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ARTICLE INFO ABSTRACT

Keywords: The ultra-precision Ti-6Al-4V alloy parts are growing used in medical and aerospace industries, and which
Microstructure always work in the extreme working conditions such as high temperature, high pressure, and variable load. Thus,
Microhardness

the requirements for machining accuracy and surface quality of parts are getting higher and higher. The ultra-
sonic elliptical vibration assisted cutting (UEVC) technology has been proved to be an effective method for the
ultra-precision machining of Ti-6Al-4V alloy. However, in the UEVC process, the evolution mechanism of
microstructure and microhardness, which directly affect the service performance and life, is unrevealed. In this
paper, the comprehensive investigations of microstructural plastic deformation, grain refinement, phase trans-
formation and microhardness of machined surface layer under conventional cutting (CC) and UEVC processes are
carried out. The experimental results indicated that, due to the effects of UEVC technology, the plastic defor-
mation area show obvious compression deformation, the depth of plastic deformation is less than 10 pm, there is
no obvious phase transformation on the machined surface layer material, and the hardening rate of machined
surface is more than 20%. These findings show the UEVC technology has a unique influence on the micro-
structure and microhardness of Ti-6A1-4V alloy, which have important implications for the cutting parameter
design of ultra-precision Ti-6Al-4V alloy parts.

Ti-6Al-4V alloy
Ultra-precision cutting
Ultrasonic elliptical vibration assisted cutting

However, Ti-6Al-4V alloy has been considered to be a typical
difficult-to-machine material owing to its inherent properties such as

1. Introduction

Ti-6Al-4V alloy is a typical titanium alloy with a duplex micro-
structure (a & p), which is one of the most commonly used titanium alloy
in medical and aerospace industries, because of its excellent properties
such as: high toughness, high strength to weight ratio, high yield stress,
corrosion resistivity and good biocompatibility [1-4]. With the rapid
development of science and technology, the requirements for machining
accuracy and surface quality of titanium alloy parts are getting higher
and higher, and the demand for ultra-precision machining of titanium
alloy is becoming urgent [5-7]. Moreover, the higher requirements
about the corrosion resistance, wear resistance, and fatigue resistance of
titanium alloy parts are put forward under extreme working conditions
such as high temperature, high pressure, and variable load [8,9].

high chemical activity, low elastic modulus and low thermal conduc-
tivity [10-12]. The ultrasonic elliptical vibration cutting (UEVC) tech-
nology has been proved to be an effective method for the ultra-precision
cutting of difficult-to-machine materials such as steel, Inconel 718 and
tungsten alloy [13-15]. Moreover, in our previous work, the
ultra-precision finished surface of Ti-6A1-4V alloy has been obtained,
thanks to the application of UEVC technology [7,16-18]. Significantly,
in the ultrasonic elliptical vibration assisted ultra-precise cutting pro-
cess, the large strain and high strain rate would occur in the machined
surface layer because the cutting tool has high frequency and large stress
impact on the machined surface, which result in obvious change of
microstructure and microhardness [19]. The microstructure and
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microhardness of the machined surface have a great influence on the
fatigue resistance, corrosion resistance, crack resistance and wear
resistance of the titanium alloy part, which directly affect the service
performance and life [20-22]. Thus, it is necessary to carry out the
research on the evolution mechanism of microstructure and micro-
hardness of Ti-6Al-4V alloy during ultrasonic elliptical vibration
assisted ultra-precise cutting for achieving the high performance and
high precision production of Ti-6Al-4V alloy part.

Tremendous research have been conducted to investigate the
microstructure evolution, grain evolution and microhardness change of
the Ti-6Al-4V in machined surface [23-27]. Safari et al. studied the
changes of microstructure and microhardness with the machined surface
of titanium alloy under different machining parameters. And their
research results pointed out that the higher cutting speed and feed rate
enhanced the subsurface alteration and resulted in considerable plastic
deformation and increscent microhardness value [25]. PatilSafari et al.
researched the plastic deformation and microhardness in subsurface
after dry cutting Ti-6Al-4V alloy. They observed that when the cutting
parameters are small, the work hardening effect is obvious and the
plastic deformation is obvious. But, when the cutting parameters are
large, the thermal softening is stronger than the work hardening, which
becomes the main factor affecting the microhardness of machined sur-
face [26]. Rotella et al. [27] researched the microscopic characteristics
of titanium alloy machined surface under three machining conditions:
low temperature, micro-lubrication and no cooling. The experimental
results show that the grain refinement of the machined surface is very
obvious under the three machining conditions, and it is significant with
the increase of cutting speed and feed rate. They considered that high
strain energy and high temperature can obviously promote the recrys-
tallization of the material and inhibit the growth of grain. Wang et al.
[28] used the finite element method to study the changes of grain size
and microhardness of Ti-6A1-4V alloy during high-speed cutting. The
results show that the cutting speed is a significant factor affecting the
grain size and microhardness, and the high temperature can signifi-
cantly promote the dynamic crystallization. Moussaoui et al. [29] ana-
lysed the effect of milling on the metallurgical parameters of Ti-6Al-4V
alloy. They pointed out that there is slight softening of the machined
surface layer during milling, dynamic recrystallization is the main factor
leading to grain refinement, and large grain structure led to the reduc-
tion of microhardness. Bai et al. [30] studied the grain size of Ti-6Al-4V
alloy under one-dimensional ultrasonic vibration-assisted cutting and
traditional cutting methods. And the results pointed out that, compared
with the traditional cutting surface, the average grain size of the
one-dimensional ultrasonic vibration assisted cutting surface is larger
and the variation is smaller. Moreover, the addition of ultrasonic vi-
bration assisted technology significantly changes plastic deformation
and microhardness in subsurface of Ti-6A1-4V alloy [31-33].

In addition, it is worth noting that Ti-6Al-4V alloy is prone to ma-
terial phase transition in the plastic deformation region under the
coupling intense of cutting heat and cutting force. Zhang et al. [34]
analysed the relationship between material phase transformation and
machining parameters in the cutting process of Ti-6Al-4V alloy, and
pointed out that high temperature in the cutting process is the main
factor leading to material phase transformation. Pan et al. [35] studied
the effect of machining parameters on the surface microstructure of
Ti-6A1-4V alloy during high-speed machining, and the experimental
results showed that the volume fraction of § phase increased with the
increase of machining speed and feed rate. The research results of Wang
and Liu [36] show that the transition from « to p phase is easy to occur in
the transient pressure heating process, and the transition from f to a
phase will occur in the rapid cooling stage. In addition, the research
results of Wang et al. [37] also show that material phase transition exists
during the cutting process of Ti-6A1-4V alloy, and the volume fraction
of § phase increases with the increase of cutting speed and cutting depth.
These results imply that during the processing of Ti-6Al-4V alloy, there
are changes in the grain morphology, grain size, material metallography
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and microhardness of the machining surface, and these characteristics
have a decisive impact on the performance of parts. However, the
research on the evolution mechanism of microstructure and micro-
hardness of Ti-6Al-4V alloy is mainly concentrated in the field of CC
process, and there are few reports about the ultra-precision cutting of
Ti-6A1-4V alloy. Moreover, it has been shown that ultrasonic vibration
has a unique influence mechanism on the grain size of Ti-6Al-4V alloy.
Prior to this study, the evolution mechanism of microstructure of
Ti-6A1-4V alloy during ultra-precise cutting with UEVC technology has
not been reported.

The purpose of this work is to reveal the evolution mechanism of
microstructure and microhardness of Ti-6A1-4V alloy during ultrasonic
elliptical vibration assisted ultra-precise cutting, and also aimed to
promote the high performance and high precision production of
Ti-6A1-4V alloy part. The outline of the paper is organized as follows.
The principle of UEVC technology is expound, and the experimental
setup and procedures are introduced in Section 2. Then, the compre-
hensive investigations of microstructural plastic deformation, grain
refinement, phase transformation and microhardness of machined sur-
face layer under CC and UEVC processes are carried out in Section 3. The
conclusions are given in Section 4.

2. Materials and methods
2.1. The UEVC principle

The schematic illustration of UEVC process is displayed in Fig. 1. In
the UEVC process, the cutting tool path is a spiral curve in the xoz plane
formed by the nominal cutting direction (i.e., x-axis) and the cutting
depth direction (i.e., z-axis). The vibration amplitudes in the x and z
directions are a and b, respectively. The vibration frequency is f, the
phase shift is 6, and the nominal cutting speed is V.. Thus, the tool locus
can be described as following:

Significantly, the ratio of the nominal cutting speed to the peak
horizontal vibration speed is an important parameter in the UEVC pro-
cess. In this study, this ratio is named as Rg. And Rg can be written as:

x(t) = a cos(2xft) — V.t

z(t) = b cos(2aft + ) * (€]

— V('
" 2afa’

(2

Rs

In the ultra-precision cutting process, the Rg is usually set to be less than
one-twelfth [38]. Therefore, the cutting process is intermittent, and the
tool only contacts with the workpiece during a short time period (to-ts).
During the time period (to-t;), the cutting edge has the large stress

V4 V Nominal cutting speed
A )
X Tool vibration locus
_y
G ,,,,,,

Machined surface

Workpiece

Fig. 1. Schematic of the UEVC process.
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impact effect on the machined surface, thereby resulting in the obvious
change of microstructure and microhardness. During the time period
(t1-t2), the extrusion effect of the cutting edge on the machined surface is
gradually weakened [39]. The UEVC technology has a unique influence
on the microstructure and microhardness of the Ti-6Al-4V alloy
machined surface. Hence, it is necessary to further study the evolution
mechanism of microstructure of Ti-6Al-4V alloy during ultra-precise
cutting with UEVC technology for enhancing the corrosion resistance,
wear resistance, and fatigue resistance of ultra-precise Ti-6A1-4V alloy
part.

2.2. Experimental setup for cutting process

The experimental setup shows in Fig. 2. The T-type home-made ultra-
precision machine tool is used, which has an aerostatic spindle and two
horizontal hydrostatic sideways. The workpiece is affixed to the aero-
static spindle by vacuum sucker, the aerostatic spindle is assembled on
the x-axis sideway. The UEVC device is fixed on the high-precision
adjustment platform, which is used to achieve the height adjustment
of the UEVC device and positioned on the z-axis. Fig. 2(b) shows the
schematic of the UEVC device, which is work with the 3rd resonant
mode of longitudinal vibration and the 6th resonant mode of bending
vibration. Thus, the elliptical trajectory is generated at the tool tip. It
should be noted that the UEVC device is a traditional tool holder when it
is not powered, and more details on the UEVC device can be found in our
previous work [40].

The samples are Ti-6Al-4V alloy round pie with the diameter of 50
mm and the height of 20 mm, and the cutting area is set as a 2 mm ring.
The pre-turning is first completed without elliptical vibration. After that,
a series of experiments are carried out, and the experimental parameters
are shown in Table 1. The experimental parameters were selected based
on our previous works [7,16-18]. Remarkably, our previous study has
shown that during ultrasonic elliptical vibration-assisted ultra-precision
cutting of titanium alloy, the tool wear is low and ultra-precision
finished surface of titanium alloy with 1260 mm? can be realized
[18]. Thus, the tool wear is not considered in this study, because of the
cutting area is small (about 301.6 mmz).

2.3. Experimental setup for microstructural characterization test

Fig. 3 shows the sample preparation for observation and assessment
of the microstructure specimens of the machined surface layer. After
polishing and etching, the microstructure of machined surface layer are
observed with the metallographic microscope (VHX-1000E). The
thickness of plastic deformation layer (PD layer) is determined by the
grain deformation information of machined surface layer. Furthermore,
the grain refinement and phase transformation of machined surface
layer are further analysed by the information of metallographic
structure.

(a)
CNC The UEVC
Workpicce driving system
Spindle axis ‘ ; :
Z-axis table
I X-axis table Tool /
/A \
The adjustment The UEVC
Machine tool base  platform for height device
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Table 1
Experimental parameters.
Cutting method CC UEVC
process process
Vibration Vibration frequency (kHz) - 29.75
parameters Amplitude in cutting direction - 6

(pm)
Amplitude in cutting depth - 4
direction (pm)
Phase shift difference (°) - 150

Cutting Rotational speed (r/min) 480 4/8/16

parameters Feed rate (pm/1) 5 5

Depth of cut (pm) 5 5

Cutting tool Material Polycrystalline diamond
Rake angle (°) 0
Clearance angle (°) 11
Radius (mm) 0.8

Workpiece Material Ti-6A1-4V alloy
Dimension (mm) @50 x L20
Microhardness (HV) 323

Coolant Air cooling

The p phase grain and a phase grain of Ti-6A1-4V alloy usually show
different colour under the microscope, with the § phase grain being
darker and the a phase grain being brighter, as shown in Fig. 4. The
proportion of o phase grain and p phase grain can be obtained by digi-
tizing the colour in the metallographic diagram. In order to further study
the relationship between different depth and grain size of the machined
surface layer, the average grain size is calculated by using the scribing
method, and the accuracy of this method has been confirmed by Bai
et al. [30]. It is worth noting that the morphology of the p phase grain is
not conducive to the measurement of grain size, so only the a phase
grain size with equiaxed or coarse strip structure is counted in this
paper. The test lines are set away from the machined surface 5 pm, 15
pm, 25 pm, 35 pm and 45 pm respectively.

The microhardness of machined surface layer are tested with the
microhardness tester (HXD-1000TM). The test load is set as 0.245 N, and
the loading force is maintained for 10s. The microhardness value of the
tested material can be automatically calculated by microhardness meter
based on the length value of the diagonal indentation. Fig. 5 shows the
microhardness testing schematic diagram. The microhardness testing
starts from the position that away from the machined surface is 10 pm.
The spacing between the two groups of test points is 10 pm in the depth
direction and 15 pm in the transverse direction. Moreover, as shown in
Fig. 5, the two groups of test points are misaligned in a Z-shape. The
microhardness test is carried out successively along the cutting depth
direction until the obtained microhardness value does not change. Three
microhardness tests are performed at the same depth, the transverse
spacing is 30 pm, and the averaging value is recorded. Moreover, the
hardening rate of titanium alloy machined surface has been studied. The
hardening rate refers to the degree of hardening of the machined

Bending PZT ceramicsLongitudinal PZT ceramicsVertical direction
Cutting tool

=

i

Grip holes

Elliptical locusAxial direction

6th resonant mode of bending vibration
3rd resonant mode of longitudinal vibration

N e

Fixed node

Fig. 2. (a) Schematic of the experimental platform. (b) Schematic of the UEVC device and its working modes.
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Test sample

Finished surface

Test

surface N

Fig. 3. Schematic of the sampling of test samples.

3. Results and discussion
3.1. Microstructural plastic deformation of machined surface layer

In the cutting process, cutting force and cutting heat are the main
factors to induce the plastic deformation of machined surface layer.
Moreover, the depth of plastic deformation is positively correlated with
the component of cutting force in cutting depth direction and the in-
fluence of cutting heat on the cutting depth direction. The microstruc-
tural plastic deformation of machined surface layer can be directly
analysed by observing the metallographic diagram of machined surface
layer. As can be seen from Fig. 6 (a), under the CC process, the plastic
deformation depth of machined surface layer is 15.6 pm. Moreover, the
grain has obvious distortion and elongation, and its deformation direc-
tion is consistent with the cutting direction. These results show that
there is obvious plastic deformation in the titanium alloy machined
surface layer during CC process. This is mainly because, in the CC pro-
cess of titanium alloy, the cutting force of tool on workpiece is large.
And, the heat dissipation effect is poor, the temperature apace rises in
the cutting zone, so the thermal softening effect of machined surface
layer material is remarkable. Therefore, the machined surface layer
1 material deforms under the action of cutting force, and the deformation
direction is consistent with the cutting direction. It is worth noting that
the test result of machined surface layer plastic deformation is consistent
with the analysis result of machined surface plastic side flow in our
previous research [17], that is, in the CC process of titanium alloy, there
are obvious plastic deformation of machined surface layer.

As shown in Fig. 6 (b), 6 (c) and 6 (d), under the UEVC processes, the
Direction plastic deformation depth values of machined surface layer are 8.6 pm,
6.3 pm and 5.9 pm, respectively, when the speed ratio is 1/12, 1/24 and
1/48. Compared with the CC process, the depth of plastic deformation of
machined surface layer with UEVC process is significantly reduced, and
decreases with the reduction of the speed ratio. This can be explained
that the cutting force significantly decreases in the UEVC process due to
intermittent cutting, the reduction of instantaneous cutting thickness
and the increase of actual shear angle [13]. In addition, the cutting
temperature of UEVC process is much lower than that of CC process
because of the reduction of cutting force and the improvement of heat
Fig. 5. Schematic diagram of the microhardness testing of machined sur- dissipation. In summary, in the UEVC process, the two main factors,
face layer. cutting force and cutting heat that induce the plastic deformation of
machined surface layer are significantly reduced. Moreover, in the
UEVC process, the smaller speed ratio leads to the smaller cutting force
and the better heat dissipation, which leads to the smaller plastic
_MH — MH, % 100% 3) deformation depth of machined surface layer. It should be noted that,

MH, compared with the CC process, the grain distortion and elongation in the
plastic deformation zone along the cutting direction is not obvious in the
UEVC process, especially when the speed ratio is 1/48. This can be
explained by the fact that, in the UEVC process, the cutting process is
intermittent and the cutting direction is not consistent with the nominal
cutting speed direction.

Fig. 4. Microstructure of Ti-6Al-4V alloy used in this study.

of cutting

depth

Test surface

surface, which is named as HR. And HR can be written as:

HR

Where MH is the texted microhardness value of machined surface. MHy
is the microhardness value of basis material, and the value is 323 HV.
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PD layer 8.6 um

(d)

—
Cutting direction
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Fig. 6. Plastic deformation of the machined surface layer: (a) processed by CC, (b) processed by UEVC (Rs = 1/12), (c) processed by UEVC (Rs = 1/24) and (d)

processed by UEVC (Rg = 1/48).

As can be seen from Fig. 6 (b), 6 (c) and 6 (d), in the plastic defor-
mation zone, the grain arrangement is tight, the compression deforma-
tion is serious, and the grain boundary is blurred, and these phenomena
are more obvious with the reduction of speed ratio. This can be inter-
preted as that, in the UEVC process, the cutting tool has an ultrasonic
frequency impact on the workpiece in the cutting depth direction, the
impact force on the machined surface is large because the action time is
very short and the momentum of the ultrasonic oscillator is fixed. In
addition, the contact area between cutting tool and workpiece is small,
which makes the stress value acting on the machined surface larger. It is
worth noting that under the action of high frequency and high stress, the
machined surface layer material is easy to produce high strain rate, and
high strain rate has obvious influence on the plastic deformation and the
yield strength. A large number of dislocations are easily formed on the
machined surface layer material due to the high frequency and high
stress impact. It is obvious that the longitudinal development of plastic
deformation can be limited by the increase of dislocation density. Thus,
in the UEVC process, the plastic deformation depth is significantly
reduced. In addition, in the UEVC process, the plastic deformation area
show obvious compression deformation due to the impact of cutting tool
on machined surface, that is, the grain arrangement is tight and the grain
boundary is blurred. Moreover, the number of impact times per unit area
is inversely proportional to the cutting speed. Therefore, with the
reduction of speed ratio, the depth of plastic deformation layer is smaller
and the compression deformation is more obvious.

3.2. Grain refinement of machined surface layer

As can be seen from Fig. 7, when the test line is 5 pm away from the
machined surface, the grain size of the machined surface material under
different processing methods are smaller than the initial grain size of the
sample material (15.53 pm). According to the analysis results in section

- CC process
17 5 UEVC process (Rs=1/12)
UEVC process (Rs=1/24)
= 16 I:I UEVC process (Rs=1/48)
g
9 154
£
2 144
3
k)
o 131
N
w
R= 12
s
=
on
e 114
<
g
Z 10
9 -
8- L

O 15 25 35 45

The value of the text line distance to the machined surface (um)

Fig. 7. Influence of the predetermined surface depth on the average grain size
of a phase under different processing methods.

3.1, the grain is seriously deformed at the distance of 5 pm from
machined surface, and the recrystallization may occurs under the action
of strain energy, thus the grain size decreases. At the same time, the
grain plastic deformation also makes the grain size decrease. It should be
noted that compared with CC process, the grain size of surface layer
machined by UEVC process is smaller. This is mainly because the cyclic
impact of cutting tool causes serious compression plastic deformation of
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the grain, so that the grain size becomes smaller. It can be predicted that
the microhardness of plastic deformation material increases as the grain
size decreases, and the study of microhardness will be carried out in
section 3.4. The grain size of surface layer machined by CC process is still
smaller than the initial grain size, when the test line is 15 pm away from
the machined surface. However, the grain size of surface layer machined
by UEVC process has little difference with the initial value. This result is
consistent with the analysis in section 3.1, that is, the plastic deforma-
tion depth of machined surface layer is more than 15 pm under CC
process, while the plastic deformation depth of machined surface layer is
less than 10 pm under UEVC process. As can be seen from Fig. 7, when
the test line is 25 pm away from the machined surface, there is a small
difference in grain size between CC process and UEVC process. More-
over, the grain size tends to be the initial grain size as the test line is
farther away from the machined surface. It is noteworthy that the grain
size of surface layer machined by UEVC process has no obvious change
with the reduction of the speed ratio. This can be interpreted as the
cyclic impact of cutting tool is the main factor inducing grain defor-
mation and size reduction. When the impact strength is certain, the
small grain size promotes the hardness value increase of the surface
material to increase, so as to reach the equilibrium state.

3.3. Phase transformation of machined surface layer

Ti-6A1-4V alloy has both a phase and p phase. The toughness of o
phase is generally better than that of p phase, while the strength is lower
than that of the p phase. During the cutting process, the machined sur-
face layer material undergoes rapid changes in temperature and pres-
sure, which induces the phase transformation. This causes the change of
the ratio of a phase and § phase, which in turn causes the change of the
physical and mechanical properties of the machined surface layer ma-
terial. It is worth noting that a phase and p phase usually show different
colour under the microscope. The quantitative analysis of the volume
fraction of o phase and § phase can be completed through the digital
processing of metallographic diagram. The details of the digital pro-
cessing of metallographic diagram are recorded by the research results
of Wang et al. [34], and the accuracy of this method has been confirmed.
The metallographic structure diagram of the machined surface layer
material and its corresponding figure obtained by the digital processing
of metallographic diagram are shown in Fig. 8. As shown in Fig. 8(b), the
volume proportion of a phase and p phase in the metallographic diagram
can be obtained by counting the volume of white and black in the image.
The phase transformation of the machined surface layer material can be
obtained by calculating of the volume proportion of p phase per unit
area along the cutting depth direction. The sampling area is set as a long
strip (2um x 200 pm). The metallographic information of the sample
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material used in this paper is tested, and the result shows that the vol-
ume fraction of f§ phase is 18.312%, which is consistent with the data
given by the material supplier.

As can be seen from Fig. 9, under CC process, the volume fraction of §
phase in the top layer of machined surface is as high as 39.758%, which
is much higher than the content of § phase in basis material (18.312%).
In addition, with the increase of machined surface layer depth value, the
volume fraction of p phase decreases gradually. The phase trans-
formation depth value of the machined surface layer material is about 8
pm, which is far less than the plastic deformation depth value. This can
be explained by the fact that in CC process, the high temperature and
high pressure in the cutting area promote the transformation of a phase
into p phase, and the secondary o phase is precipitated from f phase
during unloading and cooling. Significantly, the temperature of the area
near the machined surface drops rapidly, and a small part of p phase
precipitates into the secondary a phase. Therefore, in the area near
machined surface, the volume fraction of a phase to p phase is greater
than the volume fraction of § phase to secondary o phase, and this
phenomenon is most obvious on the machined surface. This result is
consistent with the analysis result in Section 3.1. There are a large
number of long strip secondary o phase in the plastic deformation zone
near the machined surface, as shown in Fig. 6 (a). The effect of cutting
heat and cutting force on the phase transformation is weakened in the
area farther from machined surface. It should be noted that with the
increase of p phase volume fraction, its contribution to the macroscopic
mechanical properties of the alloy also increases. In other words, under
the CC process, the compression resistance of machined surface layer

Volume fraction of £ phase (%)

0 5 10 15 20 25 30 35 40 45 50
0 T T T T T T . . :
R :
> 2131196 o 39.758%
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£ «€19.004%
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Fig. 9. Volume fraction of § phase with the machined surface layer depth value
under CC process.

Fig. 8. Metallographic structure diagram of the machined surface layer material: (a) observed with the metallographic microscope, (b) obtained by the digital

processing of metallographic diagram.
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material is improved, and the plasticity is reduced. Correspondingly, the
microhardness of the material in the area affected by the phase trans-
formation is also changed, which will be analysed in Section 3.4.

As shown in Fig. 10, under the UEVC process, the volume fraction of
B phase does not change significantly with the increase of the machined
surface layer depth value, and it is basically equal to that of basis ma-
terial. In addition, the speed ratio has little effect on the p phase volume
fraction. This can be explained that, the cutting force and cutting heat,
which induce the phase transformation of the machined surface layer
material, are significantly reduced in the UEVC process. And the cutting
force and cutting heat cannot meet the requirements of o phase trans-
formation to § phase. In addition, it can be seen from Fig. 6 (b), 6 (c) and
6 (d) that there is no large number of long strip secondary o phase in the
plastic deformation area. Therefore, in the UEVC process, the phase
transformation of the machined surface layer material is obviously
inhibited. It should be noted that the absence of phase transformation
does not mean that the macroscopic mechanical properties do not
change. The size and plastic deformation of the grains are also affect the
mechanical properties of the machined surface layer material. In sum-
mary, the CC process, there is obvious phase transformation of the
machined surface layer material. On the contrary, under the UEVC
process, there is no obvious phase transformation on the machined
surface layer material.

3.4. Microhardness of machined surface layer

In the CC process, the distribution curve of the microhardness of
machined surface layer material is shown in Fig. 11 (a). In general, the
microhardness value decreases with the increase of the depth value of
machined surfaces layer, and returns to the same level as the basis
material at the depth of 60 pm. These results show that the depth of the
work hardening layer is 60 pm under the experimental parameters, and
the work hardening effect in this area is stronger than the thermal
softening effect. According to the analysis results in Section 3.1, 3.2 and
3.3, it can be seen that the increase of p phase volume fraction, grain
plastic deformation and grain refinement are the main factors leading to
hardening of the machined surface layer material. It should be noted
that titanium compounds on the machined surface generated by chem-
ical reactions between titanium alloy and air or cutting tool prompt the
increase of microhardness. And, the microhardness of the machined
surface is 364.8 HV. The microhardness value reaches the maximum
(382.01 HV), when the distance from the machined surface is 10 pm.
The above results show that there is an obvious thermal softening effect
on titanium alloy machined surface under the CC process, and the in-
fluence depth of thermal softening effect is less than that of work
hardening effect.

As shown in Fig. 11 (b), 11 (c) and 11 (d), in the UEVC process, when
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Fig. 10. Volume fraction of § phase with the machined surface layer depth
value under UEVC processes with different cutting parameters.
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Rs = 1/12, Rg = 1/24 and Rs = 1/48, the microhardness value of
machined surface is 387.4 HV, 391.5 HV and 394.7 HV, respectively.
Compared with CC process, the microhardness values of machined
surfaces produced by UEVC technology increases significantly, and
gradually increases with the decrease of speed ratio. This can be
explained by the fact that, in the UEVC process, with the decrease of the
speed ratio, the number of cutting tool impacts on machined surface per
unit time increases, which results in tight grain arrangement and serious
compression plastic deformation, as discussed in section 3.1. As we all
know, the severely compressed plastic deformation region stores a lot of
strain energy, which makes the deformation resistance of the plastic
deformation material increase, that is, the microhardness value in-
creases. Moreover, this phenomenon is most obvious in the machined
surface. In addition, the microhardness value of the machined surface
layer material decreases gradually with the distance from the machined
surface, and which returns to the same level as the basis material at the
depth of 50 pm. The result shows that the depth of work hardening layer
is reduced by UEVC process compared with CC process. It should be
noted that under the experimental parameters adopted in this study, the
depth value of work hardening layer is not sensitive to the speed ratio.
This can be interpreted as, in the UEVC process, the impact of cutting
tool on the machined surface is the main factor leading to work hard-
ening. And, the depth value of work hardening layer no longer changes
significantly with the increase of impact number within a unit time,
when the impact force reaches a certain value and the number of im-
pacts exceeds the critical value. As shown in Fig. 11 (b), 11 (¢) and 11
(d), in the UEVC process, the maximum microhardness appears on the
machined surface. These results show that there is no obvious thermal
softening effect on the machined surface layer material under the UEVC
process. This is consistent with the previous analysis, that is, compared
with the CC process, the cutting temperature is significantly reduced
under the UEVC process.

Fig. 12 shows the hardening rate of the titanium alloy machined
surface under different ultra-precision cutting methods. Under the
experimental parameters adopted in this paper, the hardening rate of the
titanium alloy machined surface with CC process is 13.32%. In the UEVC
process, when Rg = 1/12, Rg = 1/24 and Rg = 1/48, the hardening rate
of titanium alloy machined surface is 20.34%, 21.62% and 22.61%,
respectively. The hardening rate of the titanium alloy machined surface
with UEVC process is much greater than that of CC process. This can be
explained by the fact that, in the UEVC process, the impact of cutting
tool is the main factor leading to the increase of hardening rate. More-
over, in the CC process, the thermal softening effect is also one of the
factors leading to the reduction of hardening rate. In addition, as shown
in Fig. 12, in the UEVC process, the hardening rate of the titanium alloy
machined surface increases with the decrease of speed ratio, and the
increasing amplitude is small. This can be interpreted as, the increase of
the impact number is the main factor leading to the increase of hard-
ening rate, and when the impact number reaches a certain value, the
increasing amplitude of hardening rate is small.

4. Conclusions

In this work, the evolution mechanism of microstructure and
microhardness of Ti-6Al-4V alloy during CC and UEVC processes are
studied and revealed. The significant conclusions of this work are
concluded in following.

(1) Under the CC process, the grain has obvious distortion and
elongation, and its deformation direction is consistent with the
cutting direction. And the plastic deformation depth of machined
surface layer is 15.6 pm. Compared with the CC process, the
depth of plastic deformation of machined surface layer decreases
with the reduction of the speed ratio, is less than 10 pm. More-
over, the plastic deformation area show obvious compression
deformation due to the impact of cutting tool on machined
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(2)

surface, that is, the grain arrangement is tight and the grain
boundary is blurred, and these phenomena are more obvious with
the reduction of speed ratio.

Under CC and UEVC processes, the grain size of the machined
surface material are smaller than the initial grain size of the
sample material. And, compared with CC process, the grain size
of surface layer machined by UEVC process is smaller. The grain
size of surface layer machined by UEVC process has no obvious
change with the reduction of the speed ratio. The cyclic impact of
cutting tool is the main factor inducing grain deformation and

3

(€]

size reduction. And, when the impact strength is certain, the
small grain size promotes the hardness value increase of the
surface material to increase, so as to reach the equilibrium state.
To sum up, in the CC process, there is obvious phase trans-
formation of the machined surface layer material. On the con-
trary, under the UEVC process, there is no obvious phase
transformation on the machined surface layer material. The high
temperature and high pressure in the cutting area are the main
factors leading to the transformation of a phase into p phase.

In the CC process, the work hardening effect is stronger than the
thermal softening effect, there is an obvious thermal softening
effect on machined surface, and the influence depth of thermal
softening effect is less than that of work hardening effect. In the
UEVC process, the impact of cutting tool on the machined surface
is the main factor leading to work hardening. In the UEVC pro-
cess, the hardening rate of the titanium alloy machined surface
increases with the decrease of speed ratio, and it is more than
20%. In addition, compared with the CC process, there is no
obvious thermal softening effect on the machined surface layer
material under the UEVC process, and the depth of work hard-
ening layer is signally reduced. For satisfying the high perfor-
mance and high precision production of Ti-6Al-4V alloy part, the
further investigations should be made for wear-resistant
machined surface by optimizing the microscopic properties of
machined surface layer material with the consideration of tool
wear.
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