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ARTICLE INFO ABSTRACT

Associate Editor: Erhan Budak Ultrasonic vibration has been applied to suppress the chemical tool wear in ultra-precision diamond cutting of
steel and other alloys. The tool wear is found significantly reduced with enriched ambient oxygen concentration.

Keywords: In this study, instead of supplying costly and potentially hazardous high concentration oxygen to the machining

Coolant air blowing zone, a greener alternative, high-pressure air coolant has been applied to enhance the oxygen content at the

Chemical tool wear cutting area. The effect of air-blowing pressure on ultrasonic vibration cutting of stainless steel was investigated,

Di d . . . X . . .
Ui:;);lnic vibration cutting using both polycrystalline and single-crystal diamond tools. It has been found that an increased air blowing
Oxidation pressure and a more closely positioned nozzle not only improve the cutting performance but also reduce tool

wear, reflecting consequences from both chemical and fluidic dynamics aspects. A higher air blowing pressure
will increase the instantaneous air pressure as well as the density of oxygen molecules around the cutting zone.
This increases the passivation speed for the freshly cut steel surface caused by the formation of thin oxide layers.
Experimental results have formalized the findings that sub-millisecond oxide formation is the key factor to
suppress diamond tool wear.

and its mold life is also much less than steel. To directly cut the steel
using a diamond without any additional plating, two major alternative
methods, ultrasonic vibration cutting (UVC) and surface nitriding were
invented by Shamoto and Moriwaki (1999) and Brinksmeier and Glabe
(2002). Compared to surface nitriding, UVC shows more promising re-
sults and has been industrially adopted for injection molding of plastic
optical components with non-nickel-plated steel molds. The suppressing
mechanism of diamond tool wear in UVC has been unclear in the past
decades, causing limited advancement and its adoption in the industry.
Both Zhang et al. (2019) and Fukumori et al. (2019) have demonstrated
that an enhanced oxide formation around the cutting zone suppresses
chemical wear in UVC. The diamond tool wear is suppressed by 70 % in
an oxygen-shielded environment when cutting stainless steel. However,
maintaining the oxygen shielding is costly and can pose a potential fire
hazard due to the extremely high oxygen concentration. To have a safer
and more convenient alternative, a high-pressure air coolant is used in
this study to achieve tool wear suppression through a more affordable
and sustainable approach.

To ensure the tool’s complete separation from the cutting zone, the
resultant linear speed of the tool against the workpiece should be kept

1. Introduction

Diamond turning is widely used in the optics manufacturing industry
to produce optics components and molds made of plastics or metal al-
loys, owing to its superior surface finish and form accuracy generated.
Unfortunately, only a handful of types of metallic alloys (Aluminum,
Copper, etc.) can be directly cut using diamond tools with acceptable
tool life. Various common metal alloys cannot be directly cut using
diamond (Steel, Nickel, Tungsten, etc.) due to the strong chemical af-
finity between these alloys and diamond. Paul et al. (1996) studied the
chemical tool wear in diamond turning and have identified that this
chemical affinity between diamond and the non-diamond-turnable
metals is caused by the unpaired d-shell electrons of the metal
element. Iron is the most widely used engineering metal element and has
4 unpaired d-shell electrons.

To implement steel as the mold material, the manufacturers usually
coat a physical layer made of nickel-phosphorus alloy on a steel sub-
strate before cutting this diamond-turnable layer. Unfortunately, the
nickel alloy starts recrystallizing when the temperature is above 400 °C,
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Nomenclature

x Displacement in the X direction

y Displacement in the Y direction

t Time

f Vibration frequency

Ve Relative tool-workpiece speed, i.e. Nominal cutting
speed

a Vibration amplitudes along the cutting direction

b Vibration amplitudes along the thrust direction

@ Phase shift

fr Feed rate

Ap Depth of cut

v Flow speed

p Fluidic pressure

p The density of the gas

v Potential associated with the conservative force field

A coefficient for reaction rate

P The partial pressure of gas element

Y Increase of the free activation energy

PSI pounds per square inch

Pa Pascal

smaller than the maximum vibrating speed of the ultrasonic motion,
therefore limiting the maximum cutting speed. Amongst the research
published related to diamond tool wear reduction in UVC, three major
hypotheses for the tool wear suppression are summarized: 1) Reduction
of cutting temperature due to enhanced cooling around the vibration
gap by Brehl and Dow (2008), 2) Reduction of contact time due to the
consistent tool-workpiece separation by Zhang et al. (2014), and 3)
Formation of inert thin-film oxide on the freshly cut steel surface by
Brinksmeier et al. (2006). All three hypotheses clearly explain the two
common phenomena in UVC: 1) a lower cutting speed generally resulted
in reduced tool wear, and 2) two-dimensional (2D) UVC leads to less tool
wear than one-dimensional (1D) UVC. The difference between 1D and
2D UVC s detailed in Section 2.1. As a lower cutting speed will lead to a
lower cutting force, shorter engagement time as well as the longer
exposure time of the freshly cut steel to the atmosphere, it will even-
tually result in a lower cutting temperature, shorter contact time for the
chemical reaction between C and Fe as well as thicker iron oxide on the
freshly machined workpiece, respectively. Moreover, as 2D UVC will
lead to a lower cutting force due to the reversed tool-chip frictions well
as a larger physical gap between the diamond tool tip and workpiece, it
will also pose a more positive effect on the diamond tool wear sup-
pression compared to 1D UVC.

In the conventional turning, milling, and grinding process, high-
pressure flood coolant has been well established and implemented by
the industry to realize a deeper penetration of metalworking fluids into
the contact zone, to improve its cooling and lubricating function and
eventually the cutter tool life. Although UVC has already been applied in
the machining of steel for several decades since the development of the
UVC device by Moriwaki and Shamoto (1991), there is no research
studying the effect of coolant air on the tool wear condition and the
cutting performance. As the ultrasonic vibration creates a regular sep-
aration between the tool and workpiece, it is expected that high-pressure
air blowing may also pose a positive effect on suppressing the tool wear
in UVC of difficult-to-cut materials. Cong et al. (2011) has utilized cool
air in a rotary ultrasonic vibration machining of composite materials to
improve the cutting performance. More importantly, the variation of
coolant air condition will not affect the tool-workpiece contact time of
the UVC process, but only possibly affect the cutting temperature and
the formation of iron oxide. Hence, it is necessary to conduct experi-
ments to investigate and understand the effect of coolant air blowing

Journal of Materials Processing Tech. 299 (2022) 117320

pressure on the tool wear suppression mechanism, and also provide
guidance to engineers for further improving the diamond tool life.

In this paper, experiments have been conducted to study the air
blowing pressure on the cutting performance in these aspects (1) tool
wear, (2) surface roughness, and (3) cutting force, in UVC of steel. It has
been found that an appropriately higher supplying air pressure would
generally lead to reduced diamond tool wear and better cutting per-
formance, possibly due to the increased passivation speed for the freshly
machined steel surface caused by the formation of a thin oxide layer. A
preliminary calculation has revealed that more than one layer of iron
oxide can grow within a UVC cycle. In practice, this study may serve as a
guideline to suppress diamond tool wear when more cleanly and
affordably when cutting non-diamond-turnable metals, such as steel.

2. Method and experimental setups
2.1. Ultrasonic vibration cutting

There are two common types of ultrasonic vibration cutting pro-
cesses: 1D UVC and 2D UVC. Fig. 1 shows a schematic of a typical 2D
UVC process, elliptical vibration cutting, at an operating frequency of
38.9 kHz. Its tool-workpiece position with respect to time (t) can be
given as follows:

{x(t) = acos(2xft) — v.t

¥(t) = beos(2xft + @) M

where f is the vibration frequency, the relative tool-workpiece speed is
Ve, a and b are vibration amplitudes along the cutting direction and
thrust direction, respectively, and @ is phase shift and usually set 90 ° in
most 2D UVC processes. 1D UVC can be considered as a special 2D UVC
process with no vertical vibration or the vibration amplitude along the
thrust direction is zero (i.e. b = 0).

To realize intermittent cutting in UVC of a workpiece, there is a
threshold value of maximum cutting speed (i.e. 2zaf), summarized by
Brehl and Dow (2008). It is necessary to set the cutting speed below such
value to ensure that the tool can be separated from the workpiece ma-
terial during vibration. Otherwise, continuous cutting without any
tool-workpiece separation will occur even the vibration motion is
applied on the cutting tool, and there will be little improvement on the
cutting performance compared to conventional cutting.

2.2. Experimental setup using polycrystalline diamond tools

The UVC tests are conducted using polycrystalline diamond (PCD)
tools manufactured by Sumitomo. The workpiece is made of hardened
stainless steel (STAVAX), which is provided by ASSAB and widely used
as the mold material for injection molding of optical components.
During the experiments, a UVC system generates 2D elliptical vibration
with 4 pm peak-to-peak amplitudes on both cutting and thrust di-
rections, as shown in Fig. 2(a). Each face cutting test starts from the
workpiece edge, 40 mm diameter, and ends at 28 mm diameter, with a
cutting distance of 200 m approximately, as shown in Fig. 2(b). Dry air
alone with 20 °C temperature is utilized in all the tests without oil or any
other coolant media included.

Conventionally, there are two major functions of coolant air supplied
to the cutting process: 1) blowing away the chips, and 2) assisting to
form spray mist. There is no specific requirement for the pressure of air
blowing in ultra-precision machining because even a very low-pressure
air blowing is sufficient to produce the mist and blow away the chips,
which are usually very tiny and light. In general, the heat generated in
the cutting process is taken away by the mist which contacts the tool and
workpiece through conduction and evaporation. Compared to mist, air
coolant dissipates heat via convection and hence plays a less important
role in lowering the temperature of the tool and workpiece. It is neces-
sary to note that, in practice, the commonly utilized air blowing pressure
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Fig. 2. (a) Experimental setup of the UVC tests on an ultra-precision machining system (Moore Nanotech 350 F G); and (b) schematic illustration of the experimental

setup with the indication of different nozzle locations.

in ultra-precision machining for mist coolant in diamond turning is < 20
PSI, i.e. < 1.38 x 10° Pa, finishing cut is done to the fact that a large
pressure with strong turbulent airflow may cause unwanted tool vibra-
tion and chattering marks on the workpiece.

In this study, cutting tests using PCD tools are conducted under four
different air-blowing pressure conditions, and a total cutting distance of
800 m has been reached through four rounds of 200 m cutting, for each
tool. Furthermore, as the gas density and instant pressure of blowing air
quickly drops once the air is ejected out from the nozzle, two different
relative locations of the nozzle to the tooltip are studied to investigate its
effect on tool wear and cutting performance, because it is considered
that different nozzle locations may give different pressure and velocity
distribution of the air. To precisely understand the effect of the coolant
air on the tool-work interface, Computational Fluid Dynamics (CFD)
simulation is conducted in Section 3 to identify the effective pressure on

the work-tool interface under different conditions.

Hence, 32 rounds of cutting tests in total are conducted using 8 PCD
tools to evaluate and compare the tool wear progression and cutting
performance in this study. Table 1 lists the conditions and parameters
used for the UVC cutting tests. To ensure consistency of the unit, Pa will
be used in this manuscript instead of PSL

3. Simulation modeling and theoretical analysis

To precisely and quantitatively understand the effect of the coolant
air on the tool-work interface, CFD simulation is first conducted to un-
derstand and compare the capability of air penetration into the tool-
workpiece gap created by the ultrasonic vibration, using Ansys Fluent
18.2. The simulation identifies the crucial parameters for understanding
the effect of the blowing air onto the tool-work interface during a UVC
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Table 1
Cutting conditions for UVC of hardened stainless steel using PCD tools.
Parameters Values
Feed rate, f, (pnm/rev) 3
Depth of cut, A, (pm) 5
. Spindle rotation rate, (RPM) 20
Cutting Nominal cutting speed, v. (m/
condition - »e 2.637 ~ 3.768
min)
Time for each cutting round
. 67
(mins)
Vibration Tang.ential an.lplitude, a (pm) 2
condition Vertical amplitude, b (pm) 2
Vibration frequency, kHz 38.9
. Outer 40
Cutting zone diameter
Workpiece dimensions (mm) Ir'mer 28
condition diameter
Material STAVAX (13.6 % Cr, 84 %
steel, 2.4 % others)
Hardness 49 HRC
Coolant media Dry air
Supplying air PSI 20 40 80 100
pressure 10° Pa 1.38 276 552 6.89
Coolant Nozzle outlet inner diameter 1 mm
condition Distance from Nea.r. ~ 10 mm
nozzle outlet to the gzzmon
tooltip . ~ 20 mm
position
Tool material PCD (DA1000)
Grain size < 0.5 pm
Cutting tool Nose radius (mm) 0.2
Rake angle (°) 0
Clearance angle (°) 11

cycle, namely: 1) whether the air can reach the tool-work interface
within the ultrasonic cycle at a given frequency (38.9k Hz in this study),
and 2) the acting partial pressure of oxygen on the tool-work interface at
different supplying pressure and nozzle distance.

The finite element models (FEM) were deployed to help understand
the fluidic dynamics at the machining area. However, due to the
complexity of the cutting configurations, the FEM was performed in two
steps. The first model is designed to determine the theoretical fluidic
velocity, considering the position of the nozzle in the system and the
supplying pressure of the air coolant. Its configuration is shown in Fig. 3
(a), (b), based on the cutting conditions in Table 1.

The air bounded between the tool post and the workpiece is meshed
for CFD analysis, and it is marked green in Fig. 3. The velocities under
different conditions are obtained at the tooltip position, indicated in
Fig. 3(b).

After obtaining the fluid velocities at the cutting area in the first
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model are used as the input to simulate the air pressure between the tool
rake face and the chip, i.e. the acting pressure of the micrometric
machining zone. As shown in Fig. 4, the boundary conditions are illus-
trated and cutting parameters following Table 1, the distance between
the tool and the chip is the tool vibration amplitude (2 pm). The tool-
chip configuration is simplified from the study by Shamoto and Mor-
iwaki (1994).

Some assumptions are made in this simulation: (1) The 2D simula-
tion is used with the configuration illustrated in Figs. 3 and 4, (2) The
flow is turbulent throughout the process, (3) the kinetic energy does not
dissipate to the walls and (4) the air velocity is constant across the inlet,
as illustrated in Fig. 4.

3.1. CFD simulation of the fluid velocity at the cutting area

In this dynamic model, compressed air is sprayed from the right
bottom of the configuration, to simulate the actual conditions shown in
Section 2. Bernoulli’s principle indicates that the flow speed of a fluid
increases when the flow is narrowed in an incompressible flow. While
for a compressible gas under the action of conservative forces, the flow
can be described by Clarke et al. (2007) that:

2

v ? dp
2 /pl p(P) @

Where v is the flow speed, p is the pressure and p is the density of the gas,
¥ is the potential associated with the conservative force field.

The CFD results are shown in Fig. 5. When the nozzle is near, i.e. 10
mm away, the fluid velocities at the cutting zone are at 150, 350, 500,
and 650 m/s, for supplying pressures of 1.38 x 10°, 2.76 x 10°, 5.52 x
10° and 6.89 x 10° Pa, respectively. While at the far position of 20 mm,
the corresponding fluid velocities are 70, 300, 400, and 450 m/s,
respectively. It is observed that the velocity of compressed air is higher
when the nozzle is near the cutting zone and increases with higher
supplying pressure.

3.2. CFD simulation of the air pressure at the tooltip

Using the FEM model discussed, the acting pressure at the tooltip
could be evaluated. The simulated results are presented in Fig. 6. It is
observed that 1) the supplying air will penetrate into the small gap
between the cutting tool and the workpiece, 2) the acting pressure of the
air coolant increases with the supplying pressure, and 3) the acting
pressure is higher when the nozzle is closer to the cutting zone. As the
nozzle supplying pressure increases from 1.38 x 10° Pa to 6.89 x 10° Pa,
the air pressure between the tool and the chip increases from 1.78 x 10°
Pa to 13.1 x 10° Pa (Fig. 6(a)-(d)) when the nozzle is near, and from

Pressure outlet
(a) (b) S ‘; u
N “« Workpiece Tool tip :
ear o
a5 Tool post position
o ® L ’ Wall (tool
""""""""""" Adania 05st)
v Far |
Q\ position Wall
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A
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Fig. 3. FEM configuration of the 2D tool-work area with the nozzle at (a) near position, (b) far position. (For interpretation of the references to colour in this figure

text, the reader is referred to the web version of this article.)
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Fig. 4. CFD finite element model to simulate the air pressure between the tool and the chip.

1.17 x 10°Pato 7.86 x 10° Pa (Fig. 6(e)—(h)) when the nozzle is 20 mm
from the cutting zone. The trend is very similar to that in Fig. 5(b),
indicating a high correlation between the flowing speed and the acting
pressure. Nevertheless, though the practical fluid dynamics might not be
as ideal, the trend remains unchanged.

3.3. Theoretical tool wear suppression mechanism of UVC with high
oxygen concentration

Generally, diamond is considered stable at room temperature for its
high kinetic energy required to oxidize its carbon atoms in gaseous ox-
ygen. On the contrary, most metals are more reactive and a thin layer of
metal oxide will form on its surface once exposed to oxygen, such as iron
or aluminum. The formation of such oxide starts from the initial
adsorption of molecular oxygen and its subsequent dissociation from
molecule into chemisorbed atomic oxygen and forms covalent bonds
with metal atoms subsequently. The metallic oxide thickness will grow
over time until it is too thick to allow subsequent electron emissions. The
thickness of oxide can be derived from a logarithmic model by Eley and
Wilkinson (1960).
dg

i Ae it x PO x o 3)

Where g is the thickness of oxide, t is time, Ae ® is a coefficient for
reaction rate, P is the partial pressure of Oxygen, and vy is the increase of
the free activation energy.

To verify the relationship between the oxygen concentration and the
metal oxide formation, a study was conducted, using an X-ray photo-
electron spectroscopy (XPS) developed in-house. An iron workpiece of 1
mm thickness is polished to surface roughness Ra < 4 nm, and loaded
into the XPS reaction chamber. The iron workpiece is allowed to oxidize
in three pure oxygen pressures for the same period. To ensure the
starting surface is identical in each round of experiments, argon-ion is
sputtered onto the surface to remove any remaining iron oxide from
previous experiments.

The iron workpiece was exposed at 0.004 Pa, 0.04 Pa and 0.4 Pa,
respectively. The average oxide thickness measured after 1000 s is 2.4
nm, 3.0 and 3.2 nm, as shown in Fig. 7(b). By substituting the measured
thickness results, the oxide growth rate could be derived from Eq. (3),
which shows a logarithmic relationship between the growth rate and the
existing oxide thickness.

For a higher air blowing pressure, the instantaneous air pressure
around the cutting edge is increased accordingly. According to the
relationship between air density and pressure, higher air pressure will

lead to more air molecules (including oxygen molecules) around the
vibration gap:
P

P=%T ()]
where p is the density, p is absolute pressure, R is the specific gas con-
stant air, and T is the absolute temperature. A higher density of oxygen
molecules leads to a higher oxide generation speed thus a thicker iron
oxide within a certain period. The oxide thicknesses under different
experimental conditions are plotted in Fig. 8. It can be observed that the
oxide layer thickness increases with the acting air pressure, thus the
partial pressure of Oxygen gas increases. Therefore, within the time for
one ultrasonic vibration cycle, a thicker and more complete oxide layer
will suppress significantly the diamond tool wear caused by the catalytic
effect of the iron atoms.

The operating UVC cycle time is 1 / 38.9 Hz = 2.5 x 107> s. The
theoretical oxide thickness can then be calculated based on these sub-
millisecond cutting intervals. Fig. 8(a) shows the oxide growth rate at
three conditions, which are: (1) without supplying air (1.01 x 10° Pa),
(2) highest acting air pressure at far position, 7.8 x 10° Pa (the exper-
imental condition in Fig. 6d) and (3) highest supplying air pressure at far
position, 13.1 x 10° Pa (the experiment condition in Fig. 6h). The values
are calculated based on the acting pressures derived from Fig. 6.

The details of the calculated grown oxide layer thickness are
described in Table 2 and plotted in Fig. 8(b). The number of molecular
layers of iron oxide increases thus reducing the chances of free iron
atoms from catalyzing the chemical reaction at the diamond tool edge.
As the thickness of oxide increases, the tool wear suppression mecha-
nism also gradually saturates towards an equilibrium threshold.

4. Results of polycrystalline diamond tool wear

Every PCD tool is taken out from the tool holder for tool wear
investigation using a microscope for every 200 m cutting distance, i.e.
one cutting round. The PCD tool is then put back on the tool holder at the
same location, and 4 sets of investigations are conducted for each PCD
tool used for the 4 rounds of cutting. The air blowing condition and
nozzle location are kept unvaried for each tool.

Fig. 9(a) shows the microscopic images of worn tool flank face after
800 m cutting distance for both the near and far position air blowing,
and Fig. 9(b) shows the averaged tool flank wear (VB) of these two air
blowing conditions against the supplying air blowing pressure. It can be
observed that an increased air blowing pressure generally leads to a
decreased tool flank wear, for both near and far positions of the coolant
nozzle.
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Fig. 5. Comparison of the fluid velocity at the tooltip at different distances and supplying air pressures of the nozzle outlet.

Fig. 10 shows the progression of average PCD tool flank wear with
the increasing cutting distance at different air blowing pressure. The tool
wear of the PCD tool land increases gradually for all 4 conditions. In
particular, the tool’s wearing rate becomes higher when the cutting
distance is above 600 m for 1.38 x 10° Pa and 2.76 x 10° Pa conditions.
In comparison, for 5.52 x 10° Pa supplying air pressure, the wearing
rate has become even smaller, making the eventual tool wear land much
smaller than the other conditions. It is interesting to find that 6.89 x 10°
Pa supplying pressure does not give further reduced tool wear compared
to 5.52 x 10° Pa. This could be caused by undesired tool-workpiece
vibration due to the significantly large air-blowing pressure, and the
reason for such phenomenon will be further discussed in the following
sections based on the force and vibration analysis.

4.1. Results of surface roughness and cutting force

The surface roughness of the workpiece and the cutting force is also
investigated for every 200 m cutting distance as well. A stylus

profilometer has been used to evaluate the surface quality, using a stylus
tip made of diamond with a 2 pm nose radius and 90 ° included angle.
The cut-off length in calculating the roughness is set to be 80 pm for the
roughness data processing. Fig. 11 shows the average surface roughness
for the cutting distance for the tests with a near-positioned nozzle. As
shown in Fig. 11, measured surface roughness has a similar but not
identical progression trend with the tool flank wear, and 5.52 x 10° Pa
supplying air pressure still leads to the lowest surface roughness
compared to all the other 3 air-blowing conditions.

Generally, an increased tool flank wear will increase the amount of
material elastic recovery more plowing, and less material shearing. Thus
resulting in a less efficient material removal process. Larger tool-
workpiece vibration and more unstable cutting force are also expected
for a larger tool flank wear and may lead to larger surface roughness.
However, increased plowing on the machined surface could pose a
positive effect on the surface finish at a certain condition. A slightly
worn cutting edge with ultrasonic vibration may create a lapping effect
on the workpiece and eventually lower the height of vibration and feed
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marks. A typical example of this can be observed from the surface
roughness variation of 5.52 x 10° Pa at the 2nd cutting round (i.e. 200
m-400 m). Although the tool wear land is increased from 6 pm to 11 pm,
as shown in Fig. 10(b), the surface roughness (Ra) on hardened stainless
steel has been found to improve with increasing acting air pressure.
The force in cutting and thrust directions during the machining
process is monitored using a Kistler dynamometer (Type 9256C), which
sits below the ultrasonic vibrator and above the Z-axis, as shown in
Fig. 12(a). The instant cutting force in the thrust direction is recorded at
the beginning of each cutting round, i.e. when the cutting distance
reaches 2 m, 202 m, 402 m, and 602 m. Fig. 12(a) and (b) show the
measured thrust force at 602 m cutting distance for the 4 different air
blowing pressure, as well as the variation of thrust-directional force with
the increment of cutting distance, which is similar to the trend of tool

wear progression as shown in Fig. 10(b).

Similar to the tool wear results in Figs. 9 and 10, it can be seen from
Figs. 11 and 12 that the blow pressure of 6.89 x 10° Pa does not lead to
better surface finish nor lower cutting force, which could be caused by
the induced tiny impact or vibration of the tooltip due to the signifi-
cantly large air blowing velocity. The resultant effect of the compro-
mised system stability has exceeded the effect of the tool wear
suppression from the sub-millisecond oxidation. To further explore the
reason for such phenomenon, an additional test is conducted to record
the force signal measured by the dynamometer at different air blowing
pressure, but without any cutting activity. Fast-Fourier Transform (FFT)
is conducted on the recorded force data to process the force signal from
its original domain to a representation in the frequency domain. Fig. 13
(a) shows the FFT results for 3 air blowing pressures, and Fig. 13(b)
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Table 2
Oxide layer thickness within 1 UVC cycle time with different air pressures.

Nozzle position Far Position (20 mm) Near Position (10 mm)

Supplying air 138 276 552 6.89 138 276 552 6.89
pressure, 10°
Pa

Acting air
pressure
around the
cutting zone,
10° Pa

Calculated
grown
thickness of

oxide, nm

1.17 6.43 9.46  13.1

148 314 413 466 189 3.62 520 6.33

draws the absolute amplitude value at 3 specified frequencies under
different air blowing pressures. A peak value of the FFT-analyzed force
amplitude at a certain frequency usually represents a vibration with a
certain amplitude at such frequency, induced by the ultrasonic actuator
or the blowing air.

It can be seen that, besides the ultrasonic frequency induced by the
actuator (38.9 kHz), the amplitude at the other two frequencies (13.7
kHz and 19.9 kHz) has drastically increased when the air blowing
pressure has reached 6.89 x 10° Pa, meaning that the tooltip vibration
induced by the actuator has become unstable due to the surrounding
high-velocity air blowing. The pressure applied around the ultrasonic
vibration device and tool could induce a force along the direction of the
air blow, thus causing the tool system to deform slightly. This passive
deformation may fluctuate following the turbulence of the gas flow,
causing external disturbance besides its controlled ultrasonic vibration.
As the extent of deformation relies on the acting force, the system may
become unstable with the increasing air blowing pressure. This will
eventually cause non-consistent engagement and separation between
the tooltip and the workpiece in terms of amplitude and frequency.
Moreover, from Fig. 13(b), it can also be seen that the force amplitude at
the frequency 38.9 kHz has slightly dropped at 6.89 x 10° Pa, possibly
caused by a smaller vibration amplitude due to the high air blowing
pressure. The smaller amplitude may eventually lead to a smaller vi-
bration gap between the tool and the workpiece and hence affect the
diamond tool wear suppression in UVC.

4.2. Experimental investigation using single crystal diamond tools

PCD is a type of composite material, in which fine-grain diamond
particles are bound with cobalt alloy by sintering them together at high
temperature and high pressure. Although the diamond particles usually
have a weight percentage of around 90 %, their wear mechanism may
still be different from a single crystal diamond (SCD), in which there is
no metal binder material and the binding strength between neighboring
carbon atoms is stronger due to its three-dimensional sp3 structure.
Normal PCD tools usually have a lower hardness and a higher toughness
than SCD tools, and the wearing rate for PCD tools is usually higher than
SCD tools, except the binderless nano-polycrystalline diamond tools
proposed by Harano et al. (2012).

As SCD tools usually have better cutting performance due to the
sharper cutting edge (radius < 0.05 pm) than PCD tools (edge radius > 5
pm), they are utilized in the machining of various optical components to
obtain a better surface finish, profile accuracy, and higher dimensional
stability. To investigate the impact of coolant air blowing pressure on
the tool wear progression of SCD tools, another set of experiments is
conducted to cut the same workpiece using 2 SCD tools with 0.2 mm
nose radius under 2 different air blowing pressure, i.e. 1.38 x 10° Pa and
5.52 x 10° Pa. It has been reported by Shamoto and Moriwaki (1999)
that, with the assistance of ultrasonic vibration, the tool life for SCD can
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Fig. 9. (a) Microscopic images of PCD tool flank faces for different supplying air blowing conditions, and (b) tool flank wear for different supplying air

blowing pressures.

last for 2 km or more. Hence, in the study, to shorten the machining time
and accelerate the tool wear, instead of applying a low cutting speed as
in the PCD test (20 RPM), the spindle speed is set at a relatively higher
value (40 RPM), because it has already been observed that the increment
of cutting speed in UVC will drastically increase the tool wear by a few
times, as reported by Zhang et al. (2014).

The SCD tools are taken out for measurement using a digital mi-
croscope and a scanning electron microscope (SEM) after 400 m cutting
distance, as shown in Fig. 14. It can be seen that the flank wear for 1.38
x 10° Pa supplying air pressure is 1.7 times that for 5.52 x 10° Pa. As a
comparison, at 400 m cutting distance, the flank wear of PCD tool (close
position) for 1.38 x 10° Pa is 1.2 x that for 5.52 x 10° Pa (see Fig. 10
(b)), meaning that increased supplying air pressure may have a larger
effect on suppression of the flank wear for SCD tool. It could be caused
by the more weight percentage of diamond in SCD tools than in PCD
tools.

5. Discussion

Based on the observed experimental results above, it can be
confirmed that air-blowing pressure has a significant impact on the
wearing rate of diamond tools in UVC of steel for both PCD and SCD
tools. An increased air blowing pressure will slow down the tool wear
rate, the value of which depends on the type of diamond tools as well as
the cutting conditions. As mentioned in Section 1, as the tool wear
suppression mechanism for UVC of steel is still not clear until now, it is
necessary to discuss the root cause for such phenomenon in this section.
As the increased air blowing pressure does not pose any effect on the
other cutting parameters, it should not affect the tool-workpiece contact

time during UVC. Hence, this proposed hypothesis cannot explain the
phenomenon observed in this study.

Instead, both the other two hypotheses could well explain the results
obtained above. On one hand, an increased air blowing pressure will
increase the air flowing speed around the cutting zone, and hence could
provide enhanced cooling and take away more heat from the tool and
the workpiece. As Brinksmeier and Glabe (2002) have proven that a
reduced environmental temperature will lower the chemical reaction
rate between iron and carbon as well as the chemical tool wear rate of
the diamond, it is possible that the increased air blowing pressure lead to
the same result. On the other hand, an increased air blowing pressure
applied around the cutting zone will also bring more air, thus more
oxygen molecules, into the gap between the tooltip and the workpiece in
each vibration cutting cycle. As there is 21 % oxygen in the environ-
mental air, more oxygen molecules will get in contact with the freshly
cut steel surface and could lead to a faster generation or a thicker layer of
inert iron oxide on the surface to prevent the direct contact and chemical
reaction between diamond and iron atoms when the tool touches the
workpiece later. However, it is still difficult to identify which hypothesis
is the true reason for the phenomenon observed in this study. Hence, the
following section discusses it from several points of view.

5.1. Experiment on no air blowing to UVC process

According to the discussion above, it can be drawn that the observed
phenomenon can be attributed to both hypotheses: lower cutting tem-
perature and slower iron oxide generation due to the reduced air
blowing pressure. Based on the experiments conducted in Sections 4.1
and 4.2, it is difficult to identify the exact reason for the observed
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phenomenon. Hence, another set of experiments is conducted to study
the tool wear progression with no coolant air blowing. However, if the
tool rake face is still facing upward, due to the gravity and no blowing
air, the generated chips will stack on top of the tool rake face if they are
not blown away. The accumulated chips may affect the ultrasonic vi-
bration induced by the horn as well as the intermittent cutting process.

10

Therefore, for the experiment setup with no air blowing, the tool rake
face is flipped to face downward to allow the generated chips to fall
themselves, as shown in Fig. 15. For comparison, additional two sets of
the experiment are also conducted with 1.38 x 10° Pa air blowing
pressure and conventional cutting with the absence of tool vibration,
with the same experimental setup and nozzle location.
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3 specified frequencies.

Fig. 16 compares the tool wear results for the three tests. The tool
wear with no air blowing is just slightly larger than the 1.38 x 10° Pa
pressure air blowing. For the experiment with no air blowing, it is
considered that there should be little air flowing around the cutting
zone, and heat exchange between the environmental air and the cutting
zone could be neglected. From Fig. 16(b), it can be found that the flank
wear of the PCD tool after UVC with no air blowing is significantly
smaller than the one with conventional cutting.

5.2. Proposed tool wear suppression mechanism of UVC

When a freshly cut steel surface is exposed to air or any gas con-
taining oxygen, the oxygen is firstly absorbed onto the metal surface
through a place-exchange reaction to form an initial monolayer of oxide,
which should have a thickness of 0.3 nm (i.e. the spacing between Fe
atoms of an Iron(Il) Oxide lattice), as shown in Fig. 17. Once oxygen is
absorbed, it is dissociated into chemisorbed atomic oxygen, which will
then form covalent bonds with the metal atoms. Such covalent bonds
will weaken the iron atoms’ attachment to the surrounding metal lattice.
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Grosvenor et al. (2004) have calculated that only 5 ms is needed to form
the first 0.3 nm oxide on steel surface under a low oxygen partial
pressure of 1.3 Pa. By assuming that the growth rate of iron oxide is
proportional to the oxygen pressure, it can be predicted that, under a
standard atmospheric pressure (10° Pa), less than 20 ps is required for
generating the first monolayer of oxide. In comparison, each vibration
cutting cycle takes around 25 ps for the ultrasonic frequency (38.9 kHz)
utilized in this study.

When oxidation continues, a new process will replace the place-
exchange reaction, in which tunneling electrons from the metal will
produce an electric field to the absorbed oxygen. Outward cation
diffusion is responsible for the growth of Fe304, while anion diffusion is
responsible for the growth of y-Fe;Os, and this growth rate will be in-
dependent of the Oy pressure. The oxide growth rate will decelerate
exponentially over time because the electric field strength will be broken
with the increment of oxide thickness. The work function also increases,
impeding the travel of electrons to the metal surface and hence the oxide
growth capability.

During the conventional cutting process, as the cutting edge
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Fig. 15. PCD tool with flipped tool rake installed on the horn of the ultra-
sonic vibrator.

constantly contacts the cutting zone with no regular separation between
the tool and the steel workpiece, a near-vacuum atmospheric condition
is formed around the cutting zone, and the freshly cut workpiece will
contact the diamond with no gap but the applied cutting force, as shown
in Fig. 18(a). Such mechanical friction between the cutting edge and
freshly cut iron atoms could strengthen the chemical wear between the
diamond and the steel workpiece, resulting in catastrophic diamond tool
wear in a very short cutting distance.

During the UVC process with normal air blowing pressure (20 PSI), a
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regular separation between the tool and the cutting zone occurs in an
ultrasonic frequency, allowing the environmental air with 21 % oxygen
to fill the gap and form an iron-oxygen covalent bond on the freshly cut
steel surface, as shown in Fig. 18(b). From Section 3, it is understood
that oxygen can be absorbed to form a monolayer of iron oxide in a very
short time, which is comparable to the period of one vibration cycle.
Although the formed oxide layer is thin, it could still able to work as a
protective layer and could prevent chemical reactions between carbon
and iron atoms to a certain extent. In the field of material science, it has
already been fully understood about half a century ago by Bloom and
Goldenberg (1965) that the active iron atoms can be passivated by
forming a thin protective oxide film on the steel substrate.

During the UVC process with a higher air blowing pressure, more
oxygen molecules will fill the gap above the cutting zone, resulting in
more oxygen partial pressure above the freshly cut steel surface, as
shown in Fig. 18(c). From Fromhold (1980), it is well known that an
increased oxygen partial pressure can accelerate the formation of a thin
iron oxide film on a metal substrate. More oxygen atoms absorbed on the
steel surface could further passivate the active iron surface and weaken
the chemical affinity between iron and carbon atoms. Moreover, it has
also been observed by Wilson et al. (1980) that the formation of iron
oxide on the steel substrate can reduce the friction coefficient in a
high-vacuum condition until the complete oxide coverage is obtained
because oxide-oxide contact has a much lower coefficient of sliding
friction than metal-metal contacts. The generation of the oxide layer can
also help to prevent tool wear by reducing the mechanical friction force
as well the induced tribal-chemical reaction between diamond and iron
atoms. Future work could be carried out to study this sub-millisecond
oxidation behavior to quantitatively reveal the relationship between
the UVC parameters and the tool wear, with the aid of X-Ray Diffraction
(XRD) or Raman spectroscopy.
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6. Conclusions

In this paper, the impact of air-blowing pressure on diamond tool
wear in ultrasonic vibration cutting (UVC) of steel is systematically
investigated. Through the results of UVC cutting tests on stainless steel
using both polycrystalline diamond and single-crystal diamond tools, it
can be concluded that larger relative air pressure within the cutting zone
could suppress the tool wear of diamond, provided that the actuator-
induced ultrasonic vibration is not affected by the high air blowing ve-
locity. Such phenomenon is explained by the proposed tool wear sup-
pression mechanism together with computational fluid dynamics (CFD)
simulation on air flowing around the vibration gap in UVC. The
following conclusions can be drawn:

1) CFD simulation of airflow has shown that an increased air blowing
pressure will increase the instantaneous air pressure and density at
the vibration gap around the cutting zone.

Increased acting air pressure at the tool-work interface will lead to a
smaller wear rate for both polycrystalline diamond and single-crystal
diamond tools.

An abnormally high air blowing pressure (6.89 x 10° Pa in this
study) will adversely worsen the diamond tool wear compared to
milder pressures, due to the disturbed and attenuated ultrasonic vi-
bration resulting from the strong airflow and acting thrust force.
UVC with no air blown towards the cutting zone will still lead to a
strong tool wear suppression effect compared to the conventional
cutting, and can effectively reduce the diamond tool wear.

The conventional hypothesis of reduced tool-workpiece contact time
and enhanced cooling cannot reasonably explain the experimental
phenomenon observed in this study.

The preliminary calculation has shown that the sub-millisecond UVC
interval is sufficient to form multiple oxide layers on freshly cut steel
in a standard atmosphere, the oxide is thicker and more complete
when the partial pressure of oxygen increases.
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