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Abstract

Glassy carbon is an amorphous material which, due to its unique material properties, has recently been introduced to
micro/nanoimprinting as mold substrates. However, since glassy carbon is a hard, brittle, and highly elastic material, the
precision machining of micro/nanostructures on it remains a challenging task. In this research, ultrasonic vibration-assisted
microgrinding was proposed for ductile machining of glassy carbon. To find suitable conditions, the effects of ultrasonic
vibration assistance and tool inclination were investigated. The results showed that by utilizing ultrasonic vibration assist-
ance and tool inclination, a ductile response was achieved with improved surface roughness. In addition, the periodical
waviness of the groove edge due to material elastic recovery was successfully prevented. This study provided an insight into

the kinematics in ultrasonic vibration-assisted grinding of a highly elastic, hard, and brittle material.
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Introduction

Glassy carbon (GC) is an amorphous material,
which has been used as molds for glass molding
press. This is due to its high-temperature resistance,
chemical stability, and unique mechanical properties.
Furthermore, it has recently been used as a mold sub-
strate for imprinting of micro/nanostructures on glass
and polymers.'? Previously, laser machining has been
introduced to fabricate such molds. However, laser
machining generally results in a high surface rough-
ness within the machined groove, and additionally, it
is difficult to control the cross-sectional groove geom-
etry. Another approach is to use focused ion beam
(FIB) machining to machine GC in the nanometer
scale. However, FIB is an extremely time-consuming
method due to the fact that it has extremely low
material removal rates,>* and has difficulties to
machine submillimeter-size grooves on a large-area
surface. Thus, it is important to overcome the prob-
lems of these high-energy beam machining methods
and realize high-precision machining of submilli-
meter-size microstructures on GC with high surface
integrity in a short machining time. Microgrinding,
as a mechanical machining method, might offer a suit-
able solution to these problems.

Microgrinding provides a feasible solution to high-
efficiency machining of microstructures on a large-
area surface with surface roughness in the nanometer
level. The ductile regime grinding has been previously

investigated for many other hard brittle materials,
such as silicon, fused silica, and BK7 glass, which
provided a suitable answer to the manufacturing
requirements of semiconductor substrates and optical
components.>® However, most of the research on duc-
tile grinding has been carried out for flat or curved
continuous surfaces by using big grinding wheels
(diameter of 100mm level), whereas the literature
on slot grinding of grooves by using small-diameter
(~ submillimeter) pencil tools are very limited.
Especially, since GC is a hard, brittle, and highly elas-
tic material, the precision machining of microgrooves
on GC still remains a challenge.

In microgrinding of grooves on hard brittle mater-
ials, the reduction of grinding force is a critical task.
In recent years, the use of ultrasonic vibration for
assisting end milling, grinding, and other mechanical
manufacturing methods has been attempted to pro-
duce better surface integrity, lower cutting forces,
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and lower tool wear.” '? In addition to the aforemen-
tioned positive effects of ultrasonic vibration-assisted
machining, the ultrasonic vibration assistance has also
shown to facilitate the transition from brittle to
ductile material removal mode and reduce the crack
generation of brittle materials.'* '

Due to the challenges of microgroove machining in
GG, it is the purpose of this study to propose an ultra-
sonic vibration-assisted grinding (UVAG) process with
tool inclination in order to take advantage of the kine-
matic improvements of the ultrasonic vibration, and
therefore solve the aforementioned difficulties to
improve the surface quality and groove edge integrity,
as well as to reduce the grinding force. Especially, it is
expected that the ultrasonic vibration can facilitate to
solve the problems caused by the high elasticity of the
workpiece material through the improved kinematics.

Kinematics of vibration-assisted
microslot grinding

The vibration-assisted microslot grinding process has
two different characteristics when compared with con-
ventional surface grinding. On one hand, the side-walls
are removed in up-grinding or down-grinding modes,
and on the other hand, the groove bottom follows a
cyclic indentation and scratching process due to the
ultrasonic vibration. Furthermore, the use of ultrasonic
vibration also changes the kinematic motions of the
grains in a way that the ultrasonic vibration is super-
imposed to the conventional rotation of the grinding
wheel.

Side-surface formation

A single abrasive—workpiece interaction model for
surface grinding and a schematic model for microslot
grinding process are depicted in Figure 1(a) and (b),
respectively. In Figure 1(a), the maximum chip thick-
ness /1, is the distance from C to A. In the grinding
process of side-walls, up-grinding and down-grinding
take place during the revolution of the tool, as shown
in Figure 1(b). For the up-grinding part, the unde-
formed chip thickness starts at zero when the grain
engages with the side-walls of the workpiece and
reaches its maximum in the middle of the groove. In
contrast, the down-grinding starts with the maximum
and reaches zero at the side-wall of the groove. In slot
grinding, the maximum chip thickness /,,,, is defined
by the circumferential speed of tool v,, the workpiece
velocity v,,, and the space L between two consecutive
grains, as expressed by the following

hmax =L vl (1)
Vg

The value of 4, is equal for both up-grinding and
down-grinding. If the value of the undeformed chip
thickness /i reaches the critical undeformed chip
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Figure |. Models for interaction between a single abrasive
grain and workpiece in (a) surface grinding and (b) microslot
grinding.

thickness d. for the ductile-brittle transition, then brit-
tle fracture will occur during the grinding process.
Considering that the brittle fracture is sufficiently far
away from the side-walls, it is possible that the fractures
are removed during the subsequent grinding pass,
resulting in a ductile-machined surface. When the unde-
formed chip thickness is below the critical value, how-
ever, plastic deformation dominates material removal
and complete ductile regime grinding is realized.

Groove bottom formation

Unlike the side-wall grinding process, the abrasives at
the end face of the tool are not always in contact with
the workpiece. As depicted in Figure 2, the grains
periodically indent into the workpiece with a total
penetration depth d. In case of brittle mode machin-
ing, median and lateral cracks form during each work-
piece—grain contact cycle,'” among which lateral
cracks are responsible for the material removal.
However, when ductile material removal mode is
achieved, only the plastic deformation zone domin-
ates the material removal.

Grain trajectories

In general, the grain trajectories can be divided into
two different situations. Firstly, considering the
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Figure 3. Schematic illustration of UVAG without tool
inclination. (a) Front view and (b) Top view.

coordinate system x—y—z given in Figure 3 and the
origin of the coordinate system lying on the rotational
axis of the tool, the trajectories can be expressed as
equation (2), where d; is the grinding tool diameter, w,
and w, the angular frequency of the spindle and the
vibration respectively, vy the feed rate in x-direction,
and A4 the amplitude of the vibration

o dgsin(wgt)

5 + vyt
dssin(w;!) 2
Y=
z = Asin(w,1)

For the microslot grinding of the side-faces, the
following equations for the grain trajectory length /;

can be derived according to Figure 1

0 S
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Furthermore, an important factor to denote
the total grain trajectory length is the time 7. during
which the grain is in contact with the workpiece.
Li et al.'® suggested an approach to express 7, with
the cutting depth a,

dy  dy 2mny
ap=2—2c05< 50 tc> ®)
2mng
~t. | = 6
cos< 0 > 0 (6)
60
© = dn, @

From equation (5), equation (6) is induced for the
reason that the cutting depths a, equals to half the
tool diameter for microslot grinding. Furthermore,
the cosine takes the value of 1 in this case, due to
the fact that the maximum angle for both up- and
down-grinding is 90 °. Finally, considering equations
(3) to (7), the following equation for the total grain
trajectory length / can be derived which has an add-
itional term to the conventional surface grinding term
given by /;

1= [+ (%a4) (8)

Tool inclination

It is well known that for ball end milling, an inclined
tool showed better surface integrity than that without
tool inclination. When milling a brittle material, the
brittle-to-ductile transition mechanism was also
affected by tool inclination. The tool inclination com-
pensated the disadvantages of edge roughness, and an
inclination angle of 45 ° was found to be most suitable
for ductile regime machining.'”*° Similar results have
been reported for the grinding process when machin-
ing microstructured surfaces on brittle materials.'?
A 45° inclination angle was used successfully to
machine several different surface structures in ductile
mode on brittle materials. The improved surface
quality was due to an increase in the trace length of
abrasive grains and an overlap of the traces of the
grains, which resulted in reduced grinding marks on
the machined surface. These previous researches
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Figure 4. Schematic illustration of UVAG with tool inclin-
ation. (a) Front view and (b) Side view.

showed promising results for improving the surface
integrity, shape accuracy and the edge quality for
groove machining of brittle materials for both milling
and grinding. For this reason, tool inclination was
attempted in this study.

Considering the coordinate system x'y’z’ given in
Figure 4 and the origin of the coordinate system lying
on the rotational axis of the tool, similar equations for
the combined motions of the conventional grinding,
the ultrasonic vibration with tool inclination can be
expressed as equation (9), where d; is the grinding tool
diameter, w; and w, the angular frequencies of the
spindle and the vibration respectively, 4 the ampli-
tude of the vibration, and @ the inclination angle of
the tool:

_dsin(wyl)
YT

o dssin(wst)
B 2

Z = Asin(w,t) sin(®) +

cos(®) + vyt + A sin(w, t)cos(P)

dscos(wst) .
—F—S1

n(d)
)

From the aforementioned equations, it is apparent
that the grain trajectories with tool inclination ultra-
sonic vibration generally have a longer interaction
path with the workpiece compared to the conven-
tional grinding. The applicability of the equations
was also confirmed by Li et al.'® who investigated
the influence of the ultrasonic vibration on the grain

Table 1. Grinding conditions for UVAG with tool inclination.

Item Value
Tool diameter | mm
Abrasive grain size 25 um

Rotation rate 5000, 6000, 7000 r/min

Feed rate 1, 2,3, 20, 30 um/s
Grinding depth 70 pm

Inclination angle 0°, 45°

Vibration amplitude 1.44-1.72 pm

Environment Dry, soluble oil

trajectory length, grinding force and surface finish.
When the material removal volume for both processes
is the same, the following advantages can be achieved
by UVAG: smaller grinding chips, smaller forces, and
better surface integrity. 202>

Experimental details

Experiments of UVAG with tool inclination were
performed to analyze the material removal behavior
in the grooving process. A four-axis numerical
controlled ultraprecision machine tool was used for
grinding. The experimental conditions are shown in
Table 1. The groove depth was set to 70 um for
all experiments. The SEM photographs of an electro-
plated grinding tool and a close view of its surface are
shown in Figure 5(a) and (b). The tool has a diameter
of Imm. Diamond abrasive grains with an
average grain size of 25um were electroplated on
the tool surface. The specimens were GC prefabri-
cated with dimensions of 50 mm in length, 20 mm in
width, and Smm in thickness. A photograph of the
specimen is presented in Figure 6. GC sample is a
highly elastic material with a Young’s modulus ran-
ging from 21 to 22.5 GPa. For comparison, tungsten
carbide has a minimum Young’s modulus of
600 GPa.'

The ultrasonic vibration unit used in this study
consisted of an ultrasonic generator, a piezoelectric
device and a horn for amplification of the vibration.
These were attached to the machine spindle as illu-
strated in Figure 7. By applying an AC voltage to
the piezoelectric element a vibration is generated,
which is amplified by the horn. Ultrasonic vibration
occurs along the tool axis with a frequency ranging
from 24kHz to 27kHz and an amplitude from
1.44 pm to 1.72 um. Figure 8 shows a photograph of
the experimental setup, and Figure 9 shows the situ-
ation of grinding experiments with a tool inclination
angle of 45°.

A scanning electron microscope (SEM) and an
optical microscope were used to observe the machined
surfaces to identify whether ductile regime grinding
was achieved. A laser probe microscope and a
white-light interferometer were used to measure the



Beiring and Yan

4169

Figure 5. SEM photographs of (a) an electroplated tool and
(b) the tool surface.
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Figure 6. Photograph of a GC workpiece.

two-dimensional and three-dimensional groove pro-
files and surface roughness, respectively, under differ-
ent feed rates, inclination angle, spindle speeds, and
vibration amplitudes for the ultrasonic vibration
assistance. In addition, a piezoelectric dynamometer
(Kistler 9119AA?2) was installed on the machine table
to measure the grinding forces.

Ultrasonic generator

9

Piezo-electric
device

Horn

Figure 7. Schematic diagram of the ultrasonic vibration unit.

&

Figure 8. Photograph of the experimental setup for
microgrinding.

Results and discussion
Surface integrity for UYAG without tool inclination

Figure 10 shows the influence of ultrasonic vibration
amplitude on surface roughness Ra at a constant tool
feed rate of 1 pm/s. The surface roughness measure-
ments were done at the bottom of the rectangular
groove and the average surface roughness from five
measurements was evaluated. It can be seen that when
the amplitude was 1.60 pm, the surface roughness was
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Figure 9. Photograph of the setup for microgrinding with
tool inclination.
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Figure 10. Influence of vibration amplitude on surface
roughness.

249nm Ra, whereas a higher vibration amplitude
(1.72 um) resulted in a reduction of surface roughness
to 140 nm Ra.

Figure 11(a) and (b) shows the SEM images of
typical surface areas obtained at vibration amplitudes
of 1.60 um and 1.72 um. The surface machined at a
vibration amplitude of 1.60 um is covered by both
microfractures and protrusions due to material adhe-
sion. In contrast, the surface machined at an ampli-
tude of 1.72 um is generally smooth without material
adhesion, although a few microfractures are seen.
This can be explained with the kinematics of the ultra-
sonic vibration motion on the end face of the
grinding tool. An increase in vibration amplitude
improved debris removal from the gap between tool
and workpiece, thus prevented material adhesion on
the machined surface. Further surface measurement
using a white light interferometer showed that the

(©

Figure 11. SEM photographs of machined surfaces on the
groove bottom at different vibration amplitudes: (a) 1.60 pm,
(b) 1.72 um. (c) is the surface topography of a small surface
region in (b) measuredd by white light interferometer.

local surface roughness of some smooth surface
regions reached ~6nm Sa (see Figure 11(c)). This
indicates that complete ductile mode grinding is pos-
sible under optimized conditions. However, grinding
tools available in this experiment were electroplated
with coarse abrasive grains, thus some surface regions
involved scratches and microfractures. The scratches
and microfractures appeared intensively on certain
grinding traces, which might be caused by some
highly protruding abrasive grains.

Figure 12 shows the influence of tool feed rate on
surface roughness at a constant ultrasonic vibration
amplitude of 1.72um. The surface roughness Ra
for microslot grinding of GC showed an increasing
trend for higher feed rates. At a feed rate of 1 um/s,
a surface roughness of 140 nm was obtained. As the
feed rate increased to 2 um/s and 3 pm/s, the surface
roughness increased to 160nm and 194 nm, respect-
ively. As the feed rate increased, the undeformed chip
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Figure 12. Influence of tool feed rate on surface roughness.
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Figure 13. Grinding force comparison between (a) ductile
mode machining and (b) brittle mode machining.

thickness for each grain on the grinding wheel
increased as well, therefore the possibility of brittle
fracture generation was raised.

Grinding forces for ductile and brittle regimes
showed significant differences in their patterns. For
the ductile grinding mode, the force signal showed a
very smooth waveform as shown in Figure 13(a). On
the other hand, the force measurements from a groove
machined in a brittle mode showed a high fluctuation,
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Figure 14. Surface roughness variation for different spindle
rotation rates with tool inclination.

which indicates a more instable process, as seen in
Figure 13(b). This is due to the different material
removal mechanisms. Ductile removal of material is
performed by plastic deformation, which results in
a very smooth force signal without fluctuation.
In brittle mode material removal, due to the randomly
forming cracks, the grinding force was fluctuated
significantly.”?

Surface integrity for UVAG with tool inclination

Figure 14 shows the surface roughness results
obtained by using tool inclination at an angle of
45° at different spindle speeds from 5000 r/min to
7000 r/min and ultrasonic vibration amplitudes.
Measurements were performed along the entire
curved groove including the entry and the exit sides.
The values obtained in every five measurements were
averaged and then plotted in Figure 14. At a spindle
speed of 5000r/min and a vibration amplitude of
1.44pum, a surface roughness of 118nm Ra was
obtained. The average surface roughness was below
200nm Ra. Among the three spindle rotation rates
used, the lowest surface roughness was obtained at
5000 r/min and the highest at 6000 r/min for all vibra-
tion amplitudes except 1.44pum and 1.72pum. This
indicates that when using an inclined tool, there
might be interaction between spindle rotation rate
and vibration amplitude. It is necessary to optimize
the combination of the two parameters for surface
roughness improvement.

It is also noted that in Figure 14, the effect of vibra-
tion amplitude on surface roughness is complicated,
and different from the trend shown in Figure 10.
As seen from equation (9) and Figure 4, the vibration
amplitude can be divided into two components: one is
perpendicular to and the other is tangential to the
workpiece surface. The effectiveness of the tangential
vibration assistance lies in the increase of grain trajec-
tory length. When the amplitude of the vibration
increases, the trajectory length for each grain
increases as well. As a result, the grinding force and
surface roughness decrease.'® On the other hand, the
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Figure 15. A cross-sectional groove profile obtained by grinding with tool inclination, showing different topological features at the

entry and exit sides.

effect of the perpendicular component of vibration
amplitude on surface roughness in inclination grind-
ing is different from that in noninclination grinding.
In inclination grinding, the debris adhesion on
machined surface is insignificant. As a result, an
increase in the perpendicular component of vibration
amplitude will increase surface roughness due to the
indentation effect shown in Figure 2.

Further investigations of the groove profile have
shown that the surface topology of the entry and
the exit of the grooves were different, as shown in
Figure 15. More microfractures were observed on
the exit side than the entry side. Five measurements
of surface roughness were performed at the entry and
at the exit of a groove, averaged and then compared in
Figure 16. For all spindle rotation rates and vibration
amplitudes, the surface roughness at the exit side is
higher than that at the entry side. For the spindle
rotation rate of 5000 rpm, a minimum surface rough-
ness of 86 nm Ra was obtained at the entry side of the
groove. In contrast, the corresponding value at the exit
side is 159nm Ra. At the entry side of the groove,
undeformed chip thickness increases as the tool
advances, thus the material is squeezed into the bulk
and a high compressive stress is generated. The com-
pressive stress is beneficial for promoting the ductile
response of material. At the exit side, however, unde-
formed chip thickness decreases as the tool advances
and the squeezing effect is weakened, leading to a lower
compressive stress in the material, as shown in Figure
17. Therefore, the surface roughness of exit side is
higher than that of the entry side.

Effect of tool vibration on groove edge formation

In conventional grinding of GC, the high elasticity of
the workpiece material becomes a problem. As shown
in Figure 18(a), the edge of the machined groove is
not straight, but becomes wavy. The diameter of the
fitting curve of the edge wave (912 um) is similar to the
tool diameter (1 mm). This phenomenon is especially
significant when a small tool feed rate is used.
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Figure 16. Surface roughness measurements for the entry
and the exit sides of the grooves. (a) Entry of groove (b) Exit of
groove.

However, when applying ultrasonic vibration to the
tool, the edge waviness problem was completely
solved. The groove edge becomes very straight as
shown in Figure 18(b).

The edge waviness phenomenon was caused by the
high elasticity of the GC material. At a low tool feed
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Figure 18. Photographs of grooves showing (a) wavy edges
machined by microgrinding without ultrasonic vibration and (b)
smooth edges machined by UVAG.
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Figure 19. Periodic force pattern for microgrinding without
ultrasonic vibration (tool feed rate 30 um/s).

rate, the undeformed chip thickness per tool revolu-
tion is very small compared with the radius of the
abrasive grains. As a result, the material cannot be
removed, and slip against the tool. As the tool is fur-
ther fed and the undeformed chip thickness is accu-
mulated due to the material elastic deformation.
When the elastic deformation is accumulated to a cer-
tain extent, material removal begins suddenly due to
elastic recovery, leaving curved marks on the groove
edge. The wavy edge formation corresponds to a peri-
odic force pattern as seen in Figure 19, where the
force rises to a high value and is then released to
nearly zero. The approximate cycle time A for each
period is 4, which is the same as the time periodicity
of the edge waviness. Kim et al.** discussed the peri-
odic force pattern for micromilling and attributed this
effect to the reason that in micromachining, the tool
does not remove material with each rotation, it rather
deforms the workpiece material until the minimum
chip thickness is reached. Similar problems occur to
the grinding process.

However, in UVAG of GC, the force pattern is
different. As seen in Figure 13, the force follows a
stable sine wave form without accumulation-release
phenomenon. Due to the superposition of ultrasonic
vibration, the machining of the highly elastic GC
becomes stable with generating straight groove edges
even at a low tool feed rate.

Conclusions

Machining characteristics in microslot grinding of GC
with ultrasonic vibration-assistance and tool inclin-
ation were experimentally investigated. The results
indicated that without tool inclination, as the vibration
amplitude increases the surface gets smoother due to
the prevention of debris adhesion to the machined sur-
face. An increase in the feed rate increases surface
roughness. Tool inclination improved surface rough-
ness to ~200nm Ra. Differences in entry and exit
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sides of the groove have been found. The entry side of
the groove showed a higher surface integrity than the
exit side. Furthermore, the groove edge waviness prob-
lem caused by the high elasticity of GC was success-
fully solved by the ultrasonic vibration-assisted
grinding. This study demonstrated the possibility of
machining microstructures on glassy carbon in a duc-
tile mode by ultrasonic vibration-assisted microgrind-
ing. As future work, surface roughness is to be further
improved by using finer abrasive grains for the electro-
plated grinding tools, and the optimization of the inter-
action between spindle rotation rate and vibration
amplitude is necessary.
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Appendix

Notation

a, axial depth of cut

A amplitude of vibration

d. critical undeformed chip thickness

d tool diameter

[/ maximum undeformed chip thickness

/ total grain trajectory length

I cutting path length for conventional
grinding

L space between two consecutive grains
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g rotation rate of spindle
K distance between two consecutive cuts
t, workpiece—grain contact time
cycle duration of vibration
Vg circumferential speed of tool
Vi workpiece velocity

0 indentation depth of a grain

Wy
w,

Vs

cycle time for force repetition
angular frequency of spindle
angular frequency of vibration
inclination angle

tool feed rate in x direction

angle of grain—workpiece interaction





