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Abstract

Axial ultrasonic vibration-assisted cutting (AUVC) has proved to have better machining performance compared
with conventional cutting methods; however, the effect of numerous and complex influencing factors on machining
performance has not been clearly revealed and a recommended combination of cutting conditions has not been
proposed yet, especially for difficult-to-machine material such as Ti6Al4V alloy. This paper focuses on experimental
and theoretical investigation into machining performance when cutting Ti6Al4V with the AUVC method. First, a
retrospective of the separation characteristics of AUVC is provided and the variable parameter cutting characteristics
are demonstrated. We classify the influencing factors on machining performance into four categories: machining
parameters, vibration parameters, tool choice, and cooling conditions. The relationship between these factors in
terms of their effect on machining performance is established theoretically. Then, it describes experiments to
determine the influence of these factors on cutting force, tool life, and surface roughness. For absolute influence, the
orders for cutting force, tool life, and surface roughness are respectively cutting depth > amplitude > feed rate >
rotation speed, rotation speed > feed rate > amplitude > cutting depth, and feed rate > amplitude > cutting depth >
rotation speed. However, for relative influence, the order is unified as: amplitude > feed rate > rotation speed >
cutting depth. Finally, it suggests a smaller feed rate, larger amplitude, moderate rotation speed, and smaller cutting
depth in addition to a WC tool coated with TiAIN and used under HPC cooling condition for optimal performance
of AUVC. This recommendation is based on the theoretical analysis and experimental results of cutting force, surface
roughness, and tool life.
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1. Introduction

Saoubi et al. [1] reported that Ti6Al4V alloy has attracted tremendous attention and been
extensively applied for structural components in aerospace industries due to its excellent strength to
weight ratio, toughness at high temperature, and corrosion resistance. As a mechanical processing
technique, cutting has been one of the fastest and most effective operations to provide the final shape
of Ti6Al4V alloy components with the required geometric accuracy and performance parameters.
However, Amin et al. [2] pointed out about thirteen years ago that the key challenge was the

difficulty in efficiently cutting Ti6Al4V alloy, because of its low thermal conductivity. Venugopal
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etal. [3] observed a narrow region adjacent to the cutting edge when high-speed machining Ti6Al4V
alloy, where the temperature could be as high as 1,000°C due to the low thermal conductivity and
high heat capacity. As a result, Zheng et al. [4] and other researchers universally acknowledged that
Ti6Al4V was a typical difficult-to-machine material.

The choice of cutting method is very important for Ti6Al4V processing, and ultrasonic
vibration cutting (UVC) has been proved to be one of the most effective methods for difficult-to-
machine material. Michalski et al. [5] researched the flow stress reduction of metallic materials due
to superimposed ultrasonic vibration, and they revealed the correlation between the ultrasonic
vibration and earlier material failure, which is attributed to enhanced crack initiation and
propagation caused by local stress and strain concentration as well as intermittent high strain rates.
Chen et al. [6] developed an ultrasonic vibration helical milling process for machining of Ti6AI4V
alloy and reported the axial cutting force reduction up to 64% and improvement of surface roughness
and compressive residual stress. Wang et al. [7] presented a mathematical model for system
matching in ultrasonic vibration assisted grinding (UVG) of brittle materials, and revealed the
mechanism of grinding force reduction and grinding quality improvement in UAG. Geng et al. [§]
revealed the intermittent cutting action of cutting edges in rotary ultrasonic elliptical machining
(RUEM) of thick CFRP material, and achieved a better machining performance of temperature
reduction, chip adhesion prevention and better microstructures of the machined hole surfaces. The
literature above has showed that the UVC method was not only suitable for metallic materials and
common alloy materials, but also for hard and brittle materials, and composite materials.

However, conventional UVC is a low-cutting-speed method due to the critical speed, and the
advantages gradually disappear as cutting speed increases. For this reason, the author and others [9]
proposed a high-speed ultrasonic vibration cutting method which could realize high-speed cutting
on a macro level and separation cutting on the micro level, on the order of microseconds. Further
studies indicated that its superior performance was not only in the high-speed cutting range but also
in the conventional cutting speed range. It is more appropriately called axial ultrasonic vibration—
assisted cutting (AUVC), since ultrasonic vibration has always been added in the axial direction of
the ultrasonic transducer.

Some studies have been conducted on this method and great progress has been made. Zhang
et al. [10] theoretically analyzed and experimentally verified the influence of flank face interference
and tool wear on the separation process, with focused analysis of a partial separation state due to
flank face interference (in addition to continuous cutting and complete separation). The author and
others [11] further analyzed the transient separation characteristic of AUVC and its influence on
cutting performance. In addition, Zhang et al. [12] developed an analytical cutting force model
taking into account elastic recovery on the flank face and plowing by the round cutting edge, and
the experimental results were in agreement with the model. To observe and measure the
microcosmic process of AUVC, Zhang et al. [13, 14] also established measurement systems for the
ultrasonic-frequency repetitive impulse signal and the thermocouple temperature to measure the

impulse cutting force and average cutting temperature. Furthermore, Jiang et al. [15] proposed a



phase shift control method with closed-loop direct digital synthesis to guarantee more regular
surface topography of the machined material.

AUVC was also successfully applied in the machining of Ti6Al4V alloy. Liu et al. [16] found
that AUVC had a positive impact on delaying tool wear and extending tool life up to 6.4 times.
Moreover, lower cutting force and thinner and shorter chips were achieved with AUVC. They [17]
also reported that AUVC resulted in higher compressive residual stresses on the machined surface,
greater plastic deformation below it, and moderated surface work-hardening. Lu et al. [18] found
that combining the separation cutting of AUVC with the high-pressure coolant method could
effectively enhance tool life by up to 6 times at a higher cutting speed of 400 m/min.

Tools are also one of the most critical factors in machining Ti6Al4V. Coated tungsten carbide
(WC) and CBN tools are good choices, and widely used. Zoya and Krishnamurthy [19] studied CBN
tool performance in cutting Ti6Al4V very early, and recommended a critical temperature of 700°C
and a cutting speed range of 185-220m/min. Wang et al. [20] developed a binderless cubic boron
nitride (BCBN) tool, which achieved a longer tool life. Mao et al. [21] developed a single cBN-WC-
10Co fiber tool for machining Ti6Al4V, and observed three types of tool wear including wear at the
cutting edge, abrasion on the local flank face, and abrasion on the new flank face.

However, coated WC tools, especially with TiAIN coating, have been more widely used for
machining Ti6Al4V due to better cost performance. Uddin et al. [22] investigated and analyzed the
wear mechanisms of TiAIN-coated carbide tool and discovered that they had an approximately 44%
longer life than uncoated tools. Caliskan and Kucukkose [23] studied the wear behavior of carbide
tools with a new CN/TiAIN coating. Abrasion and adhesion were found to be the major wear modes
and flank wear, chipping, and build-up edge were the dominant tool failures. Chowdhury et al. [24]
also researched the effect of TiAIN coating on the wear performance of cemented carbide, and
achieved a longer tool life performance than uncoated cemented carbide tools. Singh et al. [25]
reported better tribological behavior and wear performance of TiAlN-coated cutting tools, and a
friction reduction of 16% to 39% with textured tools. Denkena et al. [26] pointed out that some tool
shape modifications such as honed and chamfered cutting edges and cutting edge micro geometry
can reduce cutting force and tool wear, in addition to facilitate longer tool life. Kuntoglu and Saglam
[27] used Taguchi to predict and evaluate progressive tool wear and gave the optimization result of
machining parameters during turning process. Toubhans et al. [28] also investigated tool wear and
surface integrity in terms of the influence of cutting parameters based on a mechanistic cutting force
model. They also validated this original model over a wide range of finishing parameters, which is
of great significance to the practical application of this model.

Cooling conditions also play an important role in machining Ti6Al4V. Debnath et al. [29]
showed that high-pressure coolant (HPC) supply was an alternative method to conventional flood
coolant supply to reduce fluid consumption. Salah et al. [30] also presented a controlled cutting fluid
impinging supply system (Cut-list), which reduced cutting fluid consumption by up to 42%, as well
as reducing tool flank wear and burr height when machining Ti6Al4V. Klocke et al. [31] and Sadik

et al. [32] compared the performance of wet cooling and cryogenic coolant. They reported that wet



cooling especially HPC could reduce flank wear, however cryogenic coolant gave a better surface
finish. Bordin et al. [33] reported that tool life was increased by 9 times and cutting speed could be
improved by 30% for the same tool life with HPC, thus improving productivity dramatically. Mia
et al. [34] conducted experiments by turning Ti6Al4V using coated carbide tools with both dry
cutting and HPC. The pressurized coolant was directed towards the rake and flank face of the tool,
and the applied coolant prolonged tool life by approximately 40%. They [35, 36] also presented two
studies under dry and HPC conditions. One was focused on prediction of the cutting temperature
and chip reduction coefficient; the other concentrated on optimization of the aforementioned quality
indices with respect to cutting speed, feed rate, and other conditions.

As an emerging advanced cutting method, AUVC is being widely applied, albeit gradually, for
machining Ti6Al4V. However, the influence of the cutting parameters (rotation speed, feed rate,
and cutting depth), vibration parameters (frequency and amplitude), tool materials (WC and CBN)
and cooling conditions (dry, fluid, and HPC) on cutting performance (cutting force, tool life, and
surface roughness) has not been studied systematically and the relationships among the relevant
parameters in the machining process also have not been clarified. Therefore, it is impossible to give
an explicit parameter selection and optimization path for actual use, which has become a major
restriction on the further application of this method.

This paper focuses on further experimental and theoretical investigation into cutting
performance in the AUVC process for Ti6Al4V machining, with different cutting parameters,
vibration parameters, tool materials, and cooling conditions. And then efforts have been made to
assess the complex relationships among these factors and provide an explicit selection and

recommendation for the sake of comprehensively improving the cutting performance of AUVC.

2. Theoretical Analysis

2.1 Separation characteristic

Unlike the traditional UVC process, the vibration in AUVC is applied along the axial direction
(which is the feed direction in this paper). As shown in Fig. 1(a), in a typical cylindrical coordinate
system, vibration occurs along the z-axis; however cutting is performed along the circumferential
tangential direction. Then, the kinematic trajectories of the tool within several adjacent rotations
cross each other and form a cutting duration and a separation duration, which is the separation
characteristic of AUVC, as exhibited by the extended plane of the workpiece’s surface in Fig. 1(b).

It is clear that the two adjacent cutting trajectories intersect each other, and this is the
embodiment of the separation characteristic of AUVC. The author and others (2017) has given the
critical conditions of the separation characteristic and calculation equation, which is as follows:
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Fig. 1 Schematics of the AUVC process and its separation characteristic

where, Kris a dimensionless coefficient, namely feed coefficient, which is the ratio of feed rate and

ultrasonic vibration amplitude; ? is the phase shift between two adjacent tool trajectories, rad. It
can be defined as:

go:27r-/1=2ﬂ-[wF—INT(WF)] 2)

where, INT( ) means round down, and Wg is also a dimensionless coefficient, namely cutting

frequency ratio, which is the ratio of the vibration frequency and the spindle speed. It is defined as:

Wp=060- L A3
n

Then the cutting tool trajectory can be expressed as:
Sy
2r

where, 8 € [0, 2] is the rotation angle of the machine spindle, rad.

7(6) = Asin(wz0) + 4)

2.2 Variable parameter cutting characteristics

According to Eq. (4), the relationship between the tool trajectories and rotation angle in several

adjacent rotations for AUVC and conventional cutting (CC) can be easily simulated by MATLAB,
as shown in Fig. 2.
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Fig. 2 Relationship of cutting trajectories and rotational angle in several adjacent rotations



For the CC process, the relationship between the tool trajectories and rotational angle is a
straight line, while it seems to change periodically for AUVC. It is not difficult to see that in the
AUVC process, actual feed cutting speed is always changing as a result of the vibration occurring
along the feed direction. This also means that the cutting layer changes, because of changes in actual
cutting thickness and actual cutting width. Furthermore, the first derivative and the second
derivative (i.e. the actual feed cutting speed and actual feed cutting acceleration) of the tool

trajectory can be given as:

v,(0) =2 AF cos(wp6) + ﬂ
: 60 (&)

a,(0) = 47" AF* sin(w;.0)
where, % is the nominal feed cutting speed, while 27 AF cos(w0) is the additional value caused by
vibration. Similarly, the nominal feed cutting acceleration is 0 for CC, however a value of
—47* AF? sin(w,.0) is added for AUVC.

It can be seen that the actual feed cutting speed and acceleration also change according to a
harmonic curve, as shown in Fig.3. The impact effect caused by this periodic change greatly
influences material removal. With higher feed cutting acceleration, the impact of a cutting edge with
higher kinetic energy on the material can cause stress concentration and local deformation in the
cutting area, accelerating the formation of chips and improving the material removal rate. At the
same time, the negative velocity and acceleration in the feed direction also make it possible for the
tool to separate from the processed material, which is the reuse basis of the separation characteristics

of AUVC.
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Fig. 3 The actual feed cutting speed and acceleration curve of AUVC

As a result of the harmonic actual feed cutting speed and acceleration, AUVC is a complex
cutting process with a curvilinear path. As demonstrated in the above analysis, the actual rake angle
and clearance angle in the AUVC process also change as the cutting trajectory develops, which is
similar to an elliptical vibration cutting (EVC) process. Fig. 4 shows the evolution process of the
actual rake angle and clearance angle in one AUVC cycle.

M;-M>-M3-My is a typical AUVC cycle, which is divided into three stages: cut-in stage M;-M>,
cut-out stage M>-M3, and separation stage Ms3-M,. In the cut-in stage, the tool begins to contact the
workpiece from M;, and the cutting thickness gradually increases to the maximum at the deepest

cutting point M>. In this stage, the actual rake angle is larger than the nominal value, and the actual



clearance angle is smaller than the nominal value. The actual rake angle reaches its maximum and

the actual clearance angle reaches its minimum together in point M.

v

Workpiece

Fig. 4 Evolution process of the actual rake angle and clearance angle change in one AUVC cycle

Then, the cycle moves into the cut-out stage. The cutting thickness decreases gradually, but
the cutting speed along the direction of the cutting thickness increases gradually and synchronously.
When the speed is greater than the chip flow, the friction between the tool and the chips on the rake
face will reverse, thus contributing to the chip discharges. When the tool reaches M3, the cutting
process for this cycle is over, and the tool separates from the workpiece and chips. In this stage, the
actual clearance angle gradually decreases and even appears to have a negative value, while the
actual clearance angle gradually increases and may be larger than its nominal value. In point M3,
the former reaches its minimum and the latter reaches its maximum.

Then, the cycle is in the separation stage until the tool cuts into the workpiece again at point
M. and starts to repeat this process in the next cycle. So in a vibration cutting cycle, the actual rake

angle and clearance angle change as follows:
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where, 7, and ¢, are the nominal rake angle and clearance angle, rad; d is the diameter of the

workpiece, mm.

Related research has shown that the frequency and range of the actual rake angle change has
great influence on the stability of a cutting system. Compared with a fixed rake angle, the periodic
variation of the rake angle can effectively improve the stability of the cutting process and suppress
chatter. At the same time, the increase of rake angle in the cut-in stage and the tool’s pull effect on
chips in the cut-out stage are both conducive to the reduction of cutting force, so as to improve

cutting accuracy.
2.3 Influencing factors in machining performance

Based on the above analysis and combined with the author's previous research, there are

numerous and complex factors influencing the machining performance of AUVC. In general, if the



workpiece is determined, then these factors can be classified into four categories: machining
parameters (rotation speed, feed rate, and cutting depth), vibration parameters (frequency and
amplitude), tool choice (nominal angles, tool nose radius, and tool material and coating) and cooling
conditions (dry, wet, and advanced methods). The relationships among these factors and their

influence on the machining performance of AUVC is summarized in Fig. 5.

Influence factors

Machining parameters Vibration parameters Tool chice I Cooling conditions

Cutting depth | Feed rate| Rotation speed | Frequeacy  Amplitude | Nominal nngles. MW!M w&w
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Phase shift Feed coefficinet

Nominal material removal vate |Duty ratlo (Separation characteristic)

Actual material removal rate Actual cutting angles  Surface microtopography
Cutting temperature

Cutting force

Machined surface roughness Tool life

Machining performance

Fig. 5 Relationship among the influencing factors on the machining performance of AUVC

Each factor has a different influence on the final machining performance. Machining
parameters of rotation speed, feed rate, and cutting depth jointly determine the nominal material
removal rate. Rotation speed and feed rate also indirectly determine the duty ratio, together with
vibration parameters (frequency and amplitude) via phase shift and feed coefficient. Duty ratio is
the core parameter of AUVC, representing its separation cutting ability. On one hand, it determines
the actual material removal rate and actual cutting angles, which ultimately determine the cutting
force. On the other hand, it affects the surface micromorphology combined with the tool nose radius,
which is related to the machined surface roughness. Duty ratio, cooling conditions, and tool material
and coating also determine the cutting temperature. Cutting force and cutting temperature are the
main aspects that should be considered in relation to tool life. Cutting force, machined surface
roughness, and tool life always allow direct characterization of cutting performance for a machining
method.

To recommend better machining condition choices, one must concentrate on the main
influencing factors and parameters that characterize machining performance. It is important to note
that each of these factors is more or less responsible for overall cutting force, surface roughness,
and tool life. In order to explore a feasible parameter optimization path, only the main influencing
factors should be taken into consideration and further researched; secondary factors should be

ignored in order to avoid unnecessary interference (see Fig. 5).



3. Experimental design
3.1 Workpiece material

The experiments were conducted on Ti6Al4V alloy. The chemical compositions and
mechanical properties of the material are presented in Tables 1 and 2. The material block was cut
into a cylinder size of 60mmx240mm (dx/) and the end and cylinder surfaces of the workpiece were
further rough machined with a very shallow cut. This process used a cylinder blank workpiece of

62mmx243mm (dx[) with a feed rate of 0.1mm/r and a cutting speed of 40m/min.

Table 1 Chemical compositions of Ti6Al4V alloy (wt. %)

Ti Al v Fe Si C N H (0]

balance 6.35 4.1 0.25 <0.01 0.06 0.04 0.011 0.18

Table 2 Mechanical properties of Ti6Al4V at 20°C

Hardness Elastic modulus Yield strength Tensile strength Density
(HRC) (GPa) (MPa) (MPa) (kg'm3)
36 112 840 985 4500

3.2 Ultrasonic vibration system and cutting tool choice

Fig. 6 depicts the ultrasonic vibration system, which consisted of an ultrasonic power supply
and an ultrasonic transducer. The power supply was self-developed, with phase shift control and
power regulation functions. The transducer used in this study was also self-developed. Its resonant
frequency was 22183Hz and maximum amplitude was 9um. The amplitude could be changed by

adjusting the output power.
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Fig. 6 Ultrasonic vibration system and its maximum amplitude

Tungsten carbide (WC) tool inserts coated via physical vapor deposition (PVD) method, made
by Zhuzhou Co., Ltd and CBN tool inserts made by Sandvik Co., Ltd have been used in these



experiments. Both of these tools were triangular inserts with 0° rake angle, 7° clearance angle, and
0.2mm tool nose radius. The coating of the tungsten carbide (WC) tool was TiAIN, and the hard
particles were bonded together by cobalt (Co). The physical and mechanical properties of tungsten
carbide (WC) and the TiAIN coating are summarized in Tables 3 and 4. As another common choice
for Ti6Al4V machining, a type of PCBN tool was chosen here. The physical and mechanical
properties of PCBN tools are summarized in Table 5. Before the actual cutting experiments, the

edges of all the inserts were observed to be sharp and clean without any dirt.

Table 3 Physical and mechanical properties of tungsten carbide base (WC)

Hardness(HV10) Density/(g-m-3) Elastic modulus/GPa Particle size/pm

1510 14.7 580 0.8

Table 4 Physical properties of the TiAIN coating

Type Material Thickness/um Melting point/°C Hardness(HV10)

PVD TiAIN 4 3070 2300

Table 5 Physical and mechanical properties of PCBN

Hareness Density Thermal conductivity at ~ Substrate grain size Composition
(Knoops)GPa (g/cm®) 20°C(W/m-K) (nm) (wt%)
50% CBN, 50%
TiC ceramic (Vol)

27.5 4.17 44 2

3.3 Experimental setup

A CNC-controlled HASS-SL40 machine center has been used in these experiments. For cutting
parameters, a range of 1200-2400r/min rotation speed and the cutting depth of 0.025-0.1mm are
selected. In consideration of the separation criteria of AUVC, feed rate should not exceed the
maximum peak-valley amplitude. Therefore, the feed rates among 0.005-0.014mm/r are chosen. All

cutting parameters and ultrasonic vibration parameters are listed in Table 6.

Table 6 Ultrasonic vibration and cutting parameters

Frequency Peak-valley amplitude Depth of cut Rotation speed Feed rate
(Hz) (um) (mm) (r/min) (mm/r)
22183 18 0.025-0.01 1200-2400 0.005-0.014

Three kinds of cooling conditions are taken into account for these experiments: dry,
conventional coolant and high pressure coolant (HPC). The fluid used here was water soluble oil
emulsion of 6% concentration, and it is applied by means of either high-pressure cooling with

15Mpa pressure or flood cooling. Table 7 shows the detailed cooling conditions.



Table 7 Detailed cooling conditions

Coolant pressure Distance of coolant application
Cooling method Flow rate (L/min)
(Mpa) (mm)
Conventional coolant - 2.7 10
High pressure coolant
15 21 10

(HPC)

The average cutting force was measured with a 3-component Kistler 9254 dynamometer. Tool
wear was observed and measured with an Olympus OLS4100 microscope with a maximum
magnification of 1000x. A HITACHI SU8000 scanning electron microscope was also used to take
SEM photographs and to conduct EDX analysis on the cutting tools. As ISO standard 3685, tool
rejection or failure was determined based on the following criteria: 1) Average flank wear
VB=0.2mm; 2) Maximum flank wear VBn.x=0.3mm; 3) Excessive chipping/flaking or catastrophic
fracture of the cutting edge.

Roughness of the machined surface was measured by a Tylor Hobson Rough-meter with a
measurement accuracy of 0.001um. To ensure the accuracy of experiments, they were all carried

out more than 3 times under the same conditions; the experiment platform is shown in Fig. 7.
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Fig. 7 The experiment platform

As described above, nominal tool angles, tool nose radius, and ultrasonic vibration frequency
were determined in advance, so when the experiments were conducted, we looked for other factors.
However, each factor has a different influence on different machining performance in dices. For
cutting force, the main influence factors were cutting parameters, ultrasonic vibration amplitude,
and tool material. However, coolant impact on the transducer caused an error in the measurement
results, so, we measured cutting force under dry cutting conditions. Then we added cooling
conditions when tool life experiments are conducted. As for the machined surface, in order to avoid
interference from tool failure, all the experiments were conducted under either coolant conditions
or HPC conditions. Different factors which we considered for different characterizations of
machining performance in AUVC were:

®  Cutting force: cutting depth a,, rotation speed n, feed rate f, amplitude A and tool material;



® Tool life: cutting depth a,, rotation speed n, feed rate f, amplitude A, tool material and cooling
conditions;

® Surface roughness: cutting depth a,, rotation speed n, feed rate f, amplitude A and tool material.
First, we conducted experiments to determine the influence of different factors on cutting force,

tool life, and surface roughness. Then, we designed and conducted mixed Taguchi experiments in

order to analyze the influencing order of each factor on the machining performance by range

analysis. This was revealing because the bigger the range was, the greater the influence was. The

range analysis was undertaken both for absolute machining performance of AUVC and for relative

machining performance of AUVC compared with CC.

4. Results and discussion

4.1 Measurement of average cutting force

The experimental results of main cutting force F. and feed resistance force Fr with different rotation
speed are shown in Fig. 8. It can be seen that when the rotation speed increased within a range of 1200-
2400r/min, the main cutting force and feed resistance force for both AUVC and CC did not change
significantly. Less than 1N increase in main cutting force and 0.7N increase in feed resistance force were
observed despite the rotation speed doubling from 1200r/min to 2400r/min. It seemed that rotation speed
had little influence on cutting force for both AUVC and CC. Nevertheless, the main cutting force and
feed resistance force of AUVC were obviously smaller than those of CC under the same rotation speed,
and the ratio between them basically did not change as rotation speed increased.
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Fig. 8 Results of main cutting force Fc and feed resistance force Fr with different rotation speed (ap=0.025mm,

=0.005mm/r, A=9pm, Dry cutting)



In addition, real-time signals for the main cutting force and feed resistance force were added
under 1200r/min cutting conditions. To reduce experimental error, in each experiment the cutting
process started when the measurement signals were stable. In addition, the force signals for CC were
measured first, and then the ultrasonic power was turned on and the force signals for AUVC were
measured. After obtaining a period of stable signals, the ultrasonic power was turned off and other
force signals of CC were measured again. After about 25 seconds, the cutting process was stopped
until the dynamometer was shut down. It can be seen more clearly from the real-time signals that
the DC component of the cutting force for AUVC was significantly lower than that for CC, which
mean the average cutting force of AUVC was smaller than that of CC.

The cutting force signals of AUVC changed more strongly compared to CC was because of
the sine wave transient cutting force of AUVC in one period. This resulted from a transient process
with a fluctuating cutting thickness for AUVC, and led to a larger maximum cutting thickness and
greater instantaneous cutting force fluctuation.

Cutting depth is one of the most important factors affecting the cutting force in the CC process.
We measured the main cutting force and feed resistance for both CC and AUVC when the cutting

depth was changed and other parameters remained unchanged (Fig. 9).
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It can be seen that when the cutting depth was within the range of 0.025-0.1mm, the main
cutting force and feed resistance force of both AUVC and CC increased distinctly with increased
cutting depth. The main cutting force increased from 2.5N and 4N to about 12N and 20N for AUVC
and CC, respectively. Feed resistance force also changed from 1.4N and 2.0N to 7N and 10N. The
growth rate of the main cutting force and feed resistance force for CC was obviously greater than
that for AUVC. When the cutting depth was larger, the force of CC increased with a larger nonlinear
growth; however for AUVC it still maintained relatively good linear growth. The main reason for
this difference is that when the cutting depth is larger, the CC process easily generates a lot of heat,
resulting in built-up edge or tool wear, so that the force greatly increases. In AUVC, it is more
difficult for this to happen because of the separation process. Also, under the same cutting depth
condition, the force of AUVC is obviously smaller than that of CC, as the real-time force signals
showed. Thus, compared with rotation speed, cutting depth may have more influence on cutting
force.

Feed rate is also a non-negligible parameter affecting cutting force, not only because it
determines the material removal rate, but also because of its influence on the separation process of
AUVC. When the feed rate was within the range of 0.005-0.014mm/r, the main cutting force and
feed resistance force for both CC and AUVC increased with the increase of feed rate, as

demonstrated in Fig. 10.
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In general, the main cutting force and feed resistance force of AUVC was lower than that of
CC, however with the increase of feed rate, the two values moved closer and closer. The growth
rate of AUVC was higher than that of CC. With increasing feed rate, the feed coefficient K
decreased clearly, so that the duty ratio of AUVC decreased and the cutting force increased more
significantly. Until the feed rate reached the critical value as defined by Eq. (2), the cutting process
converted to a continuous one, so that the force for AUVC was the same as that for CC or perhaps
a little higher because of the impact effect. We deduced that the feed rate played a more important
role in the AUVC process, while it made very little difference in the CC process.

The results with different tools under different amplitude values are shown in Fig. 11. The
cutting force decreased as amplitude increased in AUVC, and the reason is similar to the relationship
illustrated in Fig. 10, as feed rate and amplitude are the two direct influencing factors on the duty
ratio of AUVC. Because the CC process is not affected by amplitude, the cutting force curve of CC
seems smooth. As for tool material, the cutting force with the PCBN tool was a little lower than that
with the TiAIN-coated WC tool, whether for AUVC or CC.

In the dry cutting process, the tool and workpiece were softened as the cutting temperature
increased, and the cutting force was mainly a function of the relative hardness between them. The
hardness of the PCBN changed little with the increase of temperature, in stark contrast to the WC
tool. As a result, the relative hardness of PCBN and Ti6Al4V was higher than that of WC and
Ti6Al4V, and the cutting force was a little lower with PCBN. However, for AUVC the cutting force

was reduced by the separation process, so the effect of PCBN did not seem to be so significant.
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Fig. 11 Results of main cutting force Fc and feed resistance force Fr with different tools under different

amplitude values (n=1200r/min, a,=0.025mm/r, Dry cutting)

4.2 Assessment of tool life

In this study, we used cutting distance to assess tool life. It is well known that for the CC
process, rotation speed is the most important influencing factor for tool life and cutting depth is the

secondary factor. However, the feed rate has little effect. Our results for the AUVC process were



different. On one hand, feed rate was closely correlated with the volume of material removed and
the smoothness of the machined surface, both of which are related to tool life; on the other hand,
feed rate is also a determinant of duty ratio for HUVC. Thus, the rest and cooling times for tools are
important to consider. The influence of cutting parameters and amplitude on tool life is illustrated
in Fig. 12.
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Fig.12 The influence of cutting parameters and amplitude on tool life (Dry cutting)

Rotation speed was clearly the main factor affecting tool life in AUVC. As it increased, tool
life decreased dramatically. The influence of cutting depth and feed rate on tool life was the same
as that of rotation speed. However, amplitude had the opposite effect. The maximum tool life was
about 10km under dry conditions with parameters of 0.025mm cutting depth, 1200r/min rotation
speed, 0.005mm/r feed rate, and 9um amplitude. Both feed rate and amplitude had more influence
on tool life in AUVC than in CC, because of their role in determining the duty ratio. It makes sense
that tool life was more sensitive to the increase of feed rate and the decrease of amplitude in AUVC
process.

With the increase of feed rate, both machined surface roughness and cutting force increased,
leading to a decrease in tool life. More importantly, the duty ratio of AUVC increased accordingly,
so there was less time for the tool to cool, and a large amount of cutting heat accumulated in the
tool within a shorter time. AUVC reflected better tool performance mainly due to its separation
process. When the feed rate was 0.014mm/r, the duty ratio was close to 1; and AUVC is basically a
continuous cutting process, so tool life decreased dramatically. It is clear that the slower the feed
rate, the longer the tool life.

In order to evaluate the machining performance of the cutting tool, an understanding of the
underlying wear mechanism was essential. The wear mechanism varied with the combination and
interaction of the tool and workpiece, in addition to the environment.

As titanium alloy is a difficult-to-machine material, the wear mechanism that influenced the
failure of the tool may be different from those involved in machining other materials. Abrasive wear,
adhesion wear, and oxidation wear are always the main wear mechanisms when machining Ti6AI4V.
The SEM pictures and EDX analysis from the flank wear region after 3km cutting are shown in Fig.
13.



(a) Rake face (b) Flank face

Fig. 13 SEM pictures and EDX analysis on the flank face of WC tool after 3km cutting distance of AUVC
(n=1200r/min, ap=0.025mm/r, f=0.005mm/r, A=9um, Dry cutting)

The wear in the rake face was micro-chipping and the wear in the flank face was complex. As
can be seen, region 1 is the area where the coating wore through and an adhesion layer was formed,
but region 2 is near the base, so it was worse than region 1. EDX analysis of region 1 showed that
there was a large amount of Ti, which proved the occurrence and severity of adhesion wear. At the
same time, there was no oxygen (O), so no oxidation had occurred. We were able to deduce that
after the coating was worn out mechanically, adhesion wear occurred first, primarily because of the
high cutting temperature.

Further, the EDX analysis result for region 2 showed the presence of a large number of O and
Co components other than Ti, indicating that the cutting temperature was relatively high and an
oxidation reaction occurred between the tool material and the base material. For the WC tool,
surface oxidation was mainly due to the reaction of W and C elements with O elements at high
temperature. The final oxidation products of WC are WO3 and CO», and the final oxidation products
of Co are Co0304 and Coz. Due to the high hardness of these reactants, tools may undergo plastic
deformation under high temperature and pressure.

In addition, Ti6Al4V has high chemical activity at a relatively high temperature. It can react
with gas mediums such as oxygen (O), nitrogen (N), and water vapor, and the absorption of these
gases is irreversible. The gas medium and Ti6Al4V may react in two places, namely on the
machined surface and the tool surface adhesion layer. Oxidation occurs on the machined surface,
which forms an oxide layer in the area, reducing the surface plasticity and thus intensifying tool
wear. Oxidation occurring in the tool adhesion layer will form some particles of higher hardness,
accompanied by the loss of the adhesion layer and chip outflow.

The above wear mechanisms are not independent of each other. Adhesion will produce
oxidation and diffusion, and oxidation will form abrasive wear provides a hard point. Based on the
above analysis, the failure of the WC tool in the AUVC process when machining Ti6Al4V at high
speed was the result of thermal and mechanical coupling of various wear mechanisms under high
temperature and pressure. Tool material is another important factor for tool life. The comparative

results of a WC tool and a PCBN tool with different rotation speeds are given in Fig. 14.
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Fig. 14 Comparative results for a WC tool and PCBN tool for cutting distance with different rotation speed
(ap=0.025mm/r, {=0.005mm/r, A=9pm, Dry cutting)

The best result was obtained by using a PCBN tool with the AUVC method. The tool life of
the WC tool with AUVC was a little longer than that of a PCBN tool with CC. This indicates that
with the AUVC method, better tool performance can be expected with a more cost-effective tool.
However, the influence of rotation speed on tool life was essentially the same for WC and PCBN
tools. Tool life was extended more than 100% for CC by replacing the WC tool with a PCBN tool;
however this value was only 33% for AUVC. Thus, the PCBN tool made a bigger difference for CC
than for AUVC in a dry cutting process, and replacing WC with PCBN may not be the best choice
to extend tool life for AUVC. Nevertheless, cooling conditions have a major impact on tool wear
progression, especially in the process of machining titanium alloy, in which the main cause of tool
wear is the high cutting temperature. If an appropriate cooling method is adopted, cutting speed can
be increased and tool performance prolonged. Experimental results for the influence of cooling

conditions on tool life are exhibited in Fig. 15.
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Fig. 15 Experimental results for the influence of cooling conditions on tool life (n=1200r/min, ap=0.025mm/r,

=0.005mm/r, A=9pm)



It can be seen that the influence of cooling conditions is apparent both for AUVC and CC
regardless of the tool material. Especially with the HPC method, tool life could be extended by
many times. For instance, the life of a WC tool in the AUVC process was extended from about 7km
to 35km (by 5 times) with coolant. However, when the HPC method was applied, the tool life could
achieve 70km (more than 10 times of the baseline) compared with dry cutting. In addition, if coolant
was used, the life of a CBN tool with AUVC was only about 30km, which seems no different from
a WC tool, and thus the advantage disappeared. As for HPC, the life of a CBN tool was less than
70km, significantly shorter than the WC tool. Better cutting performance was observed when using
a WC tool with AUVC in combination with the HPC method. The tool wear process with different
cooling methods is shown in Fig. 16. For dry cutting, the tool wear curve was linearized with a large
gradient, indicating that the tool would have a short life. When coolant was applied, the gradient of
the tool wear curve was smaller and tool wear slowed down. However, the wear curve was also
linear. The situation with the HPC method was very different from these two cases. The cutting tool
showed three regional wear characteristics leading to failure: initial wear, steady wear, and
accelerated wear. As shown in Fig. 16, all of the tool wear progressions showed these characteristics
to various degrees, regardless of the tool material. For PCBN tools, the rate of stable regional wear

was compressed, resulting in shorter tool life.
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Fig. 16 Tool wear process with different cooling methods (n=1200r/min, ap=0.025mm/r, f=0.00Smm/r, A=9pm)

Compared micrographs of flank wear under different cooling conditions (with the AUVC
method) are shown in Fig. 17. As well, HPC exhibited better tool wear resistance for a longer cutting
distance in AUVC. As a representative example, Fig. 18 shows SEM images of flank wear on the
WC tool after cutting distances of 2km and 40km with the HPC method. A smaller abrasive wear
region along the cutting edge was first observed (Fig. 18(a)). This was due to the increased friction
wear, which caused thermal stress at the edge and created a wear region. Built-up edges (BUE) from
adhesion between the tool and the workpiece were also noticed on the flank region, and were

expected to potentially further accelerate abrasion and friction and result in increased wear. Next,



an apparent enlargement of the wear region was observed (in Fig. 18(b)) as the cutting distance

increased. The onset of tool failure was also initiated by micro-chipping.
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Fig. 17 Compared micrographs of flank wear under different cooling conditions for AUVC (n=1200r/min,
ap=0.025mm/r, f=0.005mm/r, A=9pm)

(a) 2km (b} 40km

Fig. 18 SEM images of flank wear on a WC tool after 2km and 40km with HPC

When machining Ti6Al4V at a high cutting speed, a narrow region adjacent to the cutting edge
is formed and the temperature of this region may be as high as 1,000°C because of its low thermal

conductivity and high heat capacity. This markedly shortens the cutting distance possible with dry



cutting. The situation is improved with coolant but the coolant cannot enter into the cutting zone
sufficiently, so the effect is fairly limited. As the HPC method is used, a sufficient amount of coolant
can enter the cutting zone. Cooperating with the separation process of AUVC, a sufficient flood can
cool down the cutting edge, which has accumulated a large amount of cutting heat in the cutting
stage. Then, the tool is in better condition for the next cycle, and as a result, the cutting distance is

prolonged by several times.
4.3 Investigation of machined surface roughness

Machining is a successive process until the tool reaches the wear criteria. Therefore, attention
should be focused on tool performance in a successive process. Also, after a certain cutting distance,
the primary factor which affects surface roughness becomes the physical factor rather than the
geometrical factor. Thus, it is more representative to evaluate the surface roughness after a certain
cutting distance. The influence of different parameters on surface roughness after Skm with coolant
is illustrated in Fig. 19.

It is evident that the machined surface roughness was almost independent of the cutting depth;
with the change of cutting depth, the surface roughness curve almost maintained a horizontal line.
Rotation speed had little influence on surface roughness. Surface roughness increased with rotation
speed, however the range of this change was modest. Feed rate and amplitude appeared to be the

main factors influencing surface roughness.
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Fig. 19 Influence on surface roughness of WC tool for AUVC after 10km with coolant

In addition, with the increase of feed rate and the decrease of amplitude, surface roughness
significantly increased from Ra 0.25um to Ra 0.4pm (about 60%). It is an established fact that feed
rate is always the main factor affecting surface roughness. A slower feed rate always means smaller
grooves in the surface micro topography. As a new factor, we found that amplitude determined the
duty ratio together with the feed rate, which had a significant effect on surface micro topography.
Machined surface roughness was also influenced by two factors: the geometric factor and the
physical factor. At the beginning of the cutting operation, the main factor was the geometric one.
However, after a certain cutting distance, the primary factor affecting surface roughness became the
physical one. Thus, if the feed rate was slower or the amplitude was larger, the duty ratio was smaller,
and physical factors such as cutting force, cutting temperature, and burr height were more
advantageous for reducing surface roughness. Different cutting tool materials may also affect

machined surface roughness; our experimental results are shown in Fig. 20.
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Fig. 20 Influence of tool material on surface roughness for AUVC after 10km with coolant (n=1200r/min,

ap=0.025mm/r, A=9pm)

The influence of feed rate on roughness did not change with different tool materials. The
surface machined by AUVC was better than that machined with CC after 10km of cutting, and the
gap between the two methods was striking, with about Ra 0.25-0.33um for AUVC and Ra 0.3-
0.44pm for CC. As for material, the PCBN tool not only failed to improve surface quality, but even
led to higher roughness. This may have been due to the ability of the lower grades of CBN to retain
a cutting edge for longer periods. Zoya and Krishnamurthy (2000) observed that surface roughness
increased with increasing cutting parameters when machining o +  phase-stabilized titanium alloy
with a CBN tool, so CBN tools may not be the best choice for this task. As cutting is a continuous
process, surface roughness changes dynamically with the increase of cutting distance. Fig. 21
illustrates the changes in machined surface roughness with respect to the cutting distance, using one
tool in a successive process until the tool reached its wear criteria for both WC and PCBN tools
under different cooling conditions. This shows that the results were consistent with Fig. 20 on the
whole. After a period of cutting, the surface roughness with AUVC was obviously better than that

with CC, while the surface roughness in CC increased sharply.
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In addition, cooling conditions had a very significant influence on surface roughness,
especially for AUVC. Cooling led to retaining the cutting edge, and interface lubrication prevented
the regular surface micro-topography from being destroyed. However, as the process continued, the

regular micro-topography changed inevitably, as Fig. 22 demonstrates.

(h) After Skm

(a) Before machining

(¢) After 20km () After 40km

Fig. 22 Machined surface roughness as the process continues (n=1200r/min, a,=0.025mm/r, f=0.005mm/r,
A=9um, WC tool, HPC)

At the beginning, the micro-topography formed by the sharp cutting edge contained many
mounts and grooves and was very regular. After a period of cutting, the boundary of each micro-
topography unit started to become unclear. Finally, the major structure of each micro-topography
unit began to be changed by a blunt tool. Accompanying this process, surface roughness
progressively increased.

4.4 Recommendations for machining conditions

As explained above, there are many factors affecting the cutting force, tool life, and surface
roughness for AUVC. Some preliminary suggestions can be given easily. For instance, HPC is a
better choice due to its advantages in extending tool life and reducing surface roughness. WC tools
with TiAIN coating are superior to PCBN tools overall. Although the cutting force is lower with
CBN, the surface roughness is higher. In addition, the tool life is longer for WC with the HPC
method. As a result, we recommend WC tools with TiAIN coating and the HPC cooling method
under the conditions used in this study. Except for the vibration frequency which is fixed according
to the chosen transducer, other factors have a complex influence on cutting performance. We

decided to determine the influence level of each factor so as to find the best combination for AUVC.



We conducted experiments to determine the influence of parameters on cutting performance
and further study their effects. The range analysis results on the main cutting force and its reduction

compared with the CC process are given in Fig. 23(a) and (b).
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Fig. 23 Range analysis of main cutting force and its reduction with different parameter levels

For the main cutting force, the ranges of cutting depth, rotation speed, feed rate, and amplitude
were 6.08N, 1.95N, 2.15N and 2.85N, respectively. The larger the range, the greater the influence
was. Thus, cutting depth was the most important parameter, and rotation speed was the least. The
order of influence was as follows: cutting depth > amplitude > feed rate > rotation speed. If less
cutting force is expected, a smaller cutting depth seems to be necessary.

Main cutting force reduction means a declining percentage of cutting force for AUVC
compared with CC under the same conditions. The ranges of cutting depth, rotation speed, feed rate,
and amplitude from this point were 9.25%, 12.13%, 20.38% and 29.25%, respectively. As
demonstrated, the amplitude was the most important parameter for force reduction and cutting depth
was the least. The order of influence was as follows: amplitude > feed rate > rotation speed > cutting
depth. This indicated that the parameters that determined duty ratio had a greater effect on cutting

force reduction. Feed and amplitude had more unique influence on the main cutting force for AUVC,



and the effects of cutting depth were more balanced for AUVC and CC. Fig. 24 shows the range

analysis of tool life with different parameter levels.
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(b) Range analysis of tool life extension with different parameter levels
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Fig. 24 Range analysis of tool life and its extension with different parameter levels

For tool life, the ranges of cutting depth, rotation speed, feed rate, and amplitude were 6.25km,
16.5km, 13.5km and 8.25km, respectively. We found that rotation speed was the most important
parameter and cutting depth the least. The order of influence was as follows: rotation speed > feed
rate > amplitude > cutting depth. Thus, if a longer tool life is desired, a lower rotation speed seems
to be necessary. Feed rate and amplitude together affected the duty ratio, which is also very
important for tool life.

Tool life extension here means the extended percentage of tool life for AUVC compared with
CC under the same conditions. The ranges of cutting depth, rotation speed, feed rate, and amplitude
were 22%, 30.5%, 43.25%, and 60%, respectively. Clearly, amplitude is the most important
parameter for force reduction and cutting depth is the least. The order of influence was as follows:
amplitude > feed rate > rotation speed > cutting depth. This indicates that the parameters that
determine duty ratio had a larger effect on tool life extension, and thus more unique influence on

tool life for AUVC. However, the effects of cutting depth and rotation speed were more balanced



for AUVC and CC. Fig. 25 shows the range analysis results for the machined surface roughness and

its reduction with different parameter levels.

(a) Range analysis of surface roughness with different parameter levels
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Fig. 25 Range analysis of machined surface roughness and its reduction with different parameter levels

For surface roughness, the ranges of cutting depth, rotation speed, feed rate and amplitude were
Ra0.02um, Ra0.0175um, Ra0.1225um, and Ra0.045um, respectively. Feed rate was the most
important parameter and cutting depth was the least. The order of influence was as follows: feed
rate > amplitude > cutting depth > rotation speed. Thus, if a better surface is desired, a lower feed
rate seems to be necessary.

Surface roughness reduction here means the reduced percentage of machined surface
roughness for AUVC compared with CC under the same conditions. The ranges of cutting depth,
rotation speed, feed rate, and amplitude from this perspective were 10.4%, 11.5%, 34%, and 46.25%,
respectively. As shown, the amplitude was the most important parameter for force reduction and
cutting depth was the least. The order of influence was as follows: amplitude > feed rate > rotation
speed > cutting depth. This indicates that feed rate and amplitude had a larger effect on tool life

extension. These two factors had more unique influence on tool life for AUVC as they determined



the micro-structure of the machined surface. However, the effects of cutting depth and rotation
speed were more balanced for AUVC and CC.

Based on the above analysis, we recommend a lower feed rate, a larger amplitude, a moderate
spindle rotation speed, and a smaller cutting depth, with a TiAIN-coated WC tool under the HPC
cooling method. These conditions seem to be the best option to optimize the cutting performance of

AUVC when fully considering cutting force, surface roughness, and tool life.

Conclusions

This study involved a thorough experimental and theoretical investigation into machining
performance for axial ultrasonic vibration—assisted cutting of Ti6Al4V. First, we provided a
retrospective of the separation process of AUVC and analyzed and demonstrated the variable
parameter cutting aspects. Next, we classified the influencing factors on the machining performance
of AUVC into four categories and established the relationships among them theoretically. Finally,
we conducted experiments to determine the influence of these factors on cutting force, tool life, and
surface roughness, and recommended a specific combination of cutting conditions for better
integrated cutting performance of AUVC. The final conclusions are as follows:

* AUVC has variable parameters as the result of the vibration performed along the feed direction.
The actual feed cutting speed and acceleration change according to a harmonic curve, and the
actual rake angle and clearance angle also change with the cutting trajectory developed in the
AUVC process.

* The influencing factors on AUVC performance can be classified into four categories:
machining parameters (rotation speed, feed rate, and cutting depth), vibration parameters
(frequency and amplitude), tool choice (nominal angles, tool nose radius, and material and
coating) and cooling conditions (dry, wet, and advanced methods). All these factors affect the
cutting force, tool life, and surface roughness to a greater or lesser degree.

¢ The influence of the above factors on AUVC performance should be considered in two ways:
absolute influence and relative influence. The former is a direct effect on the performance of
AUVC, and the latter is an effect on the performance improvement in AUVC compared with
CC. For absolute influence, the order of influence on cutting force is: cutting depth > amplitude >
feed rate > rotation speed. The order for tool life is: rotation speed > feed rate > amplitude >
cutting depth. The order for surface roughness is: feed rate > amplitude > cutting depth >
rotation speed. However, for relative influence, the order of these three aspects is uniformly:
amplitude > feed rate > rotation speed > cutting depth.

*  Werecommend a slower feed rate, a larger amplitude, a moderate spindle rotation speed, and a
smaller cutting depth, with a TiAIN-coated WC tool under HPC cooling as a better choice for
AUVC machining performance when synthetically considering cutting force, surface roughness,

and tool life.
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Relationship of cutting trajectories and rotational angle in several adjacent rotations



(a) Actual feed cutting speed (b) Actual feed cutting acceleration
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The actual feed cutting speed and acceleration curve of AUVC
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Evolution process of the actual rake angle and clearance angle change in one AUVC cycle
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The experiment platform
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Results of main cutting force Fc and feed resistance force Ff with different rotation speed (ap=0.025mm,

f=0.005mm/r, A=9um, Dry cutting)
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Results of main cutting force Fc and feed resistance force Ff with different feed rate (n=1200r/min,
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