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Glassy carbon (GC) has merits to be used as mold material for glass molding press because of its superior chemical and thermal
properties. However, it is difficult to machine GC mechanically because of'its brittleness and hardness. Undesired fractures and cracks
are frequently generated on the machined surfaces. A novel micromachining process for precision machining of GC that combines
mechanical micromachining and electrochemical oxidation has been developed. In the proposed process, an oxide layer is generated
on the GC surface and removed mechanically. In the contact area between the tool and workpiece, the generation and removal of
the oxide layer are repeated. A number of experimental results are presented to investigate the machining characteristics and to show

the feasibility of the proposed process.
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1. Introduction

Glassy carbon (GC) is used widely as an electrode material in
electrochemical devices because of its high chemical stability and gas
impermeability.' Recently, GC was introduced as a mold material for
precision glass molding processes because of its high hardness,
operating temperature, and wear resistance and low thermal expansion
coefficient. Furthermore, molded glass products are easily separated
from the mold because of the low cohesion between the glass and GC.
However, at the same time, the hardness and brittleness of GC make it
difficult to machine mechanically.2 Dicing, laser ablation, and focused
ion beam have been applied for the precision machining of GC. Dicing
using a diamond saw is the simplest technique to machine GC and can
achieve high surface quality. Using a dicing saw, Magee and Osteryoung®
fabricated GC linear array electrodes for use as electrochemical
detectors in flow cells. Youn et al.* fabricated a pyramidal GC mold
using a dicing saw. However, dicing cannot be used for three-
dimensional (3D) machining. Laser machining has also been assessed.
Using a laser, Kuhnke et al.’ fabricated a GC electrode with high aspect
ratio channels. However, direct laser ablation lacks the form accuracy
because of the beam shape and the heat generated can alter the material

properties. Focused ion beam milling has been used on micrometer and
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nanometer scales. Takahashi et al.® and Youn et al.” fabricated GC
micromolds using FIB milling with nanometer-scale accuracy. However,
the machining speed of FIB milling is slow and the machining area is
limited to the micrometer range.

To overcome these limitations, a novel hybrid micromachining
process is proposed using a combination of electrochemical oxidation
of the surface and mechanical machining. A thin oxide layer is
generated on the GC surface by applying overvoltage between the GC
and electrolyte. This oxide layer is easily removed by mechanical
lower than that of GC.
Simultaneously, the oxide layer is regenerated on the surface exposed

machining because its hardness is
to the electrolyte. At the contact area between the material and machine
tool, the generation and removal of the oxide layer on the material is
repeated.

An experimental machine tool with three axes was built in which
the workpiece was located in an electrochemical cell. A series of
experiments was performed to verify the feasibility of the proposed
process and investigate the machining characteristics. A Tafel
experiment was performed to identify the electrochemical behavior of
GC and to obtain the ideal overvoltage for machining. A line pattern
was fabricated to demonstrate that the proposed process generated a
high-quality surface.
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Fig. 1 Electrochemical oxidation assisted micromachining processes:
(a) formation of oxide layer before machining, (b) removal of GC
substrate with its oxide layer, (c) regeneration of oxide layer and (d)
machining of GC workpiece by the repetition of the (b) and (c)

2. Electrochemical Oxidation Assisted Micromachining

2.1 Machining process

Fig. 1 shows a schematic of the machining processes. (a) The
overvoltage between the GC and electrolyte causes active polarization.
As a result, a thin oxide layer (< 5 nm) is generated on the GC surface.?
(b) When the machining starts, the GC substrate with its oxide layer is
removed mechanically. (c) Simultaneously, the oxide layer is regenerated
on the newly exposed fresh GC surface. (d) The GC is machined by the
repeating steps (b) and (c).

In the proposed machining process the oxide layer is generated
continuously on the machined surface and removed easily because the
hardness of the oxide layer is lower than GC substrate.’ This synergetic
effect increases the material removal rate without crack propagation
although the thickness of the generated oxide layer is very thin.

2.2 Electrochemical behavior of GC

A variety of electrochemical reactions occur on the GC surface
depending on the overvoltage applied. The electrochemical behavior of
GC (relationship between the overvoltage and reaction) was tested
using Tafel experiments. A precision potentiostat (PARSTAT 2273,
Princeton Applied Research) was used to supply the overvoltage and to
monitor the current. In this study, I M NaOH was used as the electrolyte
for electrochemical oxidation. A platinum wire counter electrode (ALS)
and Hg/HgO reference electrode (CHI) were used for the Tafel
experiment. Fig. 2 plots the polarization curve for voltages from —0.25
to 2.25 V vs. a standard hydrogen electrode (SHE). The open circuit
voltage (OCV) of GC was measured as —14 mV vs. SHE.

A cathodic reaction occurred on the GC sample surface in the
region under the OCV. The overvoltage above the OCV could be
divided into four regions according to the applied overvoltage. In
Region 1 (OCV ~ 0.76 V) of the graph, the current density increases
uniformly as a result of the ionization of carbon atoms on the GC
surface as
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Fig. 2 Polarization curve of GC derived from the Tafel experiment
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When the overvoltage reaches Region 2 (0.76~1.04 V), an oxide
layer starts to be generated on the GC surface via the following
reactions:

C'+H,0>C-OH+H' Q)
C-OH—>C=0+H +¢ 3)

The slope of the Tafel curve decreases because the number of
electrons involved in the reaction increases. Material loss is increased
in this region as a result of the synergism between mechanical
machining and the electrochemical reaction.

In Region 3 (1.04~1.35 V), the oxide layer on the GC surface starts
to be dissolved. Both passivation and dissolution reactions are occurred
simultaneously.'” However, the material removal caused by the
dissolution of the oxide layer is ignorable in this region because the
dissolution rate is small.

If the overvoltage reaches Region 4 (> 1.35 V), the dominant reaction
between the GC and electrolyte is electrolysis of the electrolyte.
Hydrogen and oxygen gases are generated on the counter electrode and
workpiece, respectively. In this region, the material loss caused by
dissolution constitutes a great part of the total material loss.

3. Experimental

3.1 Experimental setup

Fig. 3 is a schematic of the machine tool setup. Two linear stages
(VP25-XA, Newport) were used as the x- and y-axes. A linear stage
(ILS250-CCHA, Newport) with an axial load capacity of 40 N was
used as the z-axis. Linear scales with a resolution of 0.1 m were used
to measure the position. A pulley spindle (NSK 302P, Nakanishi) was
connected to a servomotor with a maximum speed of 3,000 RPM. A
tool dynamometer (9256C1, Kistler) with a sensitivity of 26 pC/N was
used to measure the normal force during machining. An electrochemical
cell was installed on the tool dynamometer. The machine tool was
controlled by using a real-time computer (DS1103, dSPACE).

When selecting the tool material, the ionization tendency of the

material must be lower than that of GC. If the ionization tendency
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Fig. 3 Schematic view of the machine tool setup

exceeds that of GC the more electrochemical reaction occurs at the tool
surface and an oxide layer is generated on the tool surface instead of
the GC surface. The hardness of the tool must exceed that of GC to
avoid tool failure during machining. To meet these requirements, a
specially designed zirconia (ZrO,) tool was used for machining. The
electron micrograph in Fig. 3 shows the shape of the zirconia tool after
machining.

During machining, the crack propagation in GC depends on the
stress field.""'> Therefore, the machining stress applied to the GC
surface must be maintained lower than the fracture stress to produce a
fracture-free surface. However, it is difficult to measure the machining
stress of GC because the oxide layer is removed simultaneously. In this
regard, the critical normal load must be determined experimentally. The
normal load applied on the GC is measured with a tool dynamometer
and kept under the reference value by controlling the z-axis position.
The horizontal feed rate and spindle speed are maintained constantly.

3.2 Synergetic effect on material removal

To investigate the material loss caused by the synergism between
mechanical machining and electrochemical reaction line machining,
results with a variety of applied overvoltages were compared. The
overvoltage was applied in the middle of line machining, where the
normal load and horizontal feed rate were maintained at 2 N and 0.01
mm/s, respectively. Fig. 4 shows a cross-sectional measure using a white
light interferometer (NV6300, Zygo) and the overvoltage conditions.
As can be seen, the machining depth was increased in the region where
the overvoltage was applied.

Fig. 5 shows the relationship between the applied overvoltage and
the synergetic effect. The ratio between the cross-sectional area of the
regions without (Sp) and with (S) the overvoltage was compared. Line
machining was performed five times for each condition. The figure
supports the result of the Tafel experiment, as described in Fig. 2. The
synergetic effect is turned up when the applied overvoltage exceeds
that of Region 1, and increases until the overvoltage reaches 1.2 V.

The synergetic effect is maximized at 1.2 V, even in Region 3,
because of the material removal by dissolution is negligible as
mentioned in Section 2. The synergetic effect is reduced because the
growth of the passivation rate is smaller than that of the dissolution

0.1 LOV b 0V 1
O S St s ol
S.0.0 . ' ]
= .02 | ] i
03 P e
i"" 0.4 ' b et

05 ] ] !

0 0.5 1.0 1.5
Distance (mm)
(a) (b)

Fig. 4 Line machining result: (a) white light interferometer image and
(b) depth profile with the overvoltage condition
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Fig. 5 Relationship between the applied overvoltage and the synergetic
effect (S =0.5(6— sindr?)
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Fig. 6 Machined surface when a variety of normal load was applied

rate. The effect is disappeared at the overvoltage of 2.5 V at which the
dissolution rate passes the passivation rate. Therefore, overvoltage of
1.2 V has been applied for the proposed machining.

3.3 Critical normal load for fracture-free machining

To identify the critical normal load for fracture-free machining, the
machining results with normal loads from 1 to 4 N in 1-N steps were
compared using an overvoltage of 1 V. The horizontal axis feed rate
was maintained at 0.01 mm/s. Fig. 6 shows an electron microscopy
image of the machined surface. Cracks remained on the machined
surface when the reference normal load exceeded 3 N. Therefore, the
critical value of the normal load for fracture-free machining is 2-3 N.



422 | MARCH 2015

INTERNATIONAL JOURNAL OF PRECISION ENGINEERING AND MANUFACTURING Vol. 16, No. 3

Table 1 Machining conditions for electrochemical oxidation assisted

micromachining
Conditions Description
Workpiece GC
Electrolyte IM NaOH
Reference electrode Hg /HgO
Counter electrode Pt
Tool radius 0.1 mm (ZrO,)
Overvoltage 1.2V
Rotation frequency 3000 RPM
Normal load (reference) 2N
Horizontal feedrate 0.01 mm/s
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Fig. 7 Line pattern machining result: (a) white light interferometer
image and (b) depth profile

Based on the results, the normal load was maintained under 2 N
during machining. A line pattern with a travel length of 3.6 mm and a
depth of 400 nm could be fabricated without cracks on the surface
using the machining conditions listed in Table 1. Fig. 7 shows the white
light interferometer (WLI) image and depth profile of the machining

result.

4. Conclusions

Electrochemical oxidation assisted mechanical micromachining GC
substrates has been proposed. From the series of experiments, machining
conditions such as the overvoltage and reference normal load were
investigated. A line pattern was fabricated to verify that the proposed
method could be used for high-quality surface generation, as well as the

flexibility of multi-axis machining.
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