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Inconel 718 is a kind of nickel-based alloys that are widely used in the aerospace and nuclear industry owing to their high
temperature mechanical properties. Cutting of Inconel 718 in conventional cutting (CC) is a big challenge in modern industry.
Few researches have been studied on cutting of Inconel 718 using single point diamond tool applying the UEVC method. This
paper shows an experimental study on UEVC of Inconel 718 by using polycrystalline diamond (PCD) coated tools. Firstly, cutting
tests have been carried out to study the effect of machining parameters in the UEVC in terms of surface finish and flank wear during
machining of Inconel 718.The tests have clearly shown that the PCD coated tools in cutting of Inconel 718 by the UEVC have better
performance at 0.1mm depth of cut as compared to the lower 0.05mm depth of cut and the higher 0.12 or 0.15mm depth of cut.
Secondly, like CC method, the cutting performance in UEVC increases with the decrease of the feed rate and cutting speed. The
CC tests have also been carried out to compare performance of CC with UEVC method.

1. Introduction

As a typical nickel-based superalloy, Inconel 718 is widely
used in the aerospace, gas turbine, and automobile industries
for the high temperature strength and high corrosion resis-
tance [1]. However, the mentioned properties are responsible
for poor machinability of the Inconel 718 from various points
of view such as surface quality and tool wear [2–4]. Nickel
alloy is difficult to cut due to rapid work hardening. Much
tool failure and serious tool wear in cutting of superalloy
have been regarded as a challenging problem for modern
traditional manufacture [2].

Ultrasonic elliptical vibration cutting (UEVC) was first
introduced by Shamoto and Moriwaki in 1994 [5]. Through
constant development in the last decade, this technique has
been proven to be a promising method in terms of almost
all cutting performances in cutting of various difficult-to-
cut materials [6–9]. Compared with the conventional cutting
(CC) and ultrasonic vibration cutting, the UEVC have many
advantages such as less cutting forces, longer tool life, and
better surface finish [10, 11]. In Shamoto and Moriwaki’s
study [6], the UEVC was successfully used in ultraprecision
cutting of hardened steel, such as ultraprecision cutting of a
spherical die and a flexible microstructure and ultraprecision

microgrooving. Suzuki and coworkers [12] cut a specially
developed tungsten alloy with SCD tools in the ultraprecision
UEVC method. Suzuki et al.’s research [13] carried out
some ultraprecision microgrooving experiments on sintered
WC using SCD tools to study the basic effects of UEVC
on the ductile micromachining process. In Li and Zhang’s
studies [14], they obtained surface roughness 𝑅

𝑎
of 0.08 𝜇m

on an aluminium alloy using PCD tools in the ultrapre-
cision UEVC cutting experiments. However, ultraprecision
machining cannot be widely applied in industrial production
for the limitations of ultraprecision machining equipment
and technical requirements. The selected cutting parameters
(cutting speed, feed rate, and depth of cut) in mentioned
studies cannot be implemented in general lathes.

Wang and his team carried out several experiments to
find out whether ultrasonic vibration was suitable for cutting
of Inconel 718 in high cutting speed by using ultrasonic
elliptical vibrations [15]. The effects of cutting speed on
cutting force and cutting temperature in both CC and UEVC
were reported. But the wear of cutting tools in the process was
not studied in the paper. Moreover, the economic feasibility
for both CC andUEVCmethods in cutting of Inconel 718 has
never been well studied.
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Figure 1: Principle of the UEVC method.

Literature review has shown that very few investigations
about cutting of Inconel 718 using the UEVC method with
PCD coated tool have been reported up till now. And the
effects of cutting parameters such as cutting speed, feed rate,
and depth of cut on cutting performance in UEVC method
have not been reported. This paper aims to demonstrate an
experimental study onUEVCof Inconel 718 with PCD coated
tools using a new type UEVC system. Several cutting tests
have been carried out to study the effect of cutting parameters
in the UEVC method in terms of surface roughness and tool
flank wear. Then the cutting condition at which the UEVC
method performed better is applied to the CC method to
compare the cutting performance between theUEVCmethod
and CC method. The comparison of cost between the UEVC
and the CC methods is also studied in this paper.

2. The UEVC Principle

During the UEVC process, an ultrasonic elliptical vibrator is
applied to make the tool tip vibrated elliptically [5, 6]. The
schematic of the UEVC is shown in Figure 1. The elliptical
vibration cutting, so named, is used at conventional cutting
speed with a commercially available ultraprecision lathe by
utilizing a newly developed ultrasonic vibrator which can
generate the elliptical vibration at an ultrasonic frequency. 𝐴
is the initial position of the cutting process. 𝐵 is the lowest
point of the cutting cycle. After reaching the crossover point
𝐶, tool nose finally reaches the point 𝐹 at the end of the
cutting cycle. As shown in Shamoto and Moriwaki’s work
[5], the chip is pulled up by the tool rake face. The so-called
depth of cut (𝑎

𝑝
) is always measured from the bottom of the

vibration cycle to the workpiece free surface. When the tool
is vibrated at an angular frequency 𝜔 and the workpiece is
fed at a nominal cutting speed V

𝑐
, the tool path relative to the

workpiece is expressed by 𝑥- and 𝑦-coordinates of the tool
position as

𝑥 (𝑡) = 𝑎 cos (𝜔𝑡) − V
𝑐
𝑡,

𝑦 (𝑡) = 𝑏 cos (𝜔𝑡 + 𝜑) ,
(1)

where 𝑎 is the amplitude of cutting direction vibration (i.e., 𝑥-
axis), 𝑏 is the amplitude of the chip flow direction vibration
(i.e., 𝑦-axis), 𝑡 is the time, and 𝜑 is the phase shift between the
two vibrationmodes.The angular frequency𝜔 can be derived
from the vibration frequency 𝑓 as

𝜔 = 2𝜋𝑓. (2)

3. Experimental Details

In this paper, a new type UEVC system was introduced.
Cutting mechanism of the UEVC system consists of two
orthogonal vibration arms. The mounting of two vibra-
tion arms was designed strictly according to the standard
dimension of four-station tool carrier for guaranteeing easy
installation of the mechanism. The UEVC system is shown
in Figure 2. Transducer and ultrasonic horn are inside the
sleeves.

The modal analysis of the designed ultrasonic system
was carried out through ABAQUS simulation software. The
modal analysis chart is shown in Figure 3. The resonance
frequency of the tool holder and the cutting tool is over
30 kHz, which is satisfied with experiment requirement.

The ultrasonic signal generator that sets the output
frequency in the cutting experiments shown in Figure 4 can
output two sinusoidal signals of random phase difference,
arbitrary amplitude, and random frequency. The amplitude
of vibration excitation source should be chosen in 8–20𝜇m
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Table 1: Chemical composition (%).

C Mn Si Ti Al Co Mb Cb Fe Cr Ni
0.08 0.35 0.35 0.6 0.8 1.0 3.0 5.0 17.0 19.0 52.82

Figure 2: The UEVC system.
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Figure 3: Modal analysis of UEVC system.

for improving cutting performance, enhancing machining
accuracy, and reducing surface roughness of parts [16].
FZ30-H30-Z4 power type ultrasonic vibrator withmaximum
output power of 700W and maximum output amplitude
of 16 𝜇m is selected according to machining parameters
decision, cutting forces, vibrational frequency, and output
amplitude.

The following cutting experimentswere carried out on the
CA6140 lathe with the proposed UEVC system. The cutting
experiment with the UEVC system is shown in Figure 5.

Inconel 718 with hardness of 48HRC is used as work
material. Table 1 shows the chemical composition of Inconel
718 alloy.

In the experiments, diameter of workpieces was 40mm.
Table 2 gives detailed specifications of workpiece, cutting
tools, and machining parameters used for the experiments.
The vibrational frequency and amplitude were fixed at
30 kHz. The range of cutting speeds was set below the

Table 2: Experimental specifications.

Workpiece Inconel 718
Cutting tool PCD coated tool
Cutting peed V

𝑐
(m/min) 10, 13, 16, 19

Feed rate 𝑓 (mm/r) 0.08, 0.1, 0.15, 0.2
Depth of cut 𝑎

𝑝
(mm) 0.05, 0.1, 0.12, 0.15

Frequency (kHz) 30
Amplitude in 𝑥-axis 8𝜇m
Amplitude in 𝑦-axis 4𝜇m
Coolant Dry

Figure 4: Ultrasonic signal generator.

Figure 5: Cutting experiment with the UEVC system.

maximum tool vibration speed so that the separating type
vibration cutting can be kept.

Outer diameter cutting was carried out for the exper-
iments using Mitsubishi PCD coated tools. The photo of
cutting tool is shown in Figure 6. Table 3 shows the details
of cutting tool.
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Table 3: Details of cutting tool.

Cutting tool material Polycrystalline diamond
Cutting edge length 𝐿 (mm) 12
Inscribed circle diameter (mm) 12.7
Corner radius 𝑟

𝑛
(mm) 0.4

Nose angle (∘) 80
Tool thickness 𝑆 (mm) 4.76

Figure 6: Photo of cutting tool.

4. Results and Analysis

4.1. Effect of Machining Parameters on Tool Flank Wear. The
effects of the machining parameters on width of tool flank
wear are shown in Figure 7. Figure 7(a) presents the effect of
depth of cut on flank wear with a cutting speed of 16m/min
and a feed rate of 0.2mm/r. It can be seen obviously from
Figure 7(a) that the width of flank wear at 0.05mm depth of
cut is lower than other higher depth of cuts. This is because
rubbing action at the tool nose is playing a leading effect at the
beginning of process when the tool nose chipped off under
the depth of cut. The flank wear width was small at 0.05mm
depth of cut because small depth of cut gives a small width of
flank wear in the cutting direction.

The effect of cutting speed was studied in Figure 7(b) with
a depth of cut of 0.1mm and a feed rate of 0.08mm/r. The
effect of feed rate was shown in Figure 7(c) with a depth
of cut of 0.1mm and a cutting speed of 16m/min. Figures
7(b) and 7(c) demonstrate that the flank wear increases with
the increase in both the cutting speed and the feed rate. The
result for the effect of cutting speed can be explained by the
limitation of cutting speed during the UEVC process. The
performance of UEVC becomes the same as CC if the cutting
speed is set higher than the maximum tool vibration speed.
Moreover, the possibility of interaction between the tool flank
and the machined workpiece behind the tool nose increases
with the increase of cutting speed. This will result in more
flank wear during the UEVC process [5, 17].

As discussed in the previous part, it is obvious that
Figure 8(d) shows the smallest width of flank wear (0.1mm

depth of cut, 0.08mm/r feed rate, and 10m/min cutting
speed). So it can be determined that the PCD coated tool’s
life increases with the decrease in both the cutting speed and
the feed rate in UEVC of Inconel 718.

4.2. Effect of Machining Parameters on Surface Roughness.
Surface roughness of machined parts plays an important
role in manufacture field for influencing the tribological,
frictional, and assembly characteristics of products. In this
study of UEVC process, the surface profile is generated by 2
marks: feed marks along the feed direction and the vibration
marks along the cutting direction. The theoretical surface
roughness formed by the vibration marks along the cutting
direction was introduced by Shamoto and Moriwaki [5]:

𝑅
𝑉

th = 𝑏 cos (𝜔𝑡𝐴 + 𝜑) + 𝑏, (3)

where 𝑡
𝐴

is the time instant when the tool edge starts
contacting point 𝐴. The calculative method for 𝑡

𝐴
has also

been introduced in the study of Ulutan and Ozel [4]:

𝑎 cos (𝜔𝑡
𝐴
) − 𝑎 cos (𝜔𝑡

𝐶
) + V (𝑡

𝐶
− 𝑡
𝐴
) =
2𝜋V
𝑐

𝜔
,

𝑏 cos (𝜔𝑡
𝐴
+ 𝜑) = 𝑏 cos (𝜔𝑡

𝐶
+ 𝜑) .

(4)

The theoretical surface roughness formed by the feed
marks was introduced by Vyas and Shaw in 1999 [9]. It can
be expressed as

𝑅
𝑓

th =
𝑓
2

8𝑟
𝑛

, (5)

where 𝑟
𝑛
is the tool nose radius shown in Table 3. Based

on (3) and (5), the theoretical surface roughness 𝑅th of the
UEVC machined surface should be the superposition of the
two examples of roughness above:𝑅𝑉th in the cutting direction
and 𝑅𝑓th in the feed direction.

The effect of the machining parameters on surface rough-
ness values (𝑅

𝑎
and𝑅

𝑧
) under differentmachining conditions

was shown in Figure 9. It can be seen from Figure 9(a)
that both 𝑅

𝑎
and 𝑅

𝑧
are lower at 0.1mm depth of cut

compared to the other depth of cuts (0.05mm, 0.12mm,
and 0.15mm) in the UEVC process. In general, the surface
roughness increases with the increase of depth of cut just like
the CC process. However, the tool failed at the beginning
of the process at 0.05 depth of cut as shown in the earlier
discussion. Because of the rubbing action at the tool nose, the
worn cutting tool produced high surface roughness during
the whole cutting process. In contrast, the cutting quality
improved at 0.1mm depth of cut as the flank wear much
decreased at this depth of cut.

Figure 9 also shows that the surface roughness increases
with the increase in both the cutting speed and the feed
rate, just like the CC process. The photographs of machined
surface magnified 200 times are shown in Figure 10. Figures
10(a) and 10(b), 10(a) and 10(c), and 10(c) and 10(d) show
comparisons of surface finish for variation in the depth of
cut, feed rate, and cutting speed, respectively. According to
the comparisons above, it can be finally determined that
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Figure 7: The effects of the cutting parameters on flank wear.

the parameter combination of 0.1mm depth of cut, 0.08m/r
feed rate, and 10m/min cutting speed achieves better cutting
performance as compared to the other conditions tested in
the UEVC process.

4.3. Wear Characteristics and Chip Analysis. In order to
understand the mechanics of UEVC process, the tool wear
progression against the cutting time under the cutting condi-
tion (0.12mm depth of cut, 0.2mm feed rate, and 16m/min
cutting speed) was introduced. Figure 11 shows the tool wear
with respect to the cutting time. Figure 11(a) shows that the
tool wear at the beginning of cutting process (5min) is not
obvious. Along with the processing, beyond this cutting time,
the flank face of cutting tool shown in Figures 11(b) and 11(c)
started wearing out badly. After that the tool wear moves
slowly during 30min cutting time as observed in Figures 11(d)
and 11(e). It is obvious that the rake face of the tool at 15min,

20min, and 30min cutting time has the same wear patterns
as shown in Figures 11(c), 11(d), and 11(e). It also means that
the tool rake face sustains many shocks from the workpiece
because of the continuous vibration cycles. As the Inconel
718 material was tougher due to its high temperature strength
andhigh corrosion resistance, the cutting tools cannot sustain
so many impacts for a long time. So the cutting tool started
chipping from the tool nose area at the beginning and finally
the wear progressed towards flank face of the tool with the
process of UEVC. That is to say, the continuous vibration
plays dominant role at the beginning in the wear mechanism.
At 40min of cutting time, as shown in Figure 11(f), the tool
nose turned into flat. The rubbing action between the tool
and the workpiece started impacting the tool wear in every
vibration cycle. By this time, the abrasive wear is the main
wear pattern.The abrasive wear is because the impurities and
hard particles exist in the workpiece material [18], such as
carbon, nitride, and oxide compounds.
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(a) 0.1mm depth of cut, 0.2mm feed rate, and 16m/min cutting speed

(b) 0.12mm depth of cut, 0.2mm feed rate, and 16m/min cutting speed

(c) 0.1mm depth of cut, 0.08mm feed rate, and 16m/min cutting speed

(d) 0.1mm depth of cut, 0.08mm feed rate, and 10m/min cutting speed

Figure 8: Photographs of the flank wear under different cutting
conditions.

The photographs of cutting chips produced at 5min and
20min cutting time were shown in Figures 12(a) and 12(b),
respectively. It can be found from Figure 12(a) that the
cutting chips produced at 5min are broken and there are
no grooves or abrasive traces. But the grooves and abrasive
traces generated on the surfaces of cutting chip produced
at 20min are shown in Figure 12(b). The phenomena above
can also explain that the wear mechanism at the beginning
was dominated by the continuous vibration impacts and

failed because of the abrasive wear between the tool and the
workpiece in the latter phase.

4.4. Comparison between the UEVC Process and the CC
Process. A comparison between the UEVC and the CC
methods was made in terms of the economic feasibility, flank
wear width, and the surface roughness (𝑅

𝑎
and 𝑅

𝑧
). The

experimental results by comparison are shown in Figure 11.
Given the current economic situation, the cost of the cutting
process against the benefits it will bring should be taken into
consideration. Tool life is considered as the most important
element for the investigation of economic feasibility of metal
machining. This study is to confirm which method is more
economic for machining Inconel 718 by PCD coated tools.
The comparison of total cutting cost per part between the two
processes was made based on Gilbert’s study [19, 20].

The cost analysis was studied for cutting of a cylindrical
workpiece with a diameter (𝑑) of 30mm and a length of cut
(𝑙) of 60mm under the parameter combination of 0.1mm
depth of cut, 0.08m/r feed rate, and 10m/min cutting speed.
Assuming that the labor charge is ¥100 per hour, the machine
charge is ¥10 per hour, and the overhead is ¥10 per hour; the
total cost of the machining time and labor (𝑥) is about ¥120
per hour.With these parameters, themachining time per part
can be calculated by the following formula:

𝑇
𝑐
=
𝜋𝑑𝑙

1000V𝑓
, (6)

where 𝑑 is the diameter of workpiece (mm), 𝑙 is the axial
length of the work to be cut (mm), V is the cutting speed
(m/min), and 𝑓 is the feed rate (mm/r). Therefore, the labor
and machining costs are acquired from the product of (𝑥𝑇

𝑐
).

The changing time of tool per part includes the machine
down time when the operator changes the tools. If 𝑇

𝑑
is the

down time in minutes to change the tool and the workpiece
and 𝑇 is tool life for one cutting edge, then the cost for tool
changing per part is given by the following formula:

tool changing cost per part = (𝑥𝑇
𝑑

𝑇
𝑐

𝑇
) . (7)

Unit price of the PCD coated tools is ¥120. The average
cost of a single cutting edge (𝑦) is ¥120.The tool cost per part
is estimated by

tool cost per part = (𝑦
𝑇
𝑐

𝑇
) . (8)

The total machining cost per part (𝐶) is the sum of the
labor and machine costs, the tool changing cost, and the tool
cost per part:

𝐶 = 𝑥𝑇
𝑐
+ 𝑥𝑇
𝑑

𝑇
𝑐

𝑇
+ 𝑦
𝑇
𝑐

𝑇
. (9)

Comparison of machining costs for UEVC and CC is
shown in Table 4. It can be seen obviously that the total
machining cost per part in UEVC is much lower than that
in CC. According to the results shown in Table 4, the total
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Figure 9: The effects of different cutting speeds, depth of cuts, and feed rates on surface roughness.

Table 4: Comparison of machining costs for UEVC and CC.

Costs CC UEVC
Machining time per part (𝑇

𝑐
) 7.07min 7.07min

Cost of machine and operator (𝑥) ¥2min−1 ¥2min−1

Machining cost per part (𝑥𝑇
𝑐
) ¥14.14 ¥14.14

Machine down time (𝑇
𝑑
) 5min 5min

Tool life for single edge (𝑇) 10.6min 17.4min
Tool changing cost per part ¥6.67 ¥4.06
Tool cost per part ¥80.04 ¥48.76
Total machining cost per part ¥100.84 ¥66.96

machining cost per part in UEVC is 66% of that in CC
process.

As shown in Figure 13, the width of tool flank wear in CC
process is much higher than that in UEVC. This is because
much heat generates during the CC process. Depending on
the depth of cut used, the flank wear increases with the rise of
cutting temperature on the nose of cutting tool. In contrast,
according to the study of Shamoto and Moriwaki [6], the
UEVCmethod generatedmuch smaller cutting forces during
the process compared to the CC method, which directly
reduces the generation of cutting heat in the tool-workpiece
interface. Moreover, the reduction of continuous contact
at the tool-workpiece interface due to intermittent cutting
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100.00 𝜇m

(a) 0.1mm depth of cut, 0.2mm feed rate, and 16m/min cutting speed

100.00 𝜇m

(b) 0.12mm depth of cut, 0.2mm feed rate, and 16m/min cutting speed

100.00 𝜇m

(c) 0.1mm depth of cut, 0.08mm feed rate, and 16m/min cutting speed

100.00 𝜇m

(d) 0.1mm depth of cut, 0.08mm feed rate, and 10m/min cutting speed

Figure 10: Photographs of the machined workpiece under different cutting conditions.

characteristics and the inhibition of built-up edge caused by
the reversed thrust force keeps lower temperature between
the tool and the workpiece. The low temperature can directly
suppress the chemical diffusion and catalyzed graphitization
in the cutting process and hence decrease the flank wear of
diamond tools [21].

The average surface roughness 𝑅
𝑎

of 0.42𝜇m was
obtained in the UEVC process, while 0.73𝜇m was obtained
in the CC process under the same cutting conditions. Brit-
tle fractures were found on CC machined surface, which
increase the surface roughness. In the UEVC process, many
uninterrupted passes of the tool edge over the surface
decrease the critical depth of cut, which leads to brittle mode
cutting and improves the surface quality [22]. So the surface
finish of Inconel 718 machined by UEVC method with the
PCD tools can be improved.

5. Conclusions

The experimental test of UEVC of Inconel 718 by using PCD
coated tools under different parameterswas carried out in this

paper.The effects of different cutting parameters on tool flank
wear and surface roughnesswere examined.The comparisons
of economic feasibility, machined surface finish, and flank
wear in UEVC and CC methods were also made. According
to the experimental findings above, some conclusions can be
obtained as follows:

(1) In the UEVC process, the PCD coated tools used
in cutting of Inconel 718 are able to obtain better
performance at 0.1mm depth of cut as compared to
both the lower 0.05mm depth of cut and the higher
0.12mm depth of cut and 0.15mm depth of cut.

(2) As in the CC process, cutting performance in the
UEVC process improves with the decrease of both the
cutting speed and the feed rate. In CC process, 𝑅

𝑎
of

0.73 𝜇mwas obtained, while the surface roughness in
UEVC process can be achieved at 0.42𝜇m under the
same cutting conditions.

(3) The wear mechanism at the beginning was domi-
nated by the continuous vibration impacts and failed
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(a) 5min (b) 10min

(c) 15min (d) 20min

(e) 30min (f) 40min

Figure 11: Photographs of tool wear at different cutting time (0.12mm depth of cut, 0.2mm feed rate, and 16m/min cutting speed).



10 Shock and Vibration

30.00 𝜇m

(a)

30.00 𝜇m

(b)

Figure 12: Photographs of cutting chip produced at (a) 5min and (b) 20min.
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Figure 13: Comparison of (a) width of flank wear, 𝜇m× 100, (b) 𝑅
𝑎
,

𝜇m×100, (c) 𝑅
𝑧
, 𝜇m×100, and (d) cost between the UEVC and the

CCmethods at a depth of cut of 0.1 𝜇m, a feed rate of 0.08 𝜇m/r, and
a cutting speed of 10m/min.

because of the abrasive wear between the tool and the
workpiece in the latter stage.

(4) The total machining cost per part in UEVC process is
66% of CC process.

(5) The results demonstrate that the PCD coated tools
can be applied in cutting of Inconel 718 by using the
UEVC process at low feed rate and low cutting speed
to produce high quality surfaces with a low cost.
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