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ARTICLE INFO ABSTRACT

Handling editor: P.Y. Chen The Bulk Metallic Glass (BMG) Vitreloy 105 (ZrsssTisNij46Cui7.9Alio) as well as two crystalline reference
materials of the same composition were machined with Pulsed Electrochemical Machining (PECM). One refer-
ence material was nano crystalline with an average grain size of 11 nm and the second one was a fine grain
crystalline sample with an average grainsize of 110 nm. The goal was to achieve maximum surface quality in
terms of roughness by utilizing a readily available industrial process. Samples were characterized by tactile
profilometer, atomic force microscopy and electron microscopy methods. The results show superior surface
quality of the amorphous samples over the reference materials with an average roughness depth as low as 1 nm.
The observed dissolution mechanism of the BMG differs from the reference materials -as in contrast to the
crystalline alloys that show a passive layer formation - no such surface layer other than the native oxide could be
observed. The PECM procedure is found to be a promising post-processing step for BMGs with a resulting surface
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that can face even the most challenging surface quality requirements.

1. Introduction

Amorphous metals or metallic glasses are rapidly quenched alloys
that form glass upon cooling from the melt rather than crystallizing.
These metallic glasses have been the objective of current research ac-
tivities due to their unique properties. Bulk Metallic Glasses (BMGs) are
metallic glasses that can be quenched into the amorphous state in di-
mensions beyond 1 mm thickness [1]. The Vitreloy 105 alloy
(Zrs2 5TisNiq4,6Cuy7.9Al ) was developed in the early 1990’s as part of
the Vitreloy family that was produced by Liquid-metal Technologies and
comprises also well-known alloys like the Vitreloy 101, Vitreloy 104 and
Vitreloy 106 [2]. This composition shows a good glass forming ability
paired with interesting mechanical properties of a high yield strength
[3] and ductility in bending [4], as well as in compressive testing. The
alloy also shows a high fracture toughness, depending on specimen size
[5] and thermomechanical treatment [6]. The alloy is produced on an
industrial scale by special alloy manufacturers - for injection casting of
commercial parts and additive manufacturing solutions. Thus, the alloy
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was chosen as the initial candidate for this study on macroscopic Pulsed
Electro Chemical Machining (PECM) of BMGs. PECM is a contactless
manufacturing process utilizing pulsed anodic metal dissolution in a
flowing electrolyte environment. The limiting factors of the processing
method often lie within the processed material itself as the microstruc-
ture and its inhomogeneous dissolution restricts the surface quality [7].
The machinability of BMGs by PECM was demonstrated in 2021 [8] in
the form of micro-machining dimple patterns on the Vit105 alloy. The
dissolution mechanism was reported by Guo et al. where they show that
the polarization behavior follows “active dissolution and valve metal
passivation” which incorporates an initial Pitting/Oxidation step, fol-
lowed by a supersaturated film formation and the establishment of a
continuous polishing effect induced by the supersaturated film “which
finally resulted in the uniform dissolution of Zr-based BMG” [8]. For the
macroscopic PECM, the roughness of the resulting surface is dependent
on the machining parameters, with a reproducible, high quality polish
generating processing window of employed current densities that was
reported by Hall et al. to be found between 90 A/cm? and 125 A/cm?
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[°1.

Post-processing is necessary for BMG parts, since this class of mate-
rials, due to the absence of typical features of crystalline materials such
as grains or grain boundaries, shows a near ideal replication of the
mold’s surface in the casting’s surface, thereby allowing near-net-shape
during injection casting [9]. However, the replication also transfers to
smallest imperfections and wear deformation of the molds, which is not
quite favorable even for small series production. An alternative
manufacturing route is thermoplastic forming in the supercooled liquid
state that can also replicate smallest details of the respective mold used
during the thermoplastic forming. Therefore, both the casting as well as
the thermoplastic forming rely on the quality of the molds and tools
employed in the process [10]. Alternatively, the manufacturing route of
thermoplastic forming in the supercooled liquid state can also replicate
smallest details of the respective mold used during the thermoplastic
forming [11].

The PECM offers the possibility to reduce the impact of mold and tool
quality by machining the BMG parts contact-less to a high surface
quality. This is getting even more important, as additive manufacturing
makes up a large part of the recent research on metallic glasses, which is
usually accompanied by a post-processing procedure to enhance the
surface quality of the rather rough additively manufactured surface
[12]. For any decorative application or jewelry, post-processing is
especially important as the surface finish quality requirements are
challenging in the high-performance part industries.

2. Materials and methods
2.1. Synthesis and sample analysis

The ingots of the composition Zrsy 5TisNij46Cus7.9Al19 were pro-
duced in an arc melting furnace under protective 99.999 vol% (5 N)
argon atmosphere, using 99.99 wt% (4 N) pure metallic materials. These
master alloys were then used to produce amorphous specimens by arc
melting and suction casting under Ti-purified 5 N argon atmosphere into
water cooled copper molds. Their amorphous structure was verified by
X-ray diffraction (XRD) on a D8-A25-Advance diffractometer in Bragg-
Brentano 6-0-geometry (goniometer radius 280 mm) in a 20 range of
20-80° with Cu K,-radiation (A = 154 p.m.). The size of the respective
primary phases was determined with the Bruker TOPAS software uti-
lizing volume-weighted lognormal size distribution of crystallites
(LVOIB) methodology. Differential thermal analysis was performed with
a Netzsch STA 449 F3 Jupiter and a heating rate of 20 K/min in Y03
coated graphite crucibles under constant flow of high purity 6 N argon
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purge gas.
2.2. Pulsed electrochemical machining (PECM)

For PECM processing, the stainless-steel tool with a diameter of 5
mm was fed into the aligned Vit105 workpiece with a diameter of 3 mm.
Dissolution behavior was recorded with iteratively varied feed rate and
the corresponding surface quality at different current densities is
assessed. The experiments were performed in a PA2200 flushing
chamber that ensures constant electrolyte rinsing. A PEM-Center 8000
(PEMTec SNC, France) fitted with sodium nitrate-based electrolyte with
a conductivity of 100 +£ 5 mS/cm was used for the electrochemical
material characterization. The physical setup and abstract procedure
visualization can be seen in the supplementary file in Fig. 1 a) and b).

The total removal of material was situated between 0.5 mm and 1
mm in length depending on the specific material removal rate (SMR),
thereby removing the initial topography that was rough sawn (R, > 10
pm) from the cut with a metallographic Presi Mecatome T202 precision
saw for all samples and considered insignificant due to the considerable
mass removal of the process. The process was performed at 12 V process
voltage, with 5 s of pulse-on time with a mechanical and electrical fre-
quency of 50 Hz. The electrolyte was kept at a temperature of 20 °C and
the electrolyte pressure was held at 200 kPa to maintain a stable flow
during the machining process. Parameters of the PECM process were
kept within the previously published functional processing windows for
amorphous Vit105 of reference [9], this includes current densities, pulse
time, pulse form as well as electrolyte concentration and feed rate
identical to Fig. S1 and samples result from an optimal current density
range postulated in Supplementary Fig. S5.

2.3. Annealing procedure for crystalline reference material

To compare the PECM process of amorphous samples to the crys-
talline counterpart, amorphous Vit105 references were crystallized by
conducting two different annealing procedures under 5 N argon atmo-
sphere. Two sets of crystalline reference samples were prepared by
annealing, one nano crystalline reference set, from an amorphous pre-
cursor annealed at 723 K for 12 h and a fine grain reference set at 1003 K
(50 K below the beginning of melting), which was also annealed for 12 h
and is considerably coarser than the nanocrystalline material.

2.4. Electron microscopy

Scanning electron microscopy (SEM) was performed on a Zeiss Sigma
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Fig. 1. a) schematic setup of the PECM procedure and b) working principle of the PECM method by Weber et al. [13], reprinted under copyright license
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VP FEG-SEM as well as on a FEI Helios NanoLab600, where also the
focused ion beam machining (FIB) took place. Acceleration voltages
ranging from 5 kV to 30 kV were applied during the imaging. Contrast
modes include backscattering images (BSE), secondary electron images
(SE), and scanning transmission mode images (STEM).

TEM lamellae were prepared by Focused lon Beam (FIB) machining
with Ga ions and after lift out the lamellae were investigated on a JEOL
Type JEM2011 TEM at an acceleration voltage of 200 kV.

2.5. Surface analysis

The surface evaluation was carried out in the first step by tactile
measurement on a perthometer MarSurf XR/XT20. Furthermore, atomic
force microscopy was performed on a Bruker Dimension Icon using
ScanAsyst Mode with ScanAsyst Air tips from Bruker Inc. An area of 10
x 10 pm? was probed with an image resolution of 512x512 pixel. From
the AFM topography data, the statistical roughness values were deter-
mined with the Gwyddion 2.61 software [14].

3. Results

The thermogram of the DTA scan for Vit105 is displayed in Fig. 2 a)
with arrows indicating the temperatures, at which the reference samples
were held isothermally to set different crystallization stages. The cor-
responding XRD diffractograms of the as-cast reference, the samples
after PECM machining as well as the annealed samples are show in Fig. 2
b). Annealing for 12 h at 723 K yielded a nano crystalline sample,
containing primarily a ZryNi type structure (Powder diffraction file
(PDF) 00-038-1170) [15] and the second annealing procedure for 12 h
at 1003 K yielded a fine-grain sample comprised of a mixture of ZroCu
(PDF 00-018-0466) [15] and remaining ZryNi type in the microstructure
plus an additional minor phase that could not be identified, the dif-
fractograms are depicted in detail in Fig. 2 b). The microstructure is here
dominated by the primary phases, the TOPAS LVolIB analysis of the XRD
spectra results in a determined crystallite size of 11 nm + 1 nm for the
nano crystalline sample that was 12 h annealed at 723 K and a crystallite
size of 110 nm =+ 10 nm for the fine-grain sample, annealed for 12 h at
1003 K. The SEM images of the FIB prepared lamellae showing the
resulting microstructures are depicted in the supplementary file in
Fig. S4.

The as-cast state and the pulsed electrochemically machined Vit105
rods are X-ray amorphous as can be seen by the respective diffracto-
grams, where both the as-cast material as well as the machined Vit105
rod show only a broad amorphous halo without any presence of crys-
talline Bragg reflexes. This confirms that the method is suitable for
processing metallic glasses without altering the amorphous structure as
it can easily happen during conventional processing that introduces heat
into the workpiece during machining. Optical inspection of the surface
with scanning electron microscopy yielded rather differing topogra-
phies, Fig. 3 a) depicts a close up of the surface from an amorphous 3 mm
diameter rod after the PECM processing - the surface appears to be
smooth, containing little waviness. Fig. 3 b) shows the surface of the
nanocrystalline sample which shows a distinct structure within the
surface and in Fig. 3 c¢) the fine-grain sample is depicted which is
significantly coarser than the surface of the amorphous sample. The
surface quality of the crystalline samples after PECM seems to be
dominated by the dimensions of the respective microstructure. The
secondary electron image of Fig. 3 b) depicts a partially excavated
nanometer-scaled structure for the 12 h at 723 K annealed sample and an
overall rougher topography compared to the amorphous sample. The
sample annealed for 12 h at 1003 K in Fig. 3 c), however, shows a coarse
and partially dissolved fine-grain microstructure. The surfaces displayed
in Fig. 3 a)-c) were FIB cut and the images are displayed in Fig. 3 d)-f)
where the difference between the amorphous sample (d), the low tem-
perature annealed sample (e), and the high temperature annealed
Vit105 samples (f) can be seen. The crystalline samples seem to feature
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Fig. 2. a) DTA thermogram of the Vit105 alloy with marked annealing pro-
cedures in the SCLR as well as close to the solidus temperature of the Vit105
alloy. b) XRD results of as cast Vit105 material before and after pulsed elec-
trochemical machining on a 3 mm diameter rod sample showing no significant
structural change during machining. The annealing procedure indicated in a)
results in different crystalline configurations, primarily ZroNi and
Zr,Cu compounds.

an oxide/corrosion layer after PECM, with a thickness measuring 18 + 5
nm for the sample annealed at 723 K and 35 + 18 nm for the sample
annealed at 1003 K. Such a surface layer cannot be detected for the
processed amorphous sample by SEM alone. In addition, the high tem-
perature annealed sample (1003 K) also shows significant holes in the
surface, where parts of the microstructure were dissolved faster,
resulting in pits. The optical color of the samples is also different, while
the amorphous and low temperature annealed sample appear metallic
and highly reflective, the high temperature annealed sample has a dull
blackish grey surface appearance.

For the amorphous material, the smooth transition was further
investigated by TEM imaging and the result can be seen in Fig. 4 where
the higher magnification of the TEM shows a smooth interlayer between
the applied Pt and the bulk sample. The dissolution layer is here
significantly thinner than in the crystalline counterparts, as it cannot be
easily distinguished where the layer ends and where the deposited Pt
starts due to optical artifacts resulting from the tilt and sample thickness,
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Pt protective coating

Fig. 3. a) Overview secondary electron contrast image of the surface of the amorphous Vit105 rod after pulsed electrochemical machining that shows a smooth
surface with almost no contrast in the SE2 imaging b) the surface after pulsed electrochemical machining of the nano crystalline sample that was annealed for 12 h at
773 K and c) the resulting surface of the PECM on the fine-grain crystalline sample that was annealed for 12 h at 1003 K d) Surface of the amorphous Vit105 sample in
a FIB cut cross-section showing a smooth surface that was coated with Pt e) a FIB cut of the 12 h at 723 K annealed sample f) FIB cut of the 12 h at 1003 K annealed
sample, showing a much rougher surface and multiphase microstructure. All FIB-SEM images d)-f) were taken under 52° sample tilt.

however it can be derived that the layer is smaller than 10 nm in
thickness and therefore the surface layer is significantly thinner than
that of the crystalline counterparts.

The surface was further analyzed by atomic force microscopy, where
an area of 10 pm x 10 pm was probed. The recorded image with a
maximum height-contrast of 44.1 nm can be seen in Fig. 5 a) for the
amorphous sample, where the height-contrast results mainly from sin-
gular particles, as most of the surface is located below a height-value of
25 nm. The average maximum roughness depth Rz was measured as 8.2
nm over a measured length of 12 pm.

In comparison with the low temperature annealed sample shown in
Fig. 5 b) and the high temperature annealed sample depicted in Fig. 5 c)
the measured roughness of the low temperature annealed sample is close
to that of the amorphous sample, although there is a significant differ-
ence in the determined mean roughness depth R,, yet both are in the
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order of a few nanometers and mostly below 25 nm.
4. Discussion

Smooth and reproducible surfaces of high quality are a desirable
feature for all workpieces produced by injection casting. Here, a cost
efficient and readily available industrial process is used for the post-
processing of amorphous workpieces, independent of the initial sur-
face quality. The PECM post processing takes away the need for high
quality molds and tools, as the surface quality reached by PECM is
significantly higher than the quality a directly cast BMG could reach in a
realistic production setup while also possessing significantly longer tool
life due to the contactless machining. Realistic production set up means
here, that the mold is made from a conventional crystalline material like
tool steel or copper, which wears out inevitably due to the harsh casting
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Fig. 4. a) TEM bright field image showing the amorphous samples surface
cross-section, consisting of covering Pt on the surface of the PECM processed
sample, an interlayer where the Pt is deposited and the bulk amorphous sample
b) higher magnification of the interlayer section where the Pt is deposited on

Fig. 5. AFM image of 10 pm x 10 pm area where a representative absolute
the PECM processed amorphous samples surface. 8 & " " P

height scale is given for all 3 subfigures and a relative color coding for the
relative height differences within each individual surface. In the following
conditions of BMG alloys and transfers even smallest flaws into the cast order of a) amorphous Vit105 after the PECM process b) 12 h annealed at 723 K

parts. nano crystalline Vit105 ¢) 12 h annealed at 1003 K fine-grain material.

Table 1 summarizes the results of the different roughness charac-
terization methods and presents the respective significant processing short-range order or the respective size of the clusters. Therefore, the
parameters for the different structural states. The results signify that the correlation that was stated by Kozak et al. for Ti-based materials [7]
PECM method seems - in this case - to be only limited by the micro- appears to hold true also from fine-grain material (crystallite size 110
structure of the processed material for optimized parameters sets, which nm) over nanocrystalline material (crystallite size 11 nm) down to the
in case of the amorphous material could reach down to the amorphous medium range order that poses as the significant upper size limit of
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Table 1
Specific parameter sets of the three presented samples as well as the determined roughness by perthometer and atomic force microscopy.
sample PECM Perthometer AFM
parameter line-profile 1.25 mm line-profile 12 pm
Nr. structure state v¢ (mm/min) loss (mg) time (s) R, (nm) R, (nm) Aa (nm) R, (nm) R, (nm) R, ISO (nm)
10 amorphous as-cast 0.75 70 132 11 60 201.3 1 8 6
81 nanocrystal 12h 723K 0.7 98 172 27 120 206.2 3.5 24 23
86 fine-grain 12h 1003 K 0.7 75 147 250 1528 431.7 23 142 137

“structure” for the amorphous phase (sub 1 nm), that the achievable
surface roughness is directly correlated to the size of the respective
microstructure. In the case of amorphous Vit105 a reproducible average
roughness R, below 25 nm was reached and verified with AFM mea-
surements while the found R, values were in a range below 100 nm. The
difference in AFM and perthometer absolute roughness values results
likely from the significantly larger profile that is probed by the perth-
ometer, yet the methods both show the same trend between the mate-
rials and depict a high surface quality.

PECM can therefore readily be used to rework BMG parts, where
defects like surface porosities, flow serrations and similar faults can be
frequently encountered which limit the obtainable surface quality.
PECM can pose a useful alternative -given the part has enough Glass
forming ability to add a reasonable allowance in material thickness.
Table 2 shows the roughness classes of the classical Swiss watchmaking
standard NIHS 07-02 which is based on the DIN EN ISO 1302 and sets
the PECM processing of amorphous Vit105 alloy in relation to common
automated polishing preparations.

Conventional post-processing is limited by the tool and mold quality
for BMGs during casting itself or the subsequent thermoplastic forming
route that can also achieve high quality surfaces [11]. The achievable
surface quality with a macroscopic R, value below 25 nm and R, value
below 100 nm [9] of the PECM can be roughly compared to metallo-
graphic preparations with 3 pm diamond polishing. The process is in
comparison quite fast, as the machining of the samples was performed
within 3 min of PECM each. While regular polishing for non-flat samples
can take several hours up to days depending on the material, polishing
agent, and the number of polishing steps the PECM is thoroughly able to
shape the workpiece and process the surface within the same operation.

Albeit the crystalline reference materials can reach similar surface
qualities for fine scale nanocrystalline materials in this study, the surface
quality of even fine-grain material is limited due to the inhomogeneous
dissolution of the multiphase microstructure. Furthermore, crystalline
materials show a passivation/oxidation layer that builds up during the
processing that is not encountered in a significant or evident thickness
during processing of amorphous Vitl05. Meaning that within the
methods of this study, the resulting surface layer of amorphous Vit105
could only be determined to possess a thickness below 10 nm, which is
quite close to the range of 1-10 nm of native oxide on Zr as reported by
Bakradze when growing Zr-oxides on bare Zr during controlled oxygen
exposure [16]. To us, this indicates that the mechanism of dissolution
differs between amorphous and crystalline material within the same
PECM parameter range due to the difference local structure and differ-
ence in chemical homogeneity, highlighting the importance to further

Table 2

study the electrochemical dissolution mechanism of BMG under PECM
processing conditions.

5. Conclusion

The investigated method of PECM on BMG parts produces optically
reflective surfaces with a high quality surface finish that falls into the
highest standards of even watch makers grade N1 when probed by
tactile measurements and able to reach single digit nm average and
maximum roughness depth in the AFM -an average depth of roughness
of 1 nm can be probed with the AFM, accompanied with a maximum
roughness depth of 8 nm. This can be confirmed with the roughness
value results of tactile perthometer measurements. Therefore, a direct
correlation between the size of the microstructure and the resulting
surface roughness can be stated as from the amorphous over the nano-
crystalline to the fine-grain Vit105 alloy, it is found that the larger the
particles/structures within the microstructure are, the higher was the
resulting roughness of the PECM processed surface.

The amorphous structure of the BMG parts remains unchanged by
the process as the low process temperature and contactless machining
already suggests and furthermore there is no significant buildup of
corrosion or dissolution layers on the surface of the amorphous sample
for the selected parameter range. The investigation is to be seen as
starting point for further studies of PECM on BMG and the authors plan
to expand similar investigations into chemically different families of
BMG like the Cu-based or the Ni-based BMG systems. Previous studies on
micro-machining via PECM and surface texturing workpieces even with
functional structures [17] have been reported, also novel fabrication
methods for micro-structured tools have been investigated [18] and
pose new possibilities for innovative manufacturing with BMG
materials.

The combination of Bulk Metallic Glasses and PECM enables the
technology to be explored without the restrictions of a hindering
microstructure with its inherent defects and grain boundaries and focus
on the exploration of the production engineering capabilities from the
bulk material. The electrochemical machining itself is a well-developed
manufacturing technology with recent innovative advances even open-
ing the possibilities “to meet the requirements of high precision, high
surface integrity, high efficiency and high economic affordability of
aero-engine key components manufacturing” [19] of regular crystalline
alloys.

A highly interesting feature of the PECM method on BMGs is the
ability to craft small parts from amorphous bulk material with material
properties that stay unchanged from the casting conditions and

Watchmaking standard NIHS 07-02 and R, reached by common watchmaker polishing methods, where the crosses represent the typical achievable surface quality

index N and the results of this study are marked with *.

NIHS standard 07-02 (DIN EN ISO 1302)

N class N10 N9 N8 N7
max. R, (pm) 12.5 6.3 3.2 1.6
Felt polishing

Sandblasting X X
Tumbling X X

PECM (nano)*
PECM (BMG)*

N6 N5 N4 N3 N2 N1
0.8 0.4 0.2 0.1 0.05 0.025
X X X X
X X X
X X X X X
X X X
X
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following thermomechanical treatments prior to PECM. This will be the
center of an application-based study on the manufacturing engineering
capabilities of this novel, yet still conceptual fabrication route for BMG
components.
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