
O
p

H
D

a

A
R
R
A
A

K
B
M
S
C

1

a
a
m
c
[
l
d
h
s
B
i
a
s

i
f
i
v

h
0

Applied Surface Science 355 (2015) 1306–1315

Contents lists available at ScienceDirect

Applied  Surface  Science

journa l h om epa ge: www.elsev ier .com/ locate /apsusc

n  the  surface  characteristics  of  a  Zr-based  bulk  metallic  glass
rocessed  by  microelectrical  discharge  machining

u  Huang,  Jiwang  Yan ∗

epartment of Mechanical Engineering, Keio University, Yokohama 223-8522, Japan

 r  t  i  c  l e  i  n  f  o

rticle history:
eceived 16 July 2015
eceived in revised form 26 August 2015
ccepted 27 August 2015
vailable online 31 August 2015

eywords:
ulk metallic glass
icro-electrical discharge machining

a  b  s  t  r  a  c  t

Microelectrical  discharge  machining  (micro-EDM)  performance  of a Zr-based  bulk  metallic  glass  was
investigated  experimentally.  Various  discharge  voltages  and  capacitances  were  used  to  study  their  effects
on the  material  removal  rate, cross-sectional  profile,  surface  morphology  and  roughness,  carbonization,
and  crystallization.  Experimental  results  indicated  that  many  randomly  overlapped  craters  were formed
on the  EDMed  surfaces,  and  their  size  and  distribution  were  strongly  dependent  of the  applied  voltage  and
capacitance  as  well  as their  positions  (center  region  or outer  region),  which  further  affected  the  surface
roughness.  Raman  spectra  and  energy  dispersive  X-ray  spectroscopy  demonstrated  that  amorphous  car-
bons originating  from  the  decomposition  of the  EDM  oil  were  deposited  on the  EDMed  surface.  Although
urface characteristic
rystallization

some  small  sharp  peaks  appeared  in the  X-ray  diffraction  patterns  of  the micro-EDMed  surfaces,  a broad
hump  was  maintained  in  all patterns,  suggesting  a dominant  amorphous  characteristic.  Furthermore,
crystallization  was  also affected  by experimental  conditions  and  machining  positions.  Results  in this
study  indicate  that  micro-EDM  under  low  discharge  energy  is useful  for  fabricating  bulk  metallic  glass
microstructures  or components  because  of  the  ability  to  retain  an amorphous  structure.
. Introduction

Because of their high elasticity, hardness, fracture toughness,
nd superior corrosion resistance, bulk metallic glasses (BMGs) are
ttractive materials for high-end products and high value-added
etal components such as electronic frames, sport products, pre-

ision surgical instruments, and micro-electro-mechanical devices
1]. However, BMGs also exhibit some shortcomings such as very
imited microscopic plasticity followed by catastrophic failure,
imensional limitations (difficult to produce large BMGs), relatively
igh cost resulting from expensive raw materials and subsequent
haping, which limit their widespread applications. To explore
MGs with enhanced plasticity and larger dimensions, lots of stud-

es have been performed to investigate their preparation, structure,
nd mechanical properties as well as structure–property relation-
hips, resulting in the development of many kinds of BMGs [2–7].

Compared to studies on the preparation, structure, and mechan-
cal properties of BMGs, there are only a few studies that have

ocused on the machining and shaping abilities of BMGs, although
t is very important and necessary from an application point of
iew. Bakkal et al. [8–15] studied the machining performance of a
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Zr-based BMG  under various turning and drilling process param-
eters, such as chip formation, characteristics, surface roughness,
cutting forces, tool wear, burr formation, oxidation, and crystal-
lization. It was reported that BMG  chips generated very bright light
emission when a threshold cutting speed was applied, which was
related to the oxidation of the Zr element because of the high chip
temperature. Although high dimensional accuracy and surface
roughness can be obtained by conventional machining methods,
tool wear, burr formation, possible oxidation, and crystallization
during high speed machining are still challenges. Furthermore, the
difficulty in forming complex shapes, waste of a lot of materials
compared to the small workpiece formed, and the difficulty in
machining hard-brittle BMGs such as Fe-based BMGs are also big
problems for conventional machining methods.

Compared to conventional machining methods, die-casting and
some thermoplastic shaping methods of BMGs in the supercooled
liquid region [16–25] show a great potential for scientific studies
and commercial applications. Via these net-shape methods, many
high value-added precision components have been formed such
as micro-gears, tweezers, scalpels, golf clubs, and metallic glass
cell phone casings. However, the high cost, limited mold-tool life-

times, die-casting defects, and crystallization issues (hard to control
the forming temperature, especially for BMGs having a narrow
supercooled liquid region) remain problems to be solved for the
widespread applications of these methods [1,19]. Hence, suitable
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achining and shaping methods are greatly desired for the com-
ercial applications of BMGs.
As a typical non-conventional machining method, electrical

ischarge machining (EDM) has been widely used to form deep
nd three-dimensional complex structures in die- and mold-
aking industry because of its high machining flexibility. It can
achine various types of materials, especially hard-brittle materi-

ls [26–28], and also rough machining and fine machining can be
erformed by EDM. However, up to now, there have been few inves-
igations on the machining performance of BMGs by EDM. EDM
s an electro-thermal process involving material heating, melting,
aporization, and re-solidification. BMGs are also temperature sen-
itive. If unsuitable heating and cooling processes are experienced
y the part, crystallization will occur, which lowers mechanical
nd chemical property advantages of BMGs. Conventional EDM
mploys a very high discharge energy resulting in significant melt-
ng and vaporization of the workpiece surface and forms a large
eat affected zone (HAZ). In Ref. [29], many sharp peaks were
bserved in the X-ray diffraction (XRD) patterns of the EDMed sur-
ace of a Zr-based BMG, indicating that significant crystallization
ccurred. Compared to conventional EDM, micro-EDM may  be a
ood choice to machine BMGs while maintaining their amorphous
haracteristics because of its relatively small discharge energy.
sing comparative experiments, Yeo et al. [30] investigated the
ffects of machining conditions on the surface roughness, burr for-
ation, and tool wear during micro-EDM of a Zr-based BMG. Chen

t al. [31] studied the machining performance of micro-holes on
hree types of BMGs during micro-EDM, and they suggested that no
rystallization occurred for these BMGs by measuring the inden-
ation hardness around the machined holes. However, no direct
vidence was provided. Up to now, the crystallization of BMGs
uring micro-EDM has been rarely discussed. In this study, we sys-
ematically investigated the micro-EDM machining performance
f a Zr-based BMG  by orthogonal experiments. The effects of the
ischarge voltage and capacitance on the material removal rate,
ross-sectional profile, surface morphology, and roughness were
tudied first. After that, the emphasis was on the carbonization and
rystallization of the EDMed surfaces of the BMG.

. Materials and experiments

.1. Materials

A Zr41.2Ti13.8Cu12.5Ni10Be22.5 BMG  sample with a diameter of
0 mm and thickness of 2 mm  was cut from a bar using a low
peed diamond saw, and then, mechanically polished using 400,
00, and 1500 grit sand papers in sequence. This BMG  is commonly
alled Vitreloy 1, and its preparation processing and mechanical

nd physical properties have been well studied in literature (e.g.,
32–36]). The main thermo-physical properties of Vitreloy 1 are
isted in Table 1.

able 1
hermo-physical properties of Zr41.2Ti13.8Cu12.5Ni10Be22.5 (Vitreloy 1).

Property Condition Value References

Onset temperature of
glass transition (K)

Heating rate, 40 K/min 637 [36]

Onset temperature of
crystallization (K)

Heating rate, 40 K/min 733 [36]

Supercooled liquid
region (K)

Heating rate, 40 K/min 96 [36]

Liquidus temperature
(K)

993 [32]

Thermal conductivity
(W/(m k))

4 [37]
Fig. 1. Schematic diagram of the EDM experimental setup.

2.2. Micro-EDM experiments

EDM of the BMG  was performed using a precision micro-
EDM machine (Panasonic MG-ED72, Japan), which has a
resistor–capacitor (RC) discharge circuit with a stepping resolu-
tion of 0.1 �m.  Fig. 1 illustrates the schematic diagram of the
EDM experimental setup. A copper rod was  used as the tool elec-
trode. For each micro-EDM experiment, the same machining depth
of 0.1 mm was set with a feed rate of 5 �m/s  and a rotational
speed of 3000 rpm. Three voltages, 70 V, 90 V, and 110 V, and three
capacitances, 220 pF, 1000 pF, and 3300 pF, were selected for the
orthogonal experiments. EDM oil, CASTY-LUBE EDS, was used as
the dielectric fluid. The experimental conditions are summarized
in Table 2.

2.3. Characterization

After micro-EDM, the BMG  sample was cleaned using alcohol. A
laser probe (MP-3, Mitaka Kohki, Japan) was  used to measure the
profiles of the machined holes, and the three-dimensional topogra-
phies and surface roughness around the center region of the EDMed
holes were tested using a white-light interferometer (CCI 1000,
Taylor Hobson, UK). A thermal field emission scanning electron
microscope (FE-SEM) (JSM-7600F, JEOL, Japan) was used to observe
the microstructures of the EDMed holes. Carbonization and crystal-
lization of the EDMed surfaces were characterized using an X-ray
diffractometer (XRD, D8 Discover, Bruker, Germany), energy dis-
persive X-ray (EDX) spectroscopy (Bruker AXS, Germany), and laser
micro-Raman spectroscopy (NRS-3100, JASCO, Japan).

3. Results and discussion

3.1. Material removal rate
By measuring the consumption time for each EDM experiment,
the material removal rate (MRR) (the set value of machining depth
divided by the time) at various voltages and capacitances were
calculated and are presented in Fig. 2. For the same voltage, the

Table 2
Experimental conditions used for micro-EDM in this study.

Workpiece material Zr41.2Ti13.8Cu12.5Ni10Be22.5

Electrode material Copper
Polarity Positive (workpiece)

Negative (tool)
Rotational speed (rpm) 3000
Feed rate (�m/s) 5
Voltage (V) 70, 90, 110
Condenser capacitance (pF) 220, 1000, 3300
Dielectric fluid EDM oil (CASTY-LUBE EDS)
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Fig. 2. Material removal rate at various voltages and capacitances.

RR  increases with increase in the capacitance, and the same phe-
omenon occurs with increased voltage for the same capacitance.
he discharge energy E during pulse-on time is expressed as

 = 1
2

CV2 (1)

here C and V are the capacitance and voltage, respectively.
ccording to the energy law in Eq. (1), results in Fig. 2 are reason-
ble because a higher discharge energy is generated at increased
oltages and capacitances, which increases the MRR.
.2. Cross-sectional profile

Fig. 3 illustrates the cross-sectional profiles of the EDMed holes.
ll the holes exhibit a tapered rather than perpendicular shape.
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Fig. 3. Cross-sectional profiles of the EDMed holes at various
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Following the machining sequence, with the voltage changing
from 110 V to 70 V, the tapered shape becomes more significant
(Fig. 3a–c) because of the accumulated wear of the tool electrode.
Compared to the holes machined at voltages of 110 V and 90 V,
the holes obtained at 70 V show a depth closest to the set value
of 0.1 mm,  which demonstrates better depth replication and low
tool electrode wear rate in the depth direction because of the low
discharge energy.

3.3. Surface topography and roughness

Fig. 4 presents the three-dimensional topographies and sur-
face roughness around the center region of the EDMed holes
at various voltages and capacitances. The measured region is a
360 �m × 360 �m.  Different colors denote different depths. Corre-
sponding to the profiles in Fig. 3, deeper and wider pits are observed
for the EDMed holes at a voltage of 70 V, compared to those at
110 V. For the same voltage, for example, 110 V, the EDMed surface
becomes smoother with a decrease in the capacitance, exhibit-
ing a decreased surface roughness from 351.425 nm to 196.553 nm
corresponding to a capacitance change from 3300 pF to 220 pF. Sim-
ilarly, for the same capacitance of 3300 pF, the surface roughness
decreases from 351.425 nm to 305.320 nm with a decrease in the
voltage from 110 V to 70 V. However, for capacitances of 1000 pF
and 220 pF, the voltage change from 110 V to 90 V has a small impact
on the measured surface roughness, although it decreased again,
when the voltage was reduced to 70 V.
3.4. Surface morphology

To further explore the microstructures on the EDMed surfaces,
high resolution FE-SEM was  used to observe the EDMed holes. Fig. 5
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ig. 4. Three-dimensional topographies and surface roughness around the center re
g)–(i)  70 V. (For interpretation of the references to color in this figure text, the read

resents the surface morphologies of the EDMed holes at a voltage
f 90 V and various capacitances. For comparative analysis, Fig. 6
hows the surface morphologies of the EDMed holes at a capac-
tance of 3300 pF and voltages of 110 V and 70 V. In Fig. 5, the
ecast layer is observed at the edge of the holes, and its width is
bviously decreased with a decrease in the capacitance. Inside the
oles, many randomly overlapped craters are distributed on the
DMed surfaces. The size of the craters formed at various capac-
tances is evaluated quantitatively using a circle to surround the
rater. At a voltage of 90 V and capacitance of 3300 pF, the diame-
er of the crater was determined to be about 13 �m,  whereas they
ere about 8 �m and 5 �m for capacitances of 1000 pF and 220 pF,

espectively. The smaller craters have positive effects on the sur-
ace quality, resulting in decreased surface roughness, as shown in
ig. 4.

Combining the surface morphologies shown in Fig. 5a–c, a sim-
lar conclusion can be derived from Fig. 6. At a capacitance of
300 pF, the diameter of the crater decreased from about 17 �m
o 11 �m when the voltage decreased from 110 V to 70 V, resulting
n the decreased surface roughness seen in Fig. 4.

Results shown in Figs. 5 and 6 provide a reasonable explanation
hat decreased voltages and capacitances result in decreased sur-
ace roughness because of the decreased crater size. To explore the
ossible reason for the small impact of the voltage change on the
urface roughness, for example, the results in Fig. 4b and e, Fig. 7

hows the surface morphology of the EDMed hole at a voltage of
10 V and capacitance of 1000 pF. At this condition, craters with

 typical diameter of about 9 �m are formed, which are not very
f the EDMed holes at various voltages and capacitances: (a)–(c) 110 V, (d)–(f) 90 V,
eferred to the web version of this article.)

different from those in Fig. 5f obtained at a same capacitance but
a decreased voltage of 90 V. Thus, a very similar surface roughness
is obtained using the white-light interferometer. Another possible
reason is related to the randomly overlapped distribution of craters,
one crater present on top of the other. As shown in Figs. 5–7, the
EDMed surfaces are distributed with a series of randomly over-
lapped craters. Some craters are complete while some are covered
by the crater on the top surface. Hence, even though the crater
size is the same, the surface roughness will be very different if
the randomly overlapping process is different, resulting in various
overlapped regions or depths. From this perspective, the measured
surface roughness in Fig. 4 is a combined result of the crater size and
the randomly overlapping process. When the crater size is greatly
different, the surface roughness is mainly dependent of the crater
size. When the crater size is similar, the randomly overlapped dis-
tribution of craters reduces the impact of individual crater sizes on
the surface roughness.

In Fig. 4, it is noted that the center region is relatively smooth
compared to the outer region. To address this, Fig. 8 presents the
typical surface morphologies of the EDMed hole at a voltage of
70 V and capacitance of 220 pF. Surface microstructures at the outer
region and around the center region are shown in detail in Fig. 8a
and c, respectively. For comparative analysis, the same magnifica-
tion (2000×)  was  selected. The difference between Fig. 8a and c
is clear. In the outer region, individual craters can be identified in

Fig. 8a, especially on the left side, which is closer to the edge of
the EDMed hole. However, only small particles can be observed in
the center region, as shown in Fig. 8c. Different microstructures in
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Fig. 5. Surface morphologies of the EDMed holes at a voltage of 90 V and various capacitances: (a)–(c) 3300 pF, (d)–(f) 1000 pF, (g)–(i) 220 pF.

Fig. 6. Surface morphologies of the EDMed holes at a capacitance of 3300 pF and various voltages: (a)–(c) 110 V, (d)–(f) 70 V.
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Fig. 9. (a) EDX results of carbon distribution on the EDMed surface at 90 V and
3300 pF, (b) EDX spectra.
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ig. 7. Surface morphology of the EDMed hole at a voltage of 110 V and capacitance
f  1000 pF.

he outer and center regions suggest different EDM processes due
o various sparks, dielectric circulation, thermal dissipation, debris,
tc.

.5. Surface carbonization and crystallization

Because EDM oil, CASTY-LUBE EDS, was used as the dielectric
uid, the heat of sparking can break down this dielectric fluid into
ydrogen, carbon, and other by-products during EDM. During the
ulse-off time, carbon will be deposited on the EDMed surface. Fig. 9
hows the EDX results of the carbon distribution on the EDMed sur-
ace at 90 V and 3300 pF. Elemental carbon is distributed uniformly
n the EDMed surface. Considering the high chemical affinity of C
toms with Zr and Ti atoms, these carbons may  promote crystal-
ization of the Zr41.2Ti13.8Cu12.5Ni10Be22.5 BMG during EDM.

To characterize the carbon phase, micro-Raman spectra of the
DMed surfaces around the center regions at various voltages and
apacitances were measured. Fig. 10 presents the typical Raman
pectra of the EDMed surfaces at a voltage of 90 V and various capac-
tances. For voltages of 110 V and 70 V, similar Raman spectra were
btained (not shown here). In Fig. 10, two peaks at ∼1350 cm−1

nd 1580 cm−1 appear, commonly referred to as the G-peak and D-
eak, respectively [38], further verifying the existence of elemental
arbon. The wide shoulder at these two peaks indicates that the
eposited carbon is amorphous rather than crystalline diamond or
raphite, which show sharp peaks [38].

To explore the effects of the electro-thermal process and dis-
olved carbons on the surface crystallization of the BMG  during
icro-EDM, XRD patterns of the EDMed surfaces at a voltage of
0 V and various capacitances were obtained (Fig. 11). For compar-
tive analysis, the XRD pattern of the as cast sample is also shown.
onsidering that different surface morphologies of the EDMed hole
ere obtained around the center and outer regions, as shown

Fig. 10. Typical micro-Raman spectra of the EDMed surfaces at a voltage of 90 V and
various capacitances.

Fig. 8. Surface morphologies of the EDMed hole at a voltage of 70 V and capacitance of 220 pF: (a) the outer region, (b) the entire hole, (c) around the center region.
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Fig. 11. XRD patterns of the EDMed surfaces at a voltage of 70 V and v

n Fig. 8, XRD patterns around the center and outer regions are
llustrated in Fig. 11a and b, respectively. Overall, a broad hump
s observed in all XRD patterns of the EDMed surfaces, although
here are some small peaks, demonstrating a dominant amor-
hous characteristic. Compared to the XRD pattern in Ref. [29],
here many sharp peaks were observed on the surface of a Zr-
ased BMG  machined by conventional EDM instead of the typically
road hump, results in Fig. 11 demonstrate a better ability to retain
n amorphous structure during micro-EDM because of low dis-
harge energy. According to the XRD software, these small peaks

Fig. 12. (a) Pulse-on: electrode and workpiece material vapori
s capacitances: (a) around the center region and (b) the outer region.

result from the formation of nanocarbides ZrC, leading to partial
crystallization of the EDMed surfaces. Fig. 12 illustrates the par-
tial crystallization mechanism of the EDMed surfaces. In Fig. 12a,
sparks occur between the copper electrode and the Zr-based BMG
during pulse-on. Some copper and BMG  are molten, vaporized,
and suspended in the EDM oil. Meanwhile, decomposed hydrogen

and carbon are also suspended in the EDM oil. In some regions,
vaporized BMGs and decomposed carbons may  connect with each
other, forming a mixture. During the pulse-off time, as shown in
Fig. 12b, vaporized materials are re-solidified. Because of the high

zed, and (b) pulse-off: vaporized materials re-solidified.
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Fig. 13. XRD patterns of the surface machined by (a) con

hemical affinity of C atoms with Zr atoms, some nanocarbides ZrC
re formed during the cooling and re-solidifying processes.

To address the role of decomposed carbon on the partial crys-
allization of the EDMed surfaces, the XRD pattern of the surface

achined by conventional wire-EDM was obtained as shown in
ig. 13a. Experimental conditions are shown in this figure. Com-
ared to the XRD patterns in Fig. 11, many sharp peaks appear

n Fig. 13a, showing an obviously enhanced crystallization of the
DMed surface. To exclude the effect of various dielectrics on
nhanced crystallization of the EDMed surface, Fig. 13b presents
he XRD pattern of the surface machined by micro-EDM with deion-

zed water, where only two very weak peaks appear. Results in
ig. 13 further confirm that micro-EDM with low discharge energy
an retain a better amorphous structure of BMG. Furthermore, it is

Fig. 14. XRD patterns around the center region of the EDMed
nal wire-EDM and (b) micro-EDM with deionized water.

noted that the peak positions in Fig. 13 are different from those in
Fig. 11, exhibiting different crystallization phases when deionized
water was used where dissolved and decomposed oxygen existed.
On the other hand, this also confirms the role of decomposed car-
bons on the partial crystallization of the EDMed surfaces in Fig. 11.
Furthermore, the small peaks are inconspicuous in Fig. 11b com-
pared to those in Fig. 11a, which implies that the outer region is
less crystallized than the center. This further indicates that the
outer and center regions experience different heating and cool-
ing processes due to various sparks, dielectric circulation, thermal
dissipation, debris, etc.
In Fig. 11, another phenomenon is noted. Peaks obtained on
the surfaces machined at capacitances of 3300 pF and 220 pF are
more conspicuous that those obtained on the surfaces machined

 surfaces at a voltage of 110 V and various capacitances.
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t a capacitance of 1000 pF. In Fig. 11b, it is actually very difficult
o identify the crystallization peaks in the XRD pattern obtained
n the outer region of the EDMed surface at 70 V and 1000 pF,
hich exhibits a very similar XRD pattern to that obtained on the

s cast sample surface. From the aspect of discharge energy, a large
apacitance of 3300 pF induces a larger pulse energy and a longer
ischarge duration than those induced at a capacitance of 1000 pF,
esulting in more heated, molten, and vaporized materials during
ulse-on time. During pulse-off time, these heated materials are
ooled, and the molten and vaporized materials are re-solidified.

 large capacitance of 3300 pF produces a larger HAZ and more
olten and vaporized materials, and thus, results in a lower cooling

ate, leading to more significant crystallization than that at a capac-
tance of 1000 pF. For a smaller capacitance of 220 pF, much more
ime is consumed because of the relatively low pulse energy, and

ore thermal cycles and thermal accumulation are experienced
n this case, which may  be the reason leading to more conspicu-
us peaks than that at a capacitance of 1000 pF. From Fig. 11, it
an be derived that for a given voltage, it is possible to reduce and
ven avoid crystallization of the EDMed surfaces by optimizing the
apacitance.

To investigate the effects of the voltage on crystallization, Fig. 14
hows the XRD patterns around the center region of the EDMed
urfaces at a voltage of 110 V and various capacitances. Similarly,
he XRD pattern obtained on the surface machined at a capacitance
f 1000 pF shows the weakest crystallization peaks. Compared to
he XRD patterns obtained at a voltage of 70 V in Fig. 11, the EDMed
urfaces of the BMG  at a voltage of 110 V do not show enhanced
rystallization peaks, indicating that voltage change from 70 V to
10 V has a small impact on the surface crystallization of the EDMed
urfaces.

. Conclusions

Micro-EDM machining performance of a Zr-based BMG  was
ystematically investigated by orthogonal design of experiments.
ffects of the discharge voltage and capacitance on the mate-
ial removal rate, cross-sectional profile, surface morphology and
oughness, carbonization, and crystallization of the EDMed surfaces
ere discussed. The main conclusions are summarized as follows:

1) Experimental parameters exhibited a strong effect on the mate-
rial removal rate, surface morphology, and surface roughness.
Micro-EDM at low discharge voltages and capacitances pro-
duced smaller craters and recast layers, reduced the surface
roughness but lowed the material removal rate.

2) Amorphous carbons formed by the decomposition of EDM oil
were deposited on the EDMed surfaces of the BMG. Some other
carbons combined with Zr elements to form nanocarbides ZrC,
leading to partial crystallization of the micro-EDMed surfaces.

3) Compared to conventional EDM, the surfaces machined by
micro-EDM retained better amorphous characteristic because
of low discharge energy, showing very weak crystallization
peaks in XRD patterns.

4) Various dielectric fluids, EDM oil and deionized water, gener-
ated different decomposition products during pulse-on time,
and thus formed different crystallization phases of the EDMed
surfaces.

5) The center and outer regions of the EDMed holes showed dif-
ferent microstructures and crystallization characteristics due

to various sparks, dielectric circulation, thermal dissipation,
debris, etc.

6) For the capacitances used, 220 pF, 1000 pF, and 3300 pF, the
EDMed surfaces machined at 1000 pF showed the weakest

[
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crystallization peaks; whereas a voltage change from 70 V to
110 V had a small impact on the surface crystallization.
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