (C) The
reversible change in roughness shows a hysteresis during the heating and cooling cycles.
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7.3.3 Ion release and celltoxicity

The ICP-MS results are shown in Figure 7.3. The concentration of dissolved metal
ions in the cell-cultivation media well exceeded parts per million concentrations for all
isotopes. In particular, the highest ion concentration was measured for Cu-isotopes.
The concentration was exceeding the measurement standards by far. Due to a non-
linear calibration curve, no absolute values on the Cu ions can be given.

Considering the toxicity of heavy metal ions for cells and bacteria,3133 the high
concentration of copper-ions and the additional presence of chromium- and nickel-ions
increase the potential for cytotoxicity of the polished NiTiCuCr surface.

The actual cytotoxicity of the NiTiCuCr surface was tested with fibroblast cells after
48h of cultivation via life-dead staining. Figure 7.4 shows optical micrographs of the
fibroblast cells on the NiTiCuCr surface, only few cells are present.

The NiTiCuCr samples show very low cell activity and viability compared to the
polystyrene control surfaces. While the fibroblasts on the polystyrene control are viable
and extending in an elongated shape, the fibroblasts on the NiTiCuCr surfaces are
balled up to a spherical shape, to minimize their contact area with the substrate. In
comparison, the control shows viable extended fibroblasts in elongated shape on the
polystyrene substrate.

With both, the ion concentrations from ICP-MS and the life-dead staining, the
polished NiTiCuCr surface indicates a possible toxic effect of the surface or the media.
If no stable oxide layer has formed on the metal surface, the ion release by diffusion
into the cell-cultivation media is an unsaturated process. A stable oxide layer could be

used as an ion diffusion barrier layer, to prevent the cells from toxic ion-concentrations.
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Figure 7.3: Ton concentration measured by inductively coupled plasma mass spectrometry. All
isotopes show a concentration in the parts per million range.
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Figure 7.4: Optical microscopy images of fibroblast seeded on NiTiCuCr and the control surface
after 48h in cultivation media. (A) The inspection of the surface reveals few cells, which are
balled up to minimize contact with the NiTiCuCr. (B) Inspection of the control reveals more cells
with extended morphologies.
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7.3.4 Ion barrier layer

In order to gain such a passivated surface, electrochemical oxidation was applied on
the NiTiCuCr surface. Figure 7.5 A shows an optical micrograph of an electrochemically
oxidized NiTiCuCr surface.

A clearly visible oxide layer has formed in the circular spot exposed to the
electrolyte. The metallic appearance changed to dark blue with iridescent colors at the
edge of the oxidized area. Images taken by scanning electron microscopy show a dense
oxide layer without visible cracks (Figure 7.5, B). Moreover, as demonstrated in Figure
7.5 C, the switchability of the topography induced by the TWSME is preserved after the
electrochemical oxidation. The topography was reversibly changed by heating and
cooling of the sample between 30°C and 40°C. Oxidation by electrolysis led to the
growth of an oxide layer on the NiTiCuCr samples. The composition of the oxide was
analyzed using EDS and Raman spectroscopy. The atomic composition found with EDS
is tabulated in Table 7.1. The sample that underwent electrochemical oxidation has a
peak at 0.525 keV, indicating the presence of an increasing amount of oxygen after the

electrochemical treatment normalized to the titanium peak.
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Figure 7.5: Oxide formation on the NiTiCuCr surface. (A) An oxide layer was formed by
electrochemical oxidation in the sample centre. (B) SEM micrograph of the dense oxide layer on
the surface. (C) Profile of the topography in the cooled and heated state. The surface showed a
temperature-induced switchable roughness.
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The analysis of the Raman spectra in Figure 7.6 reveals peaks at 265, 473, and
600 cm-1. According to Firstov et al. and Gu et al., the spectra of rutile contains peaks
at 240, 447 and 612 cm™and the spectra of anatase TiO2 shows peaks at 143, 196, 396,
516 and 637 cm.3435 The peaks appear less distinct due to the poor christalinity of the
oxide layer. The broad shift between 550 and 740 cm™ is thought to arise from defects

in the rutile structure.

Table 7.1: Data of the composition of the polished and electrochemical treated sample measured
by EDS.

wt.% at. %
Element Sample Sample Sample Sample

pol. OX. pol. OX.
Ni 44.88 42.03 42.73 39.92
Ti 45.76 38.91 49.43 33.95
Cu 9.08 8.32 7.59 5.47
Cr 0.27 0.27 0.25 0.22
(0] - 6.90 - 18.03
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Figure 7.6: The Raman spectra of a polished sample (blue) and an electrochemically grown oxide
layer on a sample (red). The oxide spectra indicates the presence of rutile (circles) and anatase
(squares) phase of TiOs.
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7.4 Discussion

Phase transformation behavior: The DSC measurements of commercially available
Ti45.1N149.6Cu4.97Cro29 wires (Ormco Corp., USA) show similar phase transformation
behavior.?¢ The measurements published by Iijima et al. show a one-step
transformation and an increase in phase transformation temperature for the
quaternary alloy compared to binary NiTi or ternary NiTiCu alloys.36

The substitution of Niby Cu ions increases the crystallographic compatibility at the
martensite-austenite interface, leading to smaller transformation hysteresis. With a
more compatible phase interface, the fatigue resistance is enhanced and the functional
stability is increased for cycling applications.3739 In addition, the phase transformation
temperature increases with increasing amount of Cu. Additions of Cr as a quaternary
alloying element helped to suppress the phase transformation to lower temperatures,
while capitalizing the benefits of the presence of Cu. Jaeger et al. focused on the
hysteresis and phase transformation temperatures in quaternary alloys.4 They
reported the addition of Cr lowered the phase transformation temperatures more than
other elements such as V, Fe, or Co.4!

The Ms and Astemperatures being nearly identical in specific NiTiCuCr alloys is
also shown by investigations of Wang et al. After annealing a Niss5.1T149.6Cu4.97Cro.29 alloy
at 800 °C, Ms and As were measured at nearly the same temperature, differing only
about 1°C. The increase of Ms; and As to 29.7 °C and 30.7 °C respectively, can be
explained by the increased amount of Cu in the alloy composition used in the present

study compared to the alloy used by Wang et al.*2

Two-way shape memory topographies: To our knowledge, no research was
conducted on the TWSME in quaternary shape memory alloys, with a phase
transformation near body temperature. Most studies, using a commercially available
quaternary shape memory alloy of NiTiCuCr, are focused on superelastic properties at
body temperature for use in orthodontic wires.3¢ They investigate the pseudoelastic
behavior, corrosion resistance and effects of cold rolling on pseudoelasticity.*344 The Ar
of these alloys is usually below the physiological temperature, leading to a fully
austenitic state for applications in the body. The one-way or two-way shape memory
effect is rather considered as a side effect.4546 Meling and Odegaard addressed concerns

that the superelastic properties and stiffness of the wires may change with altering
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temperature. For example, wires located in the mouth of patients may change their
mechanical properties during uptake of hot or cold food or drinks. They showed that
ingestion of cold liquids could provide inadequate forces for tooth movement, thereby
revealing that the temperature-induced shape memory effect is able to apply forces on
its environment.

Here, for the first time, an implant material is presented, that is designed to use
the TWSME for a temperature actuated switchable topography at physiologically
relevant temperatures for in vitro and in vivo cell cultivation. The size of the switchable
surface features induced with the TWSME can range from hundreds of nanometers to
a few microns, depending on the alloy and the training procedure. Cells were shown to
interact mostly with structures of the same length scale; however, depending on the cell
type and cultivation time, their sensitivity can extend to the nanometer scale.
Fibroblasts adapt after 24 h cultivation time to grooves down to a threshold of 35 nm
in depth.1% 47 Overall, feature depth and radius of curvature seem to be the topographic
parameters with the strongest influence on cell guidance.!9 48

The switchable surface topographies in NiTiCuCr are trained to elicit switchable
random roughness, grooves, spherical protrusions or other microscopic elevations on
the surface of the implant. Thus, by changing the implant topographies the rate of
endothelialization and cell alignment could be controlled. Therefore, in-stent restenosis
and thrombosis could be reduced.'* 49 The principle effects of such a switchable
topography were demonstrated by Ebara et al.’° They changed the alignment of cells
using the one-way shape memory effect in a thermo-sensitive shape memory polymer.
A groove pattern was altered by heating into a smooth surface or a surface with
perpendicular grooves. The cells adapted with cultivation time, even if the material was
kept at 32 °C, due to the specific phase transformation temperatures of the shape-
memory polymer.

With switchable surface topographies on the NiTiCuCr alloy, a metallic implant
material with strong mechanical properties compared to polymer materials, was
developed. The two-way shape memory effect allows reversible actuation without any
changes in surface chemistry. The set phase transformation temperatures allow an

accurate control of the topographies at 37 °C.

Ion leakage and celltoxicity: It is well documented that a high concentration of Cu

ions leads to a high mortality rate of cells is evident considering that toxicity of Cu ions
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for cells.?133 Haider et al. investigated the ion release and corrosion resistance in
ternary NiTiCu and NiTiCr alloys after immersion in PBS solution.?! They detected a
small release of Cu ions and a large amount of Cr ions into the media, for all tested
alloys.?? Hwang et al. investigated the metal release and corrosion resistance of
orthodontic arch wires and brackets of NiTiCu or NiTiCuCr into artificial saliva with a
pH value of 7.3 With regard to literature, threshold values for the lethal concentration
of Cu ions were hard to determine. Cao et al. concluded after an elaborated summary
on literature dealing with various cell-types and copper concentrations that the
thresholds for Cu accumulation vary for the different cell types in the body. Their
findings suggest a LD50 dose of about 46 pgml! (~29 uM) Cu ions for 1929 mouse
fibroblasts and >99 % cell death with 24 h exposure to 100ugml (~62 uM). 33

Other studies observed that in contrast to the cytotoxic effects, a specific
concentration of Cu ions could contribute positively to wound healing and
atherogenesis.?* %5, Heidenau et al. demonstrated highly antibacterial properties with a
tolerable cytocompatibility, in in-vitro tests with direct surface contact, for fourfold Cu-
TiO:z coatings. Furthermore, their patent on structured coatings for implants using
powder-filled ceramic coatings in order to enhance surface roughness and promote the
active elution of ions, reflects the impact of the surface texture on ion-release and
subsequent cell-interaction.?®

As demonstrated by Heinecke et al., the presence of Cu could also accelerate the
pathogenesis of vascular diseases such as arteriosclerosis. They revealed that a micro-
molar concentration of Cu-ions promoted a modification of low-density lipoproteins by
human arterial smooth muscle cells. 2> Subsequently, a remaining Cu-leakage from the
NiTiCuCr surface with micromole concentration could also have positive effects on cell-
growth and arterial desease.

Studies on ternary NiTi based shape memory alloys revealed that the addition of
passive metals such as Ti, Cr and Ta developed stable oxide layers, which contribute to
the corrosion resistance. Haider et al. investigated the TiOz layer formed on the NiTi
and NiTiCu surface as well as Cr203 and Ta20s5 layers formed on NiTiCr and NiTiTa
surfaces.’152 Kassab et al. compared the corrosion behavior of ternary NiTi alloys
adding Cu, Fe or Pd. For NiTiCu alloys, the lowest corrosion resistance and lowest oxide
resistance was measured, leading to a poor stability of the oxide layer in NiTiCu.

Furthermore, they revealed a distribution of metallic Cu within the TiO:z layer.57
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Even if quaternary NiTi based shape memory alloys are rarely investigated,
orthodontic arch wires made of NiTiCuCr have been marketed as Copper NiTi™. Zhen
et al. indicated the formation of a passive film of TiOz on a TiNiCuCr alloy. They
exposed the alloy, which is used for orthodontic applications, to artificial saliva.
Additional to the oxide formation, the alloy showed good corrosion resistance.?8

The formation of a TiOz layer by electrochemical oxidation demonstrates a strategy
to prevent the NiTiCuCr sample surface for corrosion and building a barrier against
the Ni and Cu leakage. If the oxidation layer covers the complete sample surface, the
concentration of Cu ion leakage could probably be reduced below ppb and reduce

cytotoxicity, respectively.

7.5 Conclusions

In the present study, switchable topographies were induced into a quaternary shape
memory alloy using the TWSME. The phase transformation temperatures, the
temperature dependent surface topographies, and the cytotoxicity were analyzed in

order to develop a metallic implant material with switchable surface topography.

» The DSC measurements revealed a phase transformation with small hysteresis
near body temperature. At the operating temperature of 37 °C the material lies
right between both peaks, leading to partial phase transformation. These material
characteristics offer the possibility to switch the sample topography without (lethal)

cell damage due to overheating or undercooling.

» Switchable topographies were induced using embossing and re-planarization. A
surface with reversible change in roughness is elicited. Due to the partial phase
transformation at 37 °C and the hysteresis, two different surface topographies can

be induced at 37 °C, depending on the sample’s thermal history.

» A high release of Cu ions has led to notable cytotoxicity and low cell viability.
Electrochemical oxidation was applied in order to form a stable TiO2 oxide layer on
the surface. The oxidation process did not influence the induced switchable

topographies.

A reversibly switchable micro- and nanotopography in a metallic shape memory alloy
may allow to investigate time-dependent cell migration and alignment, as well as time-

dependent cell-substrate interactions. Switchable topographical features on metallic
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implant devices, for example on intravascular stents, could first promote cell
proliferation and guidance with a specific texture, and then stop the orientation by
recovering a smooth surface. The control of the topographies could be triggered

externally via induction heating, in a similar manner as presented by Miiller et al.”8
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Chapter 8
Summary and outlook

8.1 General summary

Frequently used materials, which are capable to show a reversible shape change,
are near equiatomic nickel-titanium (NiTi) shape memory alloys. Emerging research
on NiTi shape memory alloys has established that a reversible two-way shape memory
surface can be induced using indentation techniques. By the use of this preparation
technique the surface shows a reversible change from a smooth to a structured
topography depending on the temperature.

Many functional surfaces with super-hydrophobic, (anti-) reflective, adhesive or
bioactive properties, gain their functionality due to specific nano- and microstructures.
A change in their spatial arrangement due to a switchable topography may also lead to
a switchability of their surface function. For example the adhesion of a surface with dry
adhesive microstructures could be changed by switching from a flat to a structured
topography and vice versa. This responsiveness of the properties to a stimulus, such as
temperature, will widen their current field of applications.

The aim of this thesis was to investigate the indentation induced two-way shape
memory effect (TWSME), in order to (i) understand the microstructural transformation
mechanisms and control the switchable surface structures, (i) to simplify and establish
a surface preparation process for larger areas, (iii) to present an approach for an
application of switchable shape memory surfaces, and (iv) to transfer the TWSME onto
another shape memory alloy to activate switchable microtopographies by body heat.
Subsequently, as shown in Figure 8.1, a summary of the main research and results

carried out on these sections is given.
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6% Understanding the two-way shape memory effect and switchable surface

structures in NiTi alloys

Limited studies exists on investigating the effect of pre-existing TisNi4 precipitates
on the TWSME in NiTi shape memory alloys. The core theory is that the size of
precipitates strongly influences the formation of stress-induced martensite, which is
critical for the TWSME. Therefore, the role of pre-existing precipitates on the
indentation induced TWSME in an austenitic NiTi alloy was investigated in the present
study by a systematic variation of aging temperature, leading to solutionized, coherent
or incoherent TisNi4 precipitates. Vickers indentation on differently aged NiTi, followed
by planarization and subsequently observing the evolution of the surface topography as
a function of temperature gave insight into the fundamentals of the two-way shape

memory behavior.

» The experiments demonstrated an indentation induced two-way shape memory
effect in austenitic NiTi, depending on former heat treatment. A two-way shape
memory effect was only found in solutionized and 400°C aged material, containing

semi-coherent TisNis precipitates.

» It was concluded that upon indentation the induced stress fields contribute to the
activation of corresponding martensite variants during phase transformation.

Leading to the temperature-induced macroscopic change in topography.

» The flat or the structured topography was shown to be stable at room temperature,
depending on the sample’s thermal history. Coming from the cooled state, below M,
the surface was flat at room temperature and coming from the heated state, above

A, the sample was structured at room temperature.

» A critical temperature was found which leads to the increase of protrusion height
and decrease of reversibility. The two-way shape memory effect disappeared with
heating the samples significantly above the transformation temperature. This was

attributed to the critical role of stabilized martensite.

The insight into the influence of heat treatment, microstructure, and cycling
temperature on the indentation induced TWSME will be a helpful complement in order
to match the desired switching temperature for a certain application with the right
shape memory alloy composition. For example with the austenitic material, a

switchable topography with a shape memory effect around room temperature was
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induced. Besides that, the austenitic material has superior mechanical properties
compared to the martensitic material. The increased young’s modulus and hardness in
the austenitic state might be of importance for load bearing or anti-abrasive
applications.

Furthermore, the shown loss of the TWSME due to overheating significantly above
the transformation temperatures is a crucial limitation regarding the development of
new preparation techniques. This had to be taken into account for the subsequent

objective of the present thesis — the development of a new preparation process.

(i) Material: martensitic or austenitic, (ii) Preparation: Large area structuring
heat treatment, avoid overheating via indentation, PECM, embossing

-

T<34°C > 36.5°C T>39°C > 36.5°C Fas (T<M/) FcB (T>Af)

(iv) Approach: Switchable topographies (iii) Approach: NiTi-PDMS hybrid system
for biomedical applications for switchable adhesion

Figure 8.1: Graphical summary on the four sections, related to two-way shape memory
topographies, investigated in the present thesis. (i) Microstructural characterization and
analysis of the TWSME in austenitic NiTi shape memory alloys. A TWSME was induced by heat
treatment leading to coherent Ti3Ni4 precipitates. Overheating of the sample exceeding the
austenite finish temperature removed the TWSME. (ii) The previously used indentation process
to prepare shape memory topographies was supplemented by an electrochemical
microstructuring and cold-embossing process. (iii) A first approach, which combines NiTi with a
dry adhesive PDMS layer, has led to a functional surface with temperature-induced switchable
adhesion. The change in adhesive properties was induced by a change in contact area. (iv) In
order to gain a switchable topography, which can be triggered near body temperature, the
TWSME was induced in a NiTiCuCr alloy. The small hysteresis width of the alloy enables a flat
and a structured state at 37 °C depending on the sample’s thermal history.
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637 Development of a large area structuring (preparation) process for two-way

shape memory topographies

The switchable topographies of TWSME surfaces give rise to potential applications
in the field of optical and biomedical devices or switchable dry adhesives. The
implementation of these ideas mostly requires the structuring of larger arrays at a time
and less elaborate preparation techniques are preferred. Since common machining
processes are withdrawn, due to strong generation of heat, which deteriorates the shape
memory behavior and the extraordinary mechanical properties of NiTi shape memory
alloys, cold embossing and pulsed electrochemical machining (PECM) were applied.

In order to save material resources and reduce preparation complexity the single
indentations and multiple grinding steps for the current state of the art preparation of
shape memory surfaces were replaced by two steps of cold embossing. A polished NiTi
sample was first embossed with a metallic micro-mesh, and second re-planarized using
a nearly flat emboss. Measurements using white light interferometry show that a
TWSME, which leads to the switchable microtopographies, was successfully induced on

the sample.

» The main geometric features of the mesh were stored intrinsically in the embossed
sample surface and appear from the optically smooth NiTi surface when the sample

was heated above the critical transformation temperature.

» After cooling the sample back to room temperature, the structures disappeared
almost entirely. As for the single indentation structuring, the switch in topography

1s shown to be reversible over multiple temperature cycles.

» The switchable surface structures approximately reached the original dimensions

of the mesh and led to a reversible change in surface roughness.

In a second experimental set up, PECM was applied to structure the NiTi surface
with both low heat generation and sub-surface deformation during manufacturing. Two
different tools were used to form linear and bumpy protrusions on the NiTi surface.
Subsequently, these protrusions were flattened in order to replanarize the surface.
After one step of polishing, the topography was analyzed via white light interferometry
and three dimensional optical microscopy at room temperature, above the
transformation temperature and after cooling to room temperature. The following

observations were made:
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» The results revealed that a formation of structures on the surface via PECM is
technically possible. Linear and semispherical microstructures of different size

remained on top of the NiTi substrate after PECM.

» A two-way shape memory effect was induced by the compression of the structures

into the surface. This technique led to an array with switchable microtopography.

» In addition to the occurring shape change, which forms elevated structures on top
of the surface, also a sink-in shape change was observed, which formed cavities in
the surfaces. Thus, the apparent compression of structures has led to two different
deformation orientations of the two-way shape memory effect: Raised surface

protrusions, which are surrounded by a sunken groove, were formed.

The results prove that deformation mechanisms for larger areas, like cold
embossing and PECM, can be applied to generate microtopographies with a two-way
shape memory effect. Cold embossing and PECM are already applied in industry using
roll-to-roll processes or larger scale batch processes. Thus, a first step in up-scaling of
switchable topographies in NiTi was made. Apart from that, the results of the
compression experiments gave further insight in the complex interaction of induced
deformation, microstructure, and the TWSME in NiTi shape memory alloys. The shown
shape change behavior provides the impetus for additional detailed microstructural
analysis.

Gaining switchable topographies on larger scale by use of the developed preparation
techniques, may lead to systems, which combine functional microstructures and
switchability to access a dynamic surface response. The practical feasibility of this idea
was examined within the framework of this thesis: The design of a hybrid system with

temperature-induced switchable adhesion.

(i1))  Combining functional microstructures and switchable surfaces - an approach

to encounter switchable adhesion

Many industrial processes require efficient adhesion systems to grip and release
fragile objects such as wafers, lenses or glass plates. State-of-the-art solutions such as
vacuum-based handling systems are cost-intensive and have limitations in their
applicability. An alternative are micro-patterned bioinspired dry adhesive surfaces
similar to those found in biological adhesion systems of spiders and geckos. These

synthetic micro-patterned adhesives allow an easy adaptation to a variety of surfaces,
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causing an increase in contact area at negligible elastic strain and, thus, improved
adhesion. One significant barrier for the application of these micro-patterned surfaces
1s the lack of switchability.

A novel switchable dry adhesive, which combines an adhesive silicone rubber with
a NiTi shape memory alloy was developed. NiTi is trained by surface deformation and
grinding, to elicit a temperature-induced switchable microtopography with protrusions
at high temperature and a flat surface at low temperature. The trained surface was
coated with either a flat or a micro-patterned adhesive polydimethylsiloxane (PDMS)
layer, resulting in a temperature-induced switchable surface, to tune dry adhesion.
Adhesion tests show that the topographical change of the NiTi strongly influences the

adhesive performance of the hybrid system.

» The transition between the flat and the structured NiTi topography reduced
adhesion by 56% for a sample with a smooth PDMS layer and by 100% for a sample
with a patterned PDMS layer.

» The hybrid systems revealed strong reversibility, allowing repeated switching
between an adhesive and a less/non-adhesive surface over frequent temperature

cycles.

» The change in adhesion was discussed in terms of reversible changes in contact area
based on classic contact mechanics models and a Finite Element model. The
comparison with the models verified that the change in the contact area due to the

TWSME is responsible for the loss in adhesion.

The significant switch in the adhesion performance opens possibilities to tailor dry
adhesive systems showing strong adhesive properties and easy detachment, which is
required for pick and place processes of sensitive objects. Apart from adhesion
phenomena, switchable microtopographies and the change in contact area have a
substantial influence on cell-growth and cell-behavior (proliferation), which are key
features in the field of biomedical applications. Motivated by this and taking into
account the previous results, a switchable microtopography, triggered at body

temperature, was induced on a novel shape memory alloy.
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(iv)  Switchable microtopographies activated at body temperature in a

quaternary shape memory alloy

The development of switchable surfaces for biomedical devices is in the focus of
many studies, since surface chemistry and topography are known to have a strong
influence on cell response. Based on the previous chapters, the goal was to develop a
shape memory alloy, which can reversibly switch its topography but has a switching
temperature around body temperature. The use of a two-way shape memory topography
will allow changing between both states - smooth and patterned - without modifying
the surface chemistry. This is crucial to understand the cell mechanobiology, i.e. the
complex interaction of the cell with the implant material. A quaternary
Nis2.5T149.65Cu7.5Cro.35 alloy system was used to elicit a martensitic phase transition
around 37°C and a recovery with small hysteresis width. These material
characteristics offer the possibility to switch the sample topography without (lethal)

cell damage due to overheating or undercooling.

» By heating the sample surface above 36 °C up to 40 °C the topography changed from

flat to bumpy, and vice versa upon cooling the sample back from 35 °C to 30 °C.

» It was observed that both topographies, smooth and patterned, are stable at 37 °C,
depending on the thermal history of the sample. The phase transformation near
body temperature enables a flat surface at 37 °C, coming from the martensitic state

(30 °C) and a structured topography coming from the austenitic state (40 °C).

» The immersion of a NiTiCuCr sample in cell cultivation media for two days
exhibited a very high concentration of copper ions, which are known to be toxic for
cells. This leakage of Cu-ions should be reduced by pacifying the surface via

electrochemical oxidation, primarily leading to growth of TiO2 and CuO layers.

The reduction of cytotoxicity in combination with the reversible switch of the
surfaces topography near body temperature opens possibilities to stimulate biomedical
surfaces, which might be able to tune cell growth and cell adhesion dynamically. More
specifically, a batch of NiTiCuCr samples with and without switchable topographies
will be used to analyze the cell responsiveness for a change in roughness. The influence
of the switch from a smooth to a structured topography and vice versa on cell growth

will be observed.
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8.2 Outlook

Various aspects related to the indentation induced TWSME in shape memory alloys
have been presented in this work. The literature review revealed two main aspects:
First, most previous work has focused on the phenomenological understanding of the
TWSME. Second, and as a result of the present research, a systematic microstructural
analysis which may build the bridge from a fundamental microstructural
understanding to the phenomenological observations, is missing. Hence, a detailed
TEM investigation of the areas beneath the deformed material is of considerable
interest. In situ TEM heating and cooling experiments could give insights into the
specific phase transformation behavior leading to the TWSME, e.g. the detailed role of
stabilized martensite.

The development of new preparation techniques was another topic of the present
thesis. That a switchable surface topography could be induced via cold embossing and
electrochemical machining is a promising result regarding upscaling for industrial
applications. Both techniques were already used in industry, either in form of roll-to-
roll processing or batch processing. The size of the switchable surface structures ranges
from micro- to millimeter scale, but also smaller structure sizes could be induced. In a
first try, micro-holes on a wafer were successfully transferred onto the NiTiCuCr
surface resulting in micro-pillars, but during the experiments, the brittle wafer burst.
Thus, in principle the small feature size can be transferred via embossing. Only the
structuration of a wear resistant tool with the positive master structures will be
challenging. Apart from embossing, also electrochemical machining is already applied
for structuration on different scales.! As shown by Weinmann and colleagues a high
machining accuracy, for micromechanical machining systems, could be reached in steel,
using pulsed electrochemical micromachining and a proper tool design. Mineta and
their team investigated the fabrication of very thin NiTi sheets for biomedical
applications via electrolysis. It would be of interest if such a high machining accuracy
and thin NiTi foils with a switchable topography could also be fabricated in a similar
manner.? If the switchable topographies will not longer be limited to flat bulk material,
but could be induced on deformable sheets and foils, additional applications especially
in biomedicine and micro actuation would be accessible.?* Analogue to the self-

deployable origami stent with hill and valley folds, presented by Kuribayashi et al., a
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switchable topography on a stent foil would be able to influence cell-growth and thus,
promote the healing process after vascular disease. ?

Alternative possible applications for switchable TWSME surfaces were discussed in
the present thesis. The presented approaches were successful ‘proof of concepts’, but a
detailed transfer into possible industrial applications was not yet achieved. The
approach to utilize a switchable topography in a NiTi-PDMS hybrid system allowing
switchable adhesion, yielded promising results, such as good adhesive performance and
near-ideal recovery rates. By the use of mushroom structures - pillars with a broadened
cap on top, see Figure 8.2, the adhesion forces of these hybrid systems were increased,
which enables the lifting of heavier weights. However, if this stronger adhesion force
can be as easily reduced by switching the topography, as with the flat pillars, has to be

proofed in further experiments.

Temperature induced switchable
adhesion by NiTi-PDMS hybrid
systems

F CStruct
B CFlat

Increase in adhesion force due
to mushroom geometry

Figure 8.2: NiTi-PDMS hybrid system for temperature-induced switchable adhesion. A change
from a pillar geometry to the bioinspired mushroom geometry leads to an increase in adhesion
force. It has to be tested, whether the switchable NiTi topography induces a loss of adhesion in
the structures state also for these hybrid samples.
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In the field of optics, the combination of two-way shape memory topographies with
optically active films or microstructures could be used to change the surface reflectivity.
For example, the controllable change in surface roughness could lead to a change in the
spacing of optical grits, and enable or disable Bragg-diffraction. To conclude, the
presented approaches can be seen as inspiration for all applications were the effect of
existing functional microstructures and/or functional coatings is strongly related to
their spatial arrangement. The latter is proofed to be changeable by the use of TWSME
topographies, as shown in this thesis.

The combination of a hydrophobic-hydrophilic surface with a specific switchable
underlying topography could lead to a change in contact angle, e.g. a local control of
wettability as shown in Figure 8.3. But also the combination of a switchable topography
and a polymer coating with responsive wettability, as presented by Sun and colleague,
could lead to enhanced control of surface wettability.® A responsive wettability might
be of interest for microfluidic devices ranging from ink-jet printing to biomedical
microelectromechanical systems (bioMEMS).710 Surface wettability is a major driving
force associated with switching proteins and cell attachment.!! Thus, a hybrid system,
combining a switchable NiTiCuCr surface with altering wettability regions may enable
the manipulation of the adhesion-mediating proteins. As mentioned by Hook et al. such
an implant system would show great potential: “The most interesting and useful
systems are those that combine patterns on the micro- or even nanoscale and switchable
architectures, as they are able to achieve both temporal and spatial control over

biomolecule surface interactions.”12

s hydrophobic

messs hydrophilic

non-activated: cavities transition state: flat activated: protrusions
Figure 8.3: Schematic illustration of a surface system with controllable wetting properties. The
change from hydrophilic to hydrophobic is driven by the switchable topography in combination

with chemical surface modifications. A well-considered spatial arrangement of hydrophilic and
hydrophobic areas on a surface with switchable surface arrays could improve local wettability.
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A more elaborated approach would be the investigation of two-way shape memory
topographies in ferromagnetic shape memory alloys. The transfer of the presented
knowledge onto an alloy, which can be triggered by a magnetic field, would increase the
field of applications significantly. Especially in the fields of biomedicine, or actuator
techniques, a magnetic field, which can be switched easily and with high frequency
between two states, would be of interest. Since temperature is a relatively slow
stimulus and many elements or processes are sensitive to heat (cell growth, processors,
tactile systems due to thermal expansion), the change from the thermal to a magnetic

stimulus would offer many advantages.

Functional surfaces and microstructures + switchable topography
— active control of surface properties

¢ A:thermal radiation * C: wettability * E:reflectivity
* B:adhesion ¢ D:cell-interaction * F:friction and wear

nedt light ]IclIJublfizzfnts

’ solids T cells '
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A B c D E F
passive material
shape memory material external stimulus switchable topographies
+ (ferromagnetic) shape —- * temperature -}~ * protrusions and cavities
memory alloys ¢ magneticfield * various geometries

¢ shape memory polymers ¢ pHvalue » different spacing
* hydrogels ¢ humidity * nano- micro and millimeter scale
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Figure 8.4: Scheme of active hybrid systems, which combine functional coatings or
microstructures with a switchable topography. By the use of a shape memory topography on its
own, or in combination with certain functional microstructures, static properties like
wettability, reflectivity or lubrication could be actively changed. In general, all properties, which
are influenced by the surface roughness and the contact area, should be able to be triggered
using a shape memory substrate and the corresponding external stimulus.
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