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a b s t r a c t

Micro-electrical discharge machining (micro-EDM) and grinding of Zr-based metallic glass (MG) were
performed by using sintered polycrystalline diamond (PCD) as a hybrid tool. The microstructural changes
of the workpiece surface layer were investigated. X-ray diffraction (XRD) patterns indicated that the ZrC
phase and a few other unknown crystalline phases existed in the surface layer after micro-EDM. After
shallow grinding, other new crystalline phases were detected on the surfaces. After deep grinding,
however, the crystalline phases disappeared and an amorphous surface was obtained, the XRD and
micro-Raman characteristics of which were similar to those of the as-cast MG surface. These results
suggested that crystallization of MG in micro-EDM was hierarchical along the depth direction with
different mechanisms. The results of surface morphology showed that grinding after micro-EDM not only
effectively removed the crystallization layers to obtain an amorphous MG surface, but also improved the
surface quality. The hybrid process provides a promising method to create three-dimensional micro
features on a MG surface.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Since their discovery in 1960, metallic glasses (MGs) without
long-range topological order have attracted intensive and
increasing attentions frommultidisciplinary researchers because of
their unique physical, chemical, and mechanical properties
compared to their crystalline counterparts, such as high strength
and hardness, large elastic limit and superior resistance towear and
corrosion [1e5]. However, due to the forming condition ofMGs that
requires high cooling rate, it is technologically difficult to prepare
MGs with large size. Furthermore, MGs usually exhibit very limited
macroscopic tensile plasticity followed by catastrophic failure,
which also hinders their wide applications. Hence, currently, MGs
are mainly applied in high-end products and high value-added
components such as electronic frames, molds, precision surgical
instruments, sport products, and micro-electro-mechanical devices
[3]. In recent years, large amounts of studies involving in prepa-
ration, structure, mechanical properties as well as structure-
property relationships of MGs have been carried out [5e13], and
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kinds of MGs with enhanced forming ability, increased size, and
enhanced tensile plasticity have been developed.

In contrast, machinability of MGs has been given less attention,
though it is undoubtedly very important from the perspective of
application. Bakkal et al. [14e19] studied the machining charac-
teristics of MGs during cutting and drilling, and found that
although mechanical machining of MGs can obtain high dimen-
sional accuracy and surface quality, some problems, such as
oxidation and crystallization during high speed machining, still
existed [14,20]. The severe tool wear because of the high hardness
of MGs [15,16] and the formation of built-up edge due to the
adhesion between the chip and tool in the contact region [21]
affected the machining quality. Furthermore, for hard-brittle MGs
[22] with hardness over 10 GPa but fracture toughness less that
10 MPa m1/2, mechanical machining is more challenging. Alterna-
tively, thermoplastic shaping in the supercooled temperature re-
gion provides a method for producing high value-added precision
components [23e25], but some problems still exist [3,26], such as
high cost and limited lifetime of molds. The crystallization of MGs
during thermoplastic shaping because of hard-to-control forming
temperature is another problem, especially for MGs with narrow
supercooled temperature regions. Furthermore, the machining
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flexibility by thermoplastic shaping is very low because the shape
of components completely relies on the shape of molds. More
suitable methods are greatly desired to machine MGs for their
wider applications.

Recent research [27e29] indicated that as a nontraditional
machining method, micro-electrical discharge machining (micro-
EDM) can be used for flexible production of micro-parts and three
dimensional structures such as micro-holes, micro-gears, micro-
array, and micro-tools. Micro-EDM is also suitable for machining
hard-brittle materials [29e31], and thus it has been widely used in
die- and mold-making industry. In consideration of the limited size
of MGs and their main applications in precision and micro-
components, micro-EDM may be a good choice for machining
MGs. However, micro-EDM is an electro-thermal process and MGs
are very sensitive to temperature. The results obtained by Hsieh
et al. [32] indicated that severe crystallization happened during the
conventional EDM of Zr-based MG because of high electrical
discharge energy. Our recent research [33] showed that the micro-
EDMed surface of Zr-based MG retained better amorphous char-
acteristics compared to the conventional EDM because of relatively
low discharge energy.

The previous studies have revealed that crystallization of MGs
occurs on the top surface in EDM. However, the microstructural
changes of MGs in deeper subsurface region, i.e., heat affected zone
during micro-EDM, have not been clarified. The penetration depth
of the thermal damage into the bulk material is unknown. More-
over, for the purpose of maintaining the amorphous structure, the
removal of the crystallization layers is undoubtedly very important.
Up to date, however, there is no effective method to completely
remove these layers.

In a recent study, we succeeded in completely removing the
EDM-induced subsurface damage layer in single-crystal silicon
carbide (SiC) by using sintered polycrystalline diamond (PCD) as a
hybrid tool for micro-EDM and grinding [31]. If this method is also
applicable to Zr-based MG, it may open an effective way to the
high-quality fabrication of micro MG features and components. In
the present study, the PCD hybrid tool was used to perform micro-
EDM and grinding of Zr-based MG. The crystallization behaviors of
Zr-based MG along the depth direction during micro-EDM will be
investigated, and the depth of the crystallized layer will be esti-
mated. Meanwhile, the complete removal of the crystallization
layers by grinding using the same PCD tool will be attempted.

2. Materials and experiments

2.1. Materials

Disk-like MG samples with a diameter of 10 mm and thickness
of 2 mm were cut from an as-cast Zr41.2Ti13.8Cu12.5Ni10Be22.5
(commonly called Vitreloy 1) bar using a low speed diamond saw,
and then, they were mechanically ground using 400, 800, and 1500
grit sand papers in sequence. This type of MG has been commer-
cialized because of its high glass forming ability and wide super-
cooled liquid region [34], and it is a commonly usedMG in scientific
research. According to previous studies [35,36], the main thermo-
physical properties of Vitreloy 1 are summarized as glass transi-
tion temperature of 637 K, crystallization temperature of 733 K,
liquidus temperature of 993 K, and thermal conductivity of 4 W/(m
K).

2.2. Micro-EDM experiments

A precision micro-EDM machine (Panasonic MG-ED72, Japan)
was used to implement micro-EDM of the MG. This machine has a
Resistor-Capacitor (RC) discharge circuit and its stepping resolution
in xyz-axes is 0.1 mm. Fig. 1(a) and (b) schematically show the
material removal process during micro-EDM and subsequent
grinding respectively. A sintered PCD rod with a diameter of 1 mm
was selected as the machining tool both for micro-EDM and
grinding. This PCD rod contains diamond grains with a mean size of
0.5 mm at a concentration of 90% in a Co binder, and its thermal
conductivity is 290 W/(m K). Due to high thermal conductivity and
high melting temperature, the wear of PCD tool during micro-EDM
has been confirmed to be very low [37], which is beneficial to
ensure the dimensional accuracy. Furthermore, during micro-EDM,
diamond grains will be protruded out of the PCD tool surface by the
electrical discharge dressing effect [31], which provides the op-
portunity to grind the micro-EDMed surface by the same tool as
shown in Fig. 1(b) for studying and removing the crystallization
layers because of the high hardness of PCD.

For each micro-EDM experiment, the same machining depth of
0.1 mm was set in the z direction. EDM oil, CASTY-LUBE EDS, was
used as the dielectric fluid. The PCD electrode rotated with a con-
stant speed of 3000 rpm, and meanwhile the MG sample moved in
the y direction with a length of 1 mm by traverse feeding. Thus,
micro-cavities were machined on the MG surface. The feed speed
during micro-EDM was controlled automatically by the machine
controller. For comparison, two voltages (70 V and 110 V) and ca-
pacitances (3300 pF and 1000 pF) were used during micro-EDM.

During grinding, the depth of cut in the z directionwas 1 mmper
tool pass, and the feed speed of the MG sample in the y direction
was 25 mm/s. Three grinding depths, 10, 20, and 30 mm, were
selected for comparatively analyzing the crystallization character-
istics and surface quality.

2.3. Characterization

After micro-EDM and grinding, the samples were cleaned using
acetone. Micro features of the machined surfaces were observed by
a scanning electron microscope (SEM) (Inspect S50, FEI, USA). A
color three dimensional (3D) laser scanning microscope (VK-9700,
Keyence, Japan) was used to measure 3D topographies and surface
roughness of the machined surfaces. Crystallization and carbon-
ization of the machined surfaces were characterized by an X-ray
diffractometer (XRD, D8 Discover, Bruker, Germany) and laser
micro-Raman spectroscopy (NRS-3100, JASCO, Japan), respectively.

3. Results and discussion

3.1. Surface characteristics after micro-EDM

Fig. 2 presents the SEM morphologies of the micro-EDMed
surfaces under various voltages and capacitances. Micro-cavities
were generated on the MG surface as shown in Fig. 2(a), (c), and
(e). Fig. 2(b), (d), and (f) are the local enlarged views at the center of
the micro-cavities, showing the micro features in detail. For the
same capacitance of 3300 pF, an increased voltage induced larger
size of craters as shown in Fig. 2(b) and (d). For the same voltage of
110 V, a decreased capacitance also resulted in decreased crater size
as shown in Fig. 2(d) and (f). This difference in crater size can be
rationalized according to the difference of discharge energy, which
is proportional to the capacitance and the square of voltage. High
voltage and capacitance result in high discharge energy, which will
improve the machining efficiency but induce larger size of craters
as shown in Fig. 2(d). For the same machining depth of 0.1 mm, it
took 63 min when the voltage and the capacitance were 70 V and
3300 pF respectively, while it only consumed 21 min when the
voltage increased to 110 V. For the voltage of 110 V, when the
capacitance decreased to 1000 pF, the machining time increased to
40 min again.
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Fig. 1. Schematic diagrams of (a) micro-EDM and (b) grinding of Zr-based MG sample using PCD as a hybrid tool.

Fig. 2. SEM morphologies of the micro-EDMed surfaces under various voltages and capacitances: (a) and (b) 70 V, 3300 pF, (c) and (d) 110 V, 3300 pF, and (e) and (f) 110 V, 1000 pF.
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Furthermore, Fig. 3 presents the 3D topographies and surface
roughness of the micro-EDMed surfaces corresponding to the
center regions of Fig. 2(a), (c), and (e). As shown in Fig. 3, the
evaluated region is a rectangle with an area of 6656.360 mm2, and
the parameter Ra obtained by this instrument denotes the surface
roughness of the total evaluated region. In Fig. 3(b) and (c), for the



Fig. 3. 3D topographies and surface roughness of the micro-EDMed surfaces under various voltages and capacitances: (a) 70 V, 3300 pF, (b) 110 V, 3300 pF, and (c) 110 V, 1000 pF.
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same voltage of 110 V, surface roughness decreased from 0.334 mm
to 0.272 mm when the capacitance decreased from 3300 pF to
1000 pF, which can be explained by the decreased size of craters as
shown in Fig. 2. However, for the same capacitance of 3300 pF,
when the voltage decreased to 70 V, surface roughness did not
decrease but increased to 0.495 mm. From Fig. 2(b), the increased
surface roughness results from the formation of micro-voids,
leading to discontinuity of the micro-EDMed surface. Thus, more
bulges appear in Fig. 3(a), resulting in high surface roughness.
While, for the voltage of 110 V, although the single crater is bigger,
they overlapped with adjacent craters and few micro-voids were
generated. Thus, relatively low surface roughness is obtained in
Fig. 3(b).
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Fig. 4. XRD patterns of the as-cast MG surface and micro-ED
Fig. 4 illustrates the XRD patterns of the micro-EDMed surfaces
as well as the as-cast MG surface. A broad hump appears in the XRD
pattern of the as-cast MG surface, demonstrating its amorphous
nature. However, although the hump can still be identified in these
XRD patterns obtained on the micro-EDMed surfaces, many sharp
peaks are observed, suggesting remarkable crystallization in the
top surface layer of the micro-EDMed surfaces. According to the
XRD analysis software, sharp peaks at ~33.47�, 38.81�, 56.02�,
66.88�, and 70.29� denote the ZrC phase, and other peaks at
~83.28�, 92.77� and 95.98� are some unknown crystalline phases. In
our previous research using a copper rod as the electrode [33], the
micro-EDMed surfaces under the same experimental conditions
retained better amorphous characteristics, showing very weak
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Fig. 5. SEM morphologies of the micro-cavities after grinding with various depths: (a)e(c) 10 mm grinding, (d)e(f) 20 mm grinding, and (g)e(i) 30 mm grinding. The voltage and
capacitance during micro-EDMwere 110 V and 3300 pF respectively. (b) and (c), (e) and (f), and (h) and (i) are local enlarged views of the solid and dashed rectangles in Figs. (a), (d),
and (g) respectively, showing micro features of the center and side regions in detail.
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crystallization peaks of ZrC. The enhanced crystallization peaks
here indicated that surface crystallization was enhanced by using
the PCD electrode. This results from the additional input source of
carbon element from the decomposition of PCD, promoting the
nucleation and growth of ZrC. This comparative analysis suggests
that carbon-free electrodes such as copper are more suitable for
micro-EDM of Zr-based MG because of retaining better amorphous
characteristics. But the enhanced crystallization by using the PCD
electrode benefits for studying crystallization behaviors along the
depth direction in combination with subsequent grinding.

Furthermore, in Fig. 4, compared to the XRD patterns obtained
under the voltage of 110 V and capacitance of 1000 pF, a slight
increase of the intensity can be observed under the increased
capacitance of 3300 pF and decreased voltage of 70 V, which results
from the enlarged heat affected zone but lowered cooling rate at
the increased capacitance, and increased thermal cycles and accu-
mulation because of increased machining time at the decreased
voltage, respectively. Overall, in Fig. 4, this difference in XRD in-
tensity under current micro-EDM conditions is not conspicuous,
indicating that crystallization of Vitreloy 1 MG during micro-EDM
using the PCD electrode had low sensitivity to experimental
conditions.
3.2. Surface characteristics after grinding

To study the crystallization behaviors along the depth direction
as well as to remove the crystallization layer, grinding of the micro-
cavities with various depths was performed after micro-EDM using
the same PCD tool. For concision, results under the voltage of 110 V
and capacitance of 3300 pF during micro-EDM will be presented
and discussed because of the maximum discharge energy. Figs. 5
and 6 present the SEM morphologies and 3D topographies of the
micro-cavities after grinding with various depths, respectively. In
Figs. 5(a), (c), and 6(b), after 10 mm grinding, the side of the micro-
cavity became smooth and the craters formed duringmicro-EDM as
shown in Fig. 2(d) had been removed. The surface roughness in this
region decreased to 0.037 mm. While, in the center as shown in
Figs. 5(b) and 6(a), some flat surfaces had generated because of the
grinding, but the craters can still be obviously observed. Compared
to the micro-EDMed surface in Fig. 3(b), the surface roughness in
the center after 10 mm grinding also decreased to 0.270 mm.
Furthermore, in Figs. 5 and 6, with the increase of the grinding
depth from 10 mm to 30 mm, both the center and the side regions of
the micro-cavities became smoother and smoother. As shown in
Fig. 6(e) and (f), after 30 mm grinding, the surface roughness in the
center and side decreased to 0.043 mm and 0.021 mm respectively.



Fig. 6. 3D topographies and surface roughness of the micro-cavities after grinding with various depths, corresponding to those morphologies in Fig. 5. Detailed experimental
conditions are inserted in each figure.
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The difference in morphology and surface roughness in the center
and side of the micro-cavity, results from the difference in real
grinding depth. After micro-EDM, the machined surface was not
flat [33]. The center region experienced more micro-EDM cycles
compared to the side region, and more materials were removed
during micro-EDM. Therefore, the center region was relatively
lower than the side region. During grinding, the side region was
firstly machined because of the relatively higher initial position.
Hence, many grinding cycles had undergone in the side region
before grinding could be performed in the center region, leading to
formation of much smoother surface in the side region. So, the
subsequent grinding not only reduced the surface roughness but
also improved the surface flatness of the micro-cavities.

Fig. 7 illustrates the XRD patterns obtained on the surfaces of
micro-cavities after grinding with various depths. For comparison,
the XRD patterns obtained on the as-cast MG surface and the sur-
face after micro-EDM are also presented. Interestingly, compared to
the XRD pattern after micro-EDM, new sharp peaks at ~37.36�,
43.27�, 64.20�, 77.39�, and 98.22� appear on the XRD patterns after
10 mm and 20 mm grinding, demonstrating the existence of new
crystalline phases in these depth layers. According to the XRD
analysis software, the main new peaks at ~43.27� and 77.39� are
close to the peaks of CuTi3, and other peaks at ~37.36�, 64.20�, and
98.22� are not identified. Furthermore, the peaks of ZrC had been
weakened in the XRD patterns after 10 mm and 20 mm grinding
because of the partial removal of the top crystallization layer.
Especially, in the XRD pattern after 30 mm grinding, nearly all the
sharp peaks observed in the XRD patterns after micro-EDM, 10 mm
and 20 mmgrinding disappear both in the center and side regions of
the micro-cavity, showing the XRD pattern similar to that of the as-
cast MG surface. This means that the crystallization layers in both
the top surface and the subsurface had been almost removed, and
the amorphous MG exposed after 30 mm grinding. In Fig. 8, the
surface after 30 mm grinding shows a similar micro-Raman spec-
trum to that of the as-cast MG surface, while remarkable peaks at
~1350 and 1580 cm�1 appear in the micro-Raman spectrum ob-
tained on the surface after micro-EDM, denoting the formation of
amorphous carbon [38]. Micro-Raman results in Fig. 8 further
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confirm that grinding can effectively remove the crystallization and
carbonization layers formed during micro-EDM. It should be noted
that very weak peaks at ~33.47� and 56.02� can still be detected
after 30 mm grinding in Fig. 7, but it is derived that with further
increase of the grinding depth, a complete amorphous MG surface
can be obtained. Because the machine used here is initially
designed for micro-EDM, grinding with the depth over 30 mm was
not performed to avoid damage of the machine.

The comparative results between the as-cast MG surface, the
surface after micro-EDM, and the surfaces after grinding with
various depths in Figs. 7 and 8 reveal a fact that crystallization of
the micro-EDMed surface is hierarchical along the depth direction,
which results from different thermal processes in the top surface
and the subsurface during micro-EDM.

Micro-EDM involves in pulse-on and pulse-off processes. During
the pulse-on time, sparks occur in the electrical discharge zone
between the PCD electrode and MG sample, causing local heating,
liquidizing, and vaporization of both the MG sample and PCD
electrode. Meanwhile, sparks also induce decomposition of the
EDM oil, generating decomposed carbon and hydrogen. Thus,
liquidized and vaporized MG, decomposed carbon both from the
PCD electrode and EDM oil, and other by-products from the PCD
electrode and EDM oil such as molten and vaporized Co, co-exist in
the electrical discharge zone. During the pulse-off time, because of
high chemical affinity of Zr and C atoms, ZrC nucleates and grows
accompanying with the cooling and re-solidifying process of
liquidized and vaporized materials. Hence, ZrC phase can be
detected in the top surface layer of the micro-EDMed surfaces as
shown in Fig. 4. Compared to the case using the copper electrode in
previous work [33], more carbon element existed in the EDM oil
because of decomposition of the PCD electrode, which increased
the possibility of ZrC nucleation and growth and further resulted in
enhanced crystallization peaks of ZrC in Fig. 4. Those unknown
peaks in Fig. 4 may result from the formation of some by-products
by reaction with elements coming from decomposition of the PCD
electrode. Because the hump remains in the XRD pattern after
micro-EDM, crystalline phases had not grown sufficiently to occupy
the entire top surface layer, and they were embedded in the
amorphous matrix. In Fig. 2, some dark dots can be observed on the
micro-EDMed surfaces. From Fig. 8, it can be derived that these dark
dots result from the deposition of amorphous carbon. From the
aforementioned analysis, crystallization of the top surface layer
duringmicro-EDMmainly resulted from the formation of ZrC phase
and some other unknown crystalline phases generated by reaction
of MG elements with elements coming from the PCD electrode and
EDM oil.

With regard to the appearance of new crystalline phases after
10 mm and 20 mm grinding, it results from the formation of internal
crystalline phases in the amorphous matrix. These depth layers
belong to the heat affected zone where the thermal process is
significantly different from that of the electrical discharge zone. In
the electrical discharge zone, each spark removes very tiny mate-
rials from the MG surface by heating, liquidizing, and vaporization,
which is completed in a very short duration. Then, these tiny ma-
terials are cooled quickly by the surrounded flowing EDM oil. This
fast heating and cooling process ensures that crystalline phases are
hard to nucleate and grow between these elements of MG. How-
ever, in the heat affected zone, materials frequently experience heat
cycles by thermal conduction from the upper electrical discharge
zone, and heat is accumulated in this zone because of low thermal
conductivity of MG. In certain depth layers, heat accumulation re-
sults in the local temperature over the crystallization temperature
of Vitreloy 1, and thus crystalline phases nucleate and grow in these
layers. The low thermal conductivity also lowers the cooling rate in
30 mm grinding.
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these zones. These two factors contribute to the formation of
crystalline phases inside the amorphous matrix. Accordingly,
crystallization in these layers during micro-EDM for example 10 or
20 mm below the top surface layer mainly resulted from the for-
mation of internal crystalline phases in the amorphous matrix
because of the heat accumulation and low cooling rate.

These crystallization layers from the top surface to the subsur-
face regionmay lead to performance degradation of MGs. Results in
this study indicate that subsequent grinding after micro-EDM can
effectively remove these crystallization layers to obtain amorphous
MG surface and meanwhile improve the surface quality. Hence,
micro-EDM combined with subsequent grinding using the PCD as a
hybrid tool is a promisingmethod to machinemicro features on the
MG surface.

4. Conclusions

A PCD hybrid tool was used to performmicro-EDM and grinding
of Zr-based MG. Crystallization behaviors of the MG along the
depth direction during micro-EDM were investigated. Experi-
mental results indicate that micro-EDM induced crystallization of
the MG was hierarchical along the depth direction. In the top sur-
face layer, crystallization mainly results from the formation of ZrC
phase and some unknown crystalline phases generated by reaction
of MG elements with elements coming from the PCD electrode and
EDM oil during micro-EDM. Crystallization in the shallow subsur-
face region (~20 mm deep) mainly results from the formation of
internal crystalline phases. The difference in crystallization
behavior along the depth direction was rationalized by different
thermal processes in the top surface layer and the subsurface re-
gion during micro-EDM. The subsequent grinding after micro-EDM
can effectively remove the crystallization layers for achieving
amorphous MG surface, and meanwhile, improving the surface
quality. Micro-EDM combined with subsequent grinding using PCD
as a hybrid tool is a promising method to machine micro features
on MG surfaces.
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