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a  b  s  t  r  a  c  t

Bulk  metallic  glasses  (BMGs)  contain  a unique  combination  of  enhanced  mechanical  and  chemical
properties  due  to  the  absence  of  crystalline  features,  but their  machining  processes  are  still  being  devel-
oped.  Electrochemical  micromachining  (ECMM)  with microtool  electrodes  is a  promising  technique  for
microshaping  BMGs  without  the  use  of  elevated  temperatures  or deformation  –  both  of  which  can  induce
crystallization.  This  work  systematically  studied  the mechanisms  and  processing  parameters  responsible
for  degradation  of  the  material  surface  allowing  the  development  of a  novel  protocol  for  utilizing  the  ECCM
technique  for Zr  based  BMGs.  Anodic  polarization  of  Zr57Ni20Al15Cu5.5Nb2.5 BMGs  in  2.94  M  NaNO3 and
subsequent microscopy  revealed  that  the  primary  corrosion  mechanism  during  electrochemical  micro-
machining  is pitting.  Through  chronoamperometry  the  repassivation  potential  was  determined  to  be
2.235  V.  This  voltage  was  used  to  prevent  spontaneous  repassivation  during  electrochemical  microma-
chining.  The  Taguchi  method  was  used  to  assess  the  effect  of  electrolyte  flow  rate,  duty cycle  and  pulsed

voltage  range.  Signal-noise  ratios  and  analysis  of variance  were  used  to optimize  ECMM  parameters  of
the  electrochemical  micromachining  process.  Through  this  method,  an  electrolyte  flow  rate  of  0.4  L/min
with  a duty  cycle of 1:10  and  a  voltage  range  of 2.235–3  V  was determined  to  yield  the  optimal  holes
with  respect  to the  aspect  ratio,  surface  roughness  and  the rate  of  electrochemical  micromachining  of
Zr-based  BMGs.

©  2016  The  Society  of  Manufacturing  Engineers.  Published  by Elsevier  Ltd.  All rights  reserved.
. Introduction

The unique combination of enhanced mechanical and chem-
cal properties which bulk metallic glasses (BMGs) possess are
erived from their amorphous structure [1,2]. In particular, their
igh strength and hardness make them attractive choices as struc-
ural materials in microelectromechanical systems (MEMS) [3,4].
hese small components are typically fabricated through thermo-
echanical processing in the supercooled liquid region [5]. For
aterials which do not possess a large supercooled liquid region,

ther means of machining which would not induce crystallization
t room temperature are required.

Electrochemical micromachining (ECMM)  is a rapidly develop-
ng technique which allows for microshaping of the surface at room

emperatures [6–9]. It has been used in a wide range of applications,
articularly in the fabrication of circuit boards [10]. This technique
orks by taking a fine tip cathode (i.e. Pt) in an electrolyte and

∗ Corresponding author.
E-mail address: kevin.cole@mail.utoronto.ca (K.M. Cole).

ttp://dx.doi.org/10.1016/j.jmapro.2016.11.015
526-6125/© 2016 The Society of Manufacturing Engineers. Published by Elsevier Ltd. Al
bringing it to within a few microns of the anode (i.e. BMG surface)
while pulsing a voltage. A pulsing voltage causes localized anodic
dissolution and can produce very fine localized machining. For a
stationary tool, the size and shape of the machined hole is related
to the shape of the cathode, the distance between it and the anode,
and the electrolyte composition/conductivity [11]. While ECMM
has been demonstrated on a wide range of crystalline materials,
it is much more challenging when applying to metallic glasses due
to their high chemical resistance [11–13].

Recently it has been shown by Horn et al. [14] that ECMM
can successfully electrochemically micromachine Fe-based BMGs.
A systematic approach showed the effects of varying pulse-on
times and peak voltages during the machining process. While these
results were promising, an effective ECMM process for Zr-based
BMGs in aqueous solutions has not yet been developed due to
their ability to spontaneous passivate. This spontaneous passiva-
tion often causes dense corrosion products and oxides to adhere

to the surface which prevent further machining. With regards to
Zr-based BMGs, Koza et al. [11] were able to perform ECMM when
using a methanolic HClO4 solution; however, the most commonly
used ECMM electrolytes in industry are aqueous based solutions

l rights reserved.
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Fig. 1. Schematic showing current response with voltage pulsing during chronoam-
perometry  experiments. The base voltage was increased by 50 mV after every pulse
28 K.M. Cole et al. / Journal of Manu

ue to their relative ease in preparation and safety compared to
rganic electrolytes [6]. In particular, the preferred electrolyte is
odium nitrate (NaNO3) as this electrolyte offers many advantages
ver other electrolytes in terms of having a low throwing power,
nd rapid and precise metal removal that lead to faster machining
imes [6,15].

Previous attempts to electrochemically micromachine Zr-based
MGs reported NaNO3 unsuitable due to the formation of these
hick and dense corrosion product layers which adhered to the
urface [11]. This suggests that adequate removal of these corro-
ion products is essential for electrochemically machining Zr-based
MGs in aqueous solutions. Parameters such as electrolyte flow
ate, duty cycle and voltage range, along with peak voltage and
ulse-on time can be carefully chosen to aid in the removal or
revention of corrosion products from adhering to the surface.
nderstanding the role of these parameters will allow for optimiza-

ion of the ECMM process which is lacking for a large class of BMG
aterials.
In the present study, the effect of electrolyte flow rate, duty

ycle, and voltage range was investigated to improve the machining
rocess on Zr57Ni20Al15Cu5.5Nb2.5. This alloy was previously shown
o only have a moderate supercooled liquid region and there-
ore required processing techniques at room temperature, such
s ECMM,  to produce MEMS  devices [16,17]. Experiments were
esigned using the Taguchi method of an orthogonal array to assess
he effect of each of these parameters [18]. Through these exper-
ments, it was shown that ECMM can be successfully performed
n Zr-based BMGs through optimization of the electrochemical
icromachining parameters. A new method of using a base voltage

uring pulse-off time is presented which reduces corrosion prod-
ct adhesion to the surface to enhance the machining of Zr-based
MGs.

. Experimental

.1. Sample preparation and surface finish

Ingots with nominal compositions of Zr57Ni20Al15Cu5.5Nb2.5
ere prepared through arc melting and suction casting into a cop-
er mold. The metals, in the form of slugs, Zr (99.95 wt.%), Ni
99.98 wt.%), Al (99.999 wt.%), Cu (99.995 wt.%) and Nb (99.95 wt.%)
ere weighed using a Mettler AE260 balance before being placed

n the arc melter (Edmund Bühler Compact Arc Melter MAM-1).
efore melting, the caster was pumped down to approximately
.1 mbar using a roughing pump and then filled back to atmo-
pheric pressure using high purity argon (99.9999%). This step was
epeated five times for each sample to ensure the oxygen content
emained consistent. Each ingot was then melted four times for 15 s
nder high purity argon. Between each melting step, the ingot was
ipped to achieve improved chemical homogeneity before being
nally suction cast after the fourth melting cycle. Further details
an be found in Ref. [14].

Rod  samples were prepared with a diameter of 3 mm and a
ength of 30 mm,  and were sectioned using a diamond blade cutter
or testing. This diameter was chosen for investigation such that it
ould comply with all required testing equipment. Samples were

mbedded in epoxy resin and progressively ground on 400, 600,
nd 1200 grit SiC paper. For imaging, samples were polished to

 final surface finish of 1 �m using diamond paste. Transmission
lectron microscopy (TEM) samples were produced using focus ion
eam milling with a gallium beam at 5 kV. X-ray diffraction (XRD)

ith Cu K� was used to analyze the structure of the rods from 20 to

0◦ at a scan speed of 6 s per 0.03◦ step size (Rigaku Miniflex 600).
he rods were imaged and inspected for crystals using high res-
lution scanning electron microscopy (SEM, Hitachi SU3500) and
to produce a voltage staircase. Erepass was defined as the potential at which the cur-
rent was observed to increase while holding the potential constant at a given base
voltage.

TEM (FEI Titan 80-300 LB). Selected area diffraction (SAD) patterns
were produced during TEM at 300 kV to confirm the structure was
amorphous. Energy-dispersive X-ray spectroscopy (EDX) was used
at 20 kV during SEM to determine as-cast compositions. Topology
of machined surfaces was  analyzed using white light profilometry
(Zygo Newview 100).

2.2.  Electrochemical analysis

For  electrochemical testing and machining, BMG  samples were
embedded in epoxy resin and progressively ground on 400, 600,
and 1200 grit SiC paper. A copper wire was attached to the BMG
surface using silver paint to produce a working electrode. Samples
were masked using Amercoat 90HS

®
to prevent crevice corrosion

at the epoxy/BMG interface. Deionized water and ethanol were
used to clean the BMG  surface before electrochemical testing and
machining. Anodic polarization was performed to determine the
electrochemical behavior of Zr57Ni20Al15Cu5.5Nb2.5 BMGs in 2.94 M
NaNO3 solution (Ivium Stat). Solutions were prepared using Type I
water and analytical grade NaNO3 (>99%). Polarization was con-
ducted using a three electrode setup with a platinum mesh as
the counter electrode, the BMG  as the working electrode and an
Ag/AgCl reference electrode. Samples were immersed in electrolyte
for 30 min  to achieve a stable open cell potential (OCP) prior to sub-
sequent measurements. Scans were produced by sweeping voltage
at 1 mV/s between −0.9 to 3.5 V vs. Ag/AgCl. Polarization tests were
repeated at least three times to ensure reproducibility.

Chronoamperometry was  utilized to determine the repassiva-
tion potential (Erepass) using the same three electrode apparatus.
Tests were conducted in a step wise staircase fashion as shown
schematically in Fig. 1. The voltage was pulsed to 3 V and held for a
period of 5 s, and then pulsed back to a base voltage while monitor-
ing the current in each step. With each subsequent pulse to 3 V, the
base voltage was increased in 50 mV  steps. Erepass was determined
to be the voltage at which the corresponding current no longer
returned to zero.

Electrochemical micromachining experiments were performed
using the electrochemical apparatus shown in Fig. 2. The electro-
chemical cell with a BMG  sample was  mounted on a Newport
2-axis tilt stage to level and reduce vibrations while machining.
Once the sample was  leveled, the 10 �m diameter counter elec-

trode (CH Instruments) was positioned within 1–5 ± 0.5 �m of the
surface using an x-y-z motorized stage (Zaber Tech T-LSM050A).
The position of the tool tip was determined by bringing the tool tip
lightly into contact with the BMG  surface and then raised a defined
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ig. 2. ECMM cell setup used for machining of Zr57Ni20Al15Cu5.5Nb2.5 BMGs. (a) Sc
pparatus before machining. Counter electrode is a 10 �m Pt tool encapsulated in g

istance using the motorized stage. Electrolyte was then added
∼150 mL)  and the BMG  was left immersed for 30 min  to obtain
n accurate measurement of the open circuit potential prior to
lectrochemical micromachining. Circulation of the electrolyte was
ontrolled using a pulseless variable flow chemical pump (Fisher
cientific). The DC voltage was provided using the pulse generator
ode within the Ivium Stat.

. Results and discussion

.1.  Structural characterization and electrochemical behavior

Amorphous structures were verified using high resolution TEM
maging and selected area diffraction as seen in Fig. 3. No evidence
f crystallization was present in bright or dark field images. Only
road diffuse rings were observed in diffraction confirming the as-
ast structure was fully amorphous. The electrochemical behavior
f Zr-based BMG  samples in aerated 2.98 M NaNO3 at room temper-
ture was tested prior to machining and used to determine pulsing
arameters as shown in Fig. 4 for the anodic polarization curve
f Zr57Ni20Al15Cu5.5Nb2.5. Fig. 4 is divided into four regions which

ndicate transitions that are observed during anodic polarization.
s the potential was increased to around 0.2 V (region I), the sample
pontaneously passivated. The presence of Nb and the lack of crys-
alline defects made it easy to passivate as noted by the absence of a

ig. 3. TEM images for verification of amorphous structure. (a) High resolution bright fie
elected  area diffraction pattern showing only broad diffused rings.
ic of ECMM setup with auxiliary components used during machining. (b) Photo of
nd working electrode is a copper wire attached to BMG using silver paint.

Tafel slope on the anodic side and steady current densities through-
out the region. At voltages around 1.1–1.6 V (region II) there was  a
gradual increase in current that can be attributed to the onset of the
oxygen evolution reaction. The emergence of another (secondary)
passive layer in region III has been previously noted to correspond
to a change in higher oxidation states within the passive film [19].
A sharp increase in current around 2.1 V is noted as the breakdown
potential (Eb) and the onset of a mass transport regime as noted by
the current plateau. Analyzing the surface with SEM after anodic
polarization showed signs of pitting which is consistent with other
Zr-based BMGs [11].

Since  pitting is the primary mechanism for removal of mate-
rial, it is also important to understand the electrochemical behavior
when a high voltage is pulsed to produce a pit and then removed.
To evaluate this, chronoamperometry was performed and the cor-
responding current was  observed. Fig. 5 shows the current profiles
for voltage ranges of 0–3 V, 1.785–3 V, and 2.235–3 V. The sharp
increase in current arises from the nucleation and stable pit growth.
Once the potential is removed and the sample is able to repassivate,
the current dropped back to the OCP current and stabilized, as seen
in Fig. 5 for 0–3 V. It was noted that when a base voltage of 1.785 V

was used, the current did not immediately return to its initial value.
It is believed that this potential corresponded to the transpassive
behavior of oxides formed during secondary passivity. Continuing
to increase the base voltage with subsequent pulses showed the

ld TEM image showing no second phase crystals and only diffuse contrast, and (b)
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ig. 4. Anodic polarization scan for Zr57Ni20Al15Cu5.5Nb2.5 in 2.94 M NaNO3 at room
he O2 reaction, III is a change is oxidation states and IV is the pitting region.

epassivation potential (Erepass) to be 2.235 V since the current con-
inued to increase with time. Comparing these values to those seen
uring anodic polarization in Fig. 4 for the transition from region

I to III and III to IV showed a slight shift to the right. This shift on
he reverse scan further verified that pitting is the primary electro-
hemical machining mechanism in Zr-based BMGs. These values
ere then used during the machining process in order to reduce or

liminate oxide layers from forming on the surface. Additionally,
he slight difference in Eb and Erepass is important for understand-
ng the overpotential that is actually being applied and ensuring a
ufficient bias to prevent redeposition of metal ions and corrosion
roducts onto the surface.

.2.  Electrochemical machining process

The main hindrance for performing ECMM on Zr-based BMGs

n NaNO3 is the formation of corrosion products on the surface.
herefore, the parameters selected for our investigation focused
n removing or preventing corrosion products from adhering to the
urface during ECMM.  These parameters included duty cycle (pulse

ig. 5. Current vs. time responses when applying a voltage of 3 V during chronoampero
urrent vs. time response when pulsing voltage. At 1.785 V the current does not immediat
tabilizes indicating Erepass.
perature and open air with scan rate of 1 mV/s. Section I is the passive region, II is

on  time: pulse off time), voltage range (base and peak voltage), and
electrolyte flow rate and their interdependence.

The time constant for charging and discharging the double layer
can be estimated through the following equation: � = CDL × d × �
[12]. This equation shows that the time constant (�) is the prod-
uct of the double layer capacitance (CDL), the distance between the
surface and electrode (d) and the resistivity of the electrolyte (�).
Through cyclic voltammetry in the non-Faradic region (±0.1 V from
OCP) it was determined that the double layer capacitance for this
material was approximately 25 �F/cm2 and was consistent with
literature values. Therefore, by varying the distance between the
tool tip and the sample, two  different regimes of machining can be
investigated. When operating in the range of 1–5 �m and using
25 wt.% NaNO3 (� = 0.8 �m),  the time constant for charging and
discharging the double layer is between 0.2–1 �s. However, when
the distance is increased to a more conventional electrochemi-
cal micromachining working distance of 50 �m,  the time constant

becomes 10 �s.

In the former case, the pulse duration used in this study (10 �s)
are much greater than that for double layer charging, while in the
latter case the pulse duration is of the same order of magnitude.

metry experiments with various base voltages. Base voltage of 0 V shows typical
ely return to zero. For base voltage of 2.235 V the current never returns to zero and
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mean S/N ratio values for how different levels of each parameter
affect the performance criteria of improving aspect ratio, rough-
ness, and depth. These plots aid in determining the quality of each
ig. 6. SEM image of hole produced using pulse range of 2.235–3 V, duty cycle of 1
0 �m.

Initial electrochemical testing was performed at a variable
orking distance of 5 and 50 �m to note the effect of ECMM in

ach regime as shown in Fig. 6. When the pulse time is much longer
han the time constant, small, slightly asymmetric holes were pro-
uced (Fig. 6a). By comparison much bigger symmetric holes were
roduced when the pulse time was of the same order as the time
onstant as shown in Fig. 6b.

Additional initial ECMM screening tests were conducted to
tudy the effect of flow at a constant working distance of 50 �m
s shown in Fig. 7. The presence of flow was beneficial to the uni-
ormity of ECMM as seen in comparing Fig. 7a and b. While in many
ases electrolyte flow is not ideal for ECMM,  it can be seen that it
s necessary for proper machining. Sodium nitrate is a passivat-
ng electrolyte which contains large oxidizing anions which allows
ast machining rates but also creates corrosion products which
dhere to the surface. The presence of electrolyte flow aids in the
emoval of these corrosion products which means NaNO3 only has
o conduct electric current to the surface for removal of material.

 concentration of 2.94 M NaNO3 is slightly acidic which helps to
emove reaction products.

.3.  Optimization of electrochemical micromachining

The previous initial ECMM results have demonstrated that elec-
rochemical machining is possible on Zr-based BMGs using aqueous
aNO3 for both electrochemical machining regions with the pres-
nce of electrolyte flow and appropriate waveform.

To further investigate the electrochemical micromachining pro-
ess, the machining parameters were investigated in detail within
he near micron region (d ≤ 5 �m).  Table 1 lists these parameters
nd their ranges evaluated in this study. Duty cycle is not only
mportant for the resolution obtained during machining but also
ives time for corrosion products to be swept away. Voltage ranges
ere determined from the previous electrochemical testing noted

bove. From anodic polarization scans, it was determined that the

eak voltages needed to be higher than 2.1 V for pitting to occur.
dditionally, the rate of machining was observed to be largely
ffected by the peak voltage during the on time. Base voltages were

able 1
CMM parameters and levels used to test and assess machining efficiency on
r57Ni20Al15Cu5.5Nb2.5 BMGs.

Parameters Levels

1 2 3

A: peak voltage (V) 3 4 5
B: duty cycle (ton:toff) 1:1 1:5 1:10
C: flow rate (L/min) 0.2 0.3 0.4
D: base voltage (V) 0 1.785 2.235
nd pulse on of 10 �s for (a) working distance of 5 �m and (b) working distance of

chosen based on chronoamperometry measurements as shown in
Fig. 5.

The effect of ECMM parameters was investigated by conduct-
ing matrix experiments using the Taguchi’s orthogonal array [18].
Herein, there are four different parameters with three different lev-
els so that an L9 orthogonal array was  selected. This leads to nine
experiments which could be performed and analyzed to determine
the optimal machining parameters for improving aspect ratio, sur-
face roughness and hole depth within these parameter ranges. The
parameters for each of these experiments can be viewed in Table 2.

After performing each of the experiments in Table 2, the aspect
ratio, the roughness within holes, and the depth of holes was tab-
ulated and is presented in Table 3. The corresponding SEM images
can be viewed in Fig. 8 along with the corresponding parameters
used. Duplicates of each sample were prepared to generate an error
range for the aspect ratio. Errors associated with surface roughness
and depths are given by the root mean squared (RMS) value and
are summarized in Table 3.

To analyze the results generated from the L9 in further detail,
signal-to-noise (S/N) ratio and ANOVA (analysis of variance) were
performed. The S/N ratios (�) were measured according to the fol-
lowing equation:

� = −10log

[
1
n

n∑
i=1

1

y2
i

]

where n is the number of experiments and yi represent observa-
tions of the quality characteristics under different noise conditions.
This type of S/N ratio is referred to as a larger-the-better-type,
whereby  the larger S/N ratios provide better response. The S/N
ratios were determined for the nine experiments in the Taguchi
L9 (Table 2) for each of the different parameters. Fig. 9 shows the
value when trying to determine their effect on performance criteria.

Table 2
ECMM experiments for optimizing machining parameters according to Taguchi’s
orthogonal array.

Experiment number A (Vpeak) B (ton:toff) C (L/min) D (Vbase)

1 3 1:1 0.2 0
2  3 1:5 0.3 1.785
3  3 1:10 0.4 2.235
4  4 1:1 0.3 2.235
5  4 1:5 0.4 0
6  4 1:10 0.2 1.785
7  5 1:1 0.4 1.785
8  5 1:5 0.2 2.235
9  5 1:10 0.3 0
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Fig. 7. SEM images comparing the machining using 0–3 V range and 1:10 duty cycle with (a) electrolyte flow of 0.4 L/min and (b) no electrolyte flow.

Table 3
List  of aspect ratios, surface roughness, depth, RMS  and comments for ECMM holes.

Experiment # Aspect ratio Ra (�m) Depth (�m) RMS Shape factor

3 V Sample
1  1.41 ± 0.17 0.77 2.478 0.9 Irregular
2  1.25 ± 0.18 1.658 6.281 1.65 Stepped-circular
3  1.29 ± 0.07 0.091 11.063 0.109 Circular

4  V Sample
4  1.44 ± 0.31 0.378 1.278 0.422 Irregular
5  1.59 ± 0.58 0.592 2.034 0.635 Oval
6  1.63 ± 0.37 0.308 1.264 0.35 Oval

0.134
0.118
0.099

T
v
v
a

e
t
f
d

F
n

5  V Sample
7  1.04 ± 0.20 

8  1.32 ± 0.21 

9  1.37 ± 0.30

able 4 lists the key levels for each parameter to enhance the indi-
idual performance criteria based on S/N ratios. While S/N ratios are
aluable in determining the quality of signals, further optimization
nd impact analysis can be performed through ANOVA.

By  performing ANOVA on the S/N ratios derived from Taguchi

xperiments, the significance of the individual control factors and
heir interactions can be determined. This information is important
or assessing which parameters have a key impact on each of the
esign criteria. Table 5 summarizes the ANOVA results with each of

ig. 8. SEM micrographs for ECMM holes made in Zr57Ni20Al15Cu5.5Nb2.5 BMGs using a
umber  in Table 2.
 1.074 0.218 Irregular
 0.811 0.166 Stepped-oval

1.167 0.179 Oval

the parameters having a degree of freedom equal to 2 and a critical
F-value (Fcrit) of 5.14. The sum of squares (S.S.) gives information of
the variance of each parameter on different criteria. Method of least
squares (M.S.) is also applied to determine the error of variance and
is equal to the minimum value of the sums of squares about some

reference value divided by the degrees of freedom for error. The
F-value is the most critical parameter as it gives information of the
significance of each parameter. Any F-value close to or greater than
the Fcrit is deemed to have a significant effect on the performance.

erated 2.98 M NaNO3 at room temperature. Numbers correspond to experiment
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Fig. 9. Mean S/N ratio plots for each parameter vs. level on the various performance crit
rate, and D – base voltage.

Table 4
Ideal  levels for each parameter to improve individual machining criteria based on
S/N ratios.

Aspect ratio Roughness Depth

A: peak voltage 2 1 1
B: duty cycle 3  3 2

A
t
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would further increase the electrochemical machining process in
Zr-based BMGs.
C: flow rate 1 3 3
D: base voltage 1 2 3

fter analyzing the results from the ANOVA results it can be seen
hat the peak voltage has the greatest impact on the aspect ratio,
oughness and depth of the holes. Referring back to Fig. 9 also gives
nformation about which peak voltage provides the best resolution
i.e. 4 V for aspect ratio and 3 V for roughness and depth).

Each set of experiments (i.e. 3 V, 4 V, and 5 V) was  performed
n separate samples to study the effects of peak voltage individ-
ally among the other parameters. The use of different samples
ay have lead to slight differences in the exact working distance

etween samples; however, due to the low resistivity of the elec-
rolyte (0.8 �m) the change in solution resistance under the tip
ould be neglected. Results generated from S/N ratios and ANOVA
ables show slightly different optimal parameters based on the indi-
idual design criteria. For example, a high flow rate of 0.4 L/min was
hown to be good for achieving low roughness and large depths,
ut a low flow rate of 0.2 L/min was seen to be desirable for an
ptimal aspect ratio since the jet would cause variations. Even

hough the ANOVA F-values showed peak voltage as having the

ost significant impact, the other parameters still play crucial roles
n the machining process but the difference in levels do not have a

able 5
NOVA table from S/N ratios showing the sums of squares (S.S.), method of least
quares (M.S.), and F-value. For each parameter the degree of freedom was  2 and an
crit of 5.14.

Aspect ratio Roughness Depth

S.S. M.S. F-value S.S. M.S. F-value S.S. M.S. F-value

A 7.70 3.85 4.73 190.51 95.26 1.68 383.06 191.53 11.61
B 1.39 0.69 0.37 158.56 79.28 1.28 31.46 15.73 0.21
C 1.27 0.64 0.34 58.82 29.41 0.37 62.74 31.37 0.45
D 2.22 1.11 0.64 122.66 61.33 0.90 4.77 2.39 0.03
eria (aspect ratio, roughness, and depth). A – Peak voltage, B – duty cycle, C – flow

significant impact. This impact from peak voltage has been noted in
previous work since too high of a voltage can cause severe pitting
to occur producing rough surfaces [14,19].

Overall, the best combination of aspect ratio, roughness and
depth was  found to have a voltage range of 2.235–3 V with 1:10
duty cycle and 0.4 L/min flow rate. These parameters can be seen in
experiment 3, and by visual inspection of the hole produced in Fig. 8
provides experimental support. These parameters were then used
to test the feasibility of producing lines on a surface in attempt to
be able to pattern a larger area. Fig. 10 shows a line produced using
these parameters at a movement speed of 0.5 �m/s. The depths of
these lines are not very deep and can be attributed to the somewhat
fast movement speed and slow pulsing. Previous work by Horn et al.
[14] had shown production of complex shapes in Fe-based BMGs
using a movement speed of 0.1 �m/s, which is significantly slower
than that in our study. Pairing this with their use of nano pulses,
the features seen here are not as refined. Nonetheless, Fig. 10 does
show there is a good dimensional tolerance and accuracy associated
with this technique. Faster pulsing and slower movement speeds
Fig. 10. SEM secondary electron image of ECMM lines produced using experiment
3  parameters at 0.5 �m/s  in 2.94 M NaNO3. Main image is zoomed in portion of line
seeing in bottom left corner.
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[18] Phadke MS. Quality engineering using robust design. Englewood Cliffs, NJ:
Prentice-Hall; 1989.

[19] Gebert A, Gostin PF, Sueptitz R, Oswald S, Abdi S, Uhlemann M,  Eckert J. Polar-
ization studies of Zr-based bulk metallic glasses for electrochemical machining.
J Electrochem Soc 2014;161(4):E66–73.
34 K.M. Cole et al. / Journal of Manu

. Conclusions

The electrochemical behavior of Zr57Ni20Al15Cu5.5Nb2.5 in aque-
us 2.98 M NaNO3 was studied through anodic polarization and
hronoamperometry. The results demonstrated that the primary
echanism for material removal is pitting. Chronoamperometry

evealed 2.235 V to be the repassivation potential for this alloy. Uti-
izing a combination of voltage thresholds/regimes for pitting and
epassivation, a novel waveform was designed to effectively reduce
orrosion products and dense oxides from adhering to the surface
hich had previously hindered ECMM of Zr-based BMGs ineffec-

ive in aqueous electrolytes while electrochemically micromaching
n a potential range for anodic dissolution via pitting.

The ECMM process on Zr-based material was conducted through
 series of experiments according to Taguchi’s L9 matrix. Opti-
um parameters were determined though S/N ratios and ANOVA.

hrough these experiments it was seen that successful ECMM was
chieved on Zr-based BMG  in aqueous solution. Analyzing the
esults showed the use of a 2.235 V base voltage led to holes with
ood aspect ratio. Additionally, the use of high flow rates to remove
ny corrosion products fostered greater depths while larger duty
ycles produced smoother surfaces. Each of these parameters was
oted to significantly affect different aspects of the machining pro-
ess. The optimal machining parameters were determined to have a
oltage range of 2.235–3 V, 1:10 duty cycle, and 0.4 L/min flow rate.
sing these parameters allowed for the smoothest surface finish,
reatest depth and best dimensional tolerance.

Lines were patterned onto the surface using the optimal ECMM
arameters. These findings demonstrate that ECMM is a viable
echnique for micromachining Zr-based BMGs in aqueous elec-
rolyte. This result will allow for fast and effective machining
r-based BMGs in industry. Lines could be further enhanced
hrough the use of shorter pulse times and slower movement
peeds to produce more complex shapes and parts.
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