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Abstract
Severe plastic deformation (SPD) with high strain rate can increase the material dislocation density, reduce the grain size, 
and improve the mechanical properties. In this article, ultrasonic compound cutting (UCC) was proposed to improve the 
efficiency of preparing ultra-fine grain (UFG) pure copper by SPD methods. The motion characteristics and strain rate model 
of UCC were analyzed, and it was concluded that the maximum strain rate in the primary shear zone can be increased by 
ultrasonic vibration. According to the 3D FEM equivalent model of UCC, the UCC and traditional compound cutting (TCC) 
were compared and analyzed from the perspective of strain rate. The simulation results showed that the strain rate in the shear 
zone of UCC was significantly larger than that of TCC. The microstructure and mechanical properties of pure copper chip 
were studied by using a self-developed machining device. The experiment results showed that the grain refinement, disloca-
tion density, and microhardness of pure copper chip were significantly improved in UCC. When the ultrasonic amplitude 
was 3 μm, the UCC chip grains were about 2.66 μm and the hardness reached 124 HV, which was about 8% higher than 
the TCC chip. The findings of this research provide an important reference for machining UFG pure copper with enhanced 
mechanical properties.

Keywords  Pure copper · Ultrasonic compound cutting · 3D FEM equivalent model · Microstructure · Mechanical 
properties

1  Introduction

Microelectro-mechanical system (MEMS) plays an impor-
tant role in modern industry and is widely used in biomedi-
cine, electronic communication and aerospace fields. The 
rapid rise of MEMS has driven the current industry towards 
miniaturization and micromation [1]. In MEMS, if tradi-
tional materials are used to produce microparts, the average 
grain size is usually above 10 μm, which is the same as 
the characteristic size of most microparts. This will cause 
size effect and reduce the dimensional accuracy and ser-
vice life of parts [2]. Ultra-fine grain (UFG) materials have 
attracted widespread attention for their excellent properties 
such as high strength, high toughness, lower ductile–brittle 
transition temperature, high strain rate, and low tempera-
ture superplasticity, etc. [3]. If UFG materials are applied 

to microparts, the overall performance of MEMS will be 
improved. Pure copper is widely used in MEMS as an 
important basic material and functional material. At the 
same time, UFG pure copper has high strength, ductility, 
electrical and thermal conductivity, and fatigue properties 
[4, 5]. Therefore, the preparation of UFG pure copper and 
the study of its microstructure and properties have become 
current research hotspots.

Severe plastic deformation (SPD) can effectively refine 
the internal structure of materials by applying large shear 
strain to produce UFG materials with large angular grain 
boundaries, and the grain size can be refined to several 
hundred nanometers. SPD methods including equal chan-
nel angular pressing (ECAP) [6], high-pressure torsion 
(HPT) [7], accumulative roll bonding (ARB) [8], and cyclic 
extrusion compression (CEC) [9] are therefore employed to 
produce UFG materials. SPD can significantly increase the 
density of metals and alloys, eliminate internal defects in 
materials, and make it difficult to cause pores and pollution 
in machining. However, SPD has many limitations. Firstly, 
due to the limitations of forming equipment, the strain rate 
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of SPD machining is very small (< 102 s−1) and the tempera-
ture in deformation zone is also very low, so SPD is difficult 
to deform medium and high-strength alloys. Secondly, SPD 
needs multiple machining to produce large strain, which will 
lead to uncertainty in the control of deformation parameters 
(e.g., strain, strain rate) and deformation paths [10].

Among these SPD techniques, large strain extrusion 
machining (LSEM) [11] is an attractive method for prepar-
ing UFG materials. It not only imposes large shear strain on 
materials in a single pass, but also has unique advantages in 
controlling chip forming and continuous production. Saldana 
et al. [12] used LSEM and micro-EDM technology to pre-
pare LSEM chips into nickel-based superalloy Inconel 718 
small-scale gears. The measurement results showed that the 
shape accuracy and tolerance of the gear were very high, 
and the nanoscale microstructure and enhanced mechani-
cal properties were retained in the gear. LSEM can directly 
prepare chip waste into UFG formed strips with indus-
trial demand, which can be further processed into MEMS 
microparts.

At present, the demand for high-performance industrial 
materials is growing rapidly, so scholars have begun to intro-
duce ultrasonic vibration assisted technology to prepare 
UFG materials. Ultrasonic vibration machining can improve 
the traditional manufacturing processes, and make signifi-
cant changes in mechanical properties, micromorphology, 
surface integrity, and fatigue properties of materials [13, 14]. 
Ahmadi et al. [15] designed an ultrasonic-assisted ECAP 
system, and the punch could be excited by ultrasonic vibra-
tion. The results showed that the grains of pure aluminum 
samples were refined to 45 μm in ECAP machining. When 
the amplitude was 2.5 μm and 5 μm, the material grains were 
refined to 28.2 μm and 22 μm, respectively. It was proved 
that ultrasonic vibration can significantly improve the grain 
refinement of pure aluminum. Zhang et al. [16] used shot 
peening and ultrasonic shot peening to machine 7075-T651 
aluminum alloy. The results showed that the surface rough-
ness in ultrasonic shot peening was reduced by 35.5%, and 
the surface hardness was increased by about 31.9%. Cheng 
et al. [17] carried out an ultrasonic rolling experiment with 
45 steel. When the amplitude increased from 0 to 6 μm, the 
depth of structure refinement increased from 17 to 53.5 μm. 
The results indicated that ultrasonic vibration rolling can 
effectively refine the internal structure of 45 steel. A large 
number of literatures show that under the same conditions, 
if ultrasonic vibration is added to SPD, the grain refinement 
on the material surface will increase and a thicker nanostruc-
ture layer will be formed. At the same time, the mechani-
cal properties of materials are significantly improved, and 
the combination of ultrasonic vibration and SPD can obtain 
better results than traditional machining methods [18, 19]. 
We found that there was no research on the combination of 

LSEM and ultrasonic vibration by reading literature, so we 
proposed the UCC method in this article.

In this article, a new ultrasonic compound cutting (UCC) 
method was proposed on the basis of LSEM. According to 
the motion characteristics and strain rate model of UCC, the 
effect of ultrasonic vibration on the strain rate in the primary 
shear zone was analyzed. The 3D FEM equivalent model 
of UCC was established, and the differences between tradi-
tional compound cutting (TCC) and UCC were compared 
and analyzed from the viewpoint of strain rate. The micro-
structure features and mechanical properties were character-
ized by employing optical microscopy (OM), scanning elec-
tron microscope (SEM), Vickers microhardness tester, and 
X-ray diffraction (XRD). The main concerns of this paper 
include (i) developing a new strategy to prepare UFG pure 
copper with enhanced mechanical properties, (ii) exploring 
the relationships between hardness and microstructure of the 
UCC samples, and (iii) revealing the effect of strain rate on 
the machining results.

2 � Theoretical model of UCC strain rate

2.1 � Motion characteristics analysis of UCC​

In the machining process, a unit on the cutting edge is taken 
to establish the cutting edge path equation. In TCC, the cut-
ting edge path equation is as follows:

where r is the radius of workpiece,ap is the cutting depth,n 
is the spindle speed, and vf  is the feed speed of cutting tool.

In the UCC process, the cutting edge path equation in one 
vibration period is as follows:

where AY is the amplitude of ultrasonic longitudinal vibra-
tion and f  is the ultrasonic vibration frequency.

UCC is based on the TCC, which applies periodic vibra-
tion with the same frequency in the cutting direction. The 
cutting edge path equation of UCC is as follows:

The comparison of cutting edge trajectory between TCC 
and UCC is shown in Fig. 1. Due to the effect of ultrasonic 
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high-frequency vibration, the cutting edge and the workpiece 
are periodically separated and contacted. This special move-
ment will make the chip get different plastic deformation 
from TCC in the machining process.

2.2 � Strain rate model of UCC​

TCC is an alteration of conventional orthogonal machining, 
which can be considered as a shear plane strain process. The 
chip thickness in orthogonal machining is formed freely, 
while it is set as a prior in TCC. The main form of deforma-
tion in machining is the shear slip of materials. The chip is 
mainly affected by two deformation zones in TCC machin-
ing, including the primary shear zone (the first deformation 
zone), the extrusion, and friction zone of tool and material 
(the second deformation zone). The schematic diagram of 
TCC shear deformation and the associated geometric param-
eters are shown in Fig. 2.

The shear strain imposed on the chip during the chip for-
mation in TCC is calculated by:

where � is the shear angle and � is the tool rake angle.
In order to characterize the deformation degree of chip, 

the chip compression ratio � is introduced:

From Eq. (5):

From Eqs. (4) to (6), the relationship between � and � can 
be obtained as follows:

In general, the approximation of the deformation zone as 
a “shear plane,” albeit of small thickness ( Δd ), is a reason-
able model and is applied in the present study to estimate 
the strain rate. Then, the strain rate [20, 21] under localized 
deformation can be approximated as:

where Vs is the shear speed and Δd is the primary deforma-
tion zone (PDZ) thickness, which is typically taken as 50 μm 
using the particle image velocimetry (PIV) technique [22, 23].

The shear plane model is shown in Fig. 3. ABCD is the 
primary deformation zone, V  is the cutting speed, Vc is the 
chip speed, and Vs is the shear speed. V  , Vc , and Vs can form 
a closed vector graph. The shear speed [24] is calculated by:
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Fig. 1   Comparison of cutting 
edge trajectory between TCC 
and UCC​

Fig. 2   Schematic diagram of TCC shear deformation and associated 
geometric parameters
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The cutting speed V  can be obtained from Eq. (3):

From Eqs. (8), (9) and (10), the maximum strain rate of 
UCC can be obtained as follows:

From Eq. (11), it can be obtained that the maximum strain 
rate 𝜀̇max in UCC is proportional to the ultrasonic amplitude 
AY . The grain refinement is not only related to the strain 
of plastic deformation of materials, but also to the strain 
rate, so the result of UCC at high strain rate will be more 
excellent.
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3 � Simulation and validation of UCC strain 
rate

3.1 � FEM details

FEM is adopted to simulate machining with great success. 
The 3D model of the cutting tool, constraining tool, and 
workpiece are shown in Fig. 4. The tool material is car-
bide, and the workpiece material is pure copper; the material 
properties of workpiece are shown in Table 1 [3]. In order 
to realize the ultrasonic vibration of the cutting tool and 
constraining tool, the reference points of the combined tool 
are given a cutting speed and periodic displacement along 
the cutting direction.

The key to ensure the accuracy of UCC simulation is the 
constitutive model. The Johnson–cook constitutive model is 
able to express strain hardening, strain rate strengthening, and 
thermal softening at high strain rate, which is more consistent 
with actual machining. So J-C constitutive model and J-C 
failure criteria are adopted in this article. The J-C constitutive 

Fig. 3   The shear plane model

Fig. 4   Finite element model of 
UCC​

Table 1   Material properties of pure copper [3]

Parameters Reference value

Density/(kg/m3) 8960
Yang’s model/GPa 108
Poisson’s ratio 0.333
Specific heat capacity/(J/kg ⋅ K) 3.16032
Melting point/K 1356
Thermal conductivity/(W/(m ⋅ K)) 122.613
Expansion coefficient/(μm/(m/K)) 17.5
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model parameters and failure criteria parameters of pure cop-
per are shown in Tables 2 and 3, respectively [25].

3.2 � Simulation results and analysis of strain rate

In order to investigate how the ultrasonic vibration affects 
material properties and microstructure, the correlation 
between the machining parameters (e.g., amplitude) and 
deformation parameters (e.g., strain rate) is required. The 
literature shows that at high strain rate, the dislocation dis-
tribution will be more random and uniform and the grain 
size will also decrease [26, 27]. Therefore, the study of chip 
deformation zone strain rate is of guiding significance for 
the production of UFG pure copper.

The strain rate distribution in the chip with different 
ultrasonic amplitudes is shown in Fig. 5. The strain rate is 
changed by the variation in amplitude: strain rate is low at 
small amplitude and increases with the increase of ampli-
tude. The maximum values of strain rate are 1.636 × 104, 
3.72 × 104, 3.996 × 104, and 5.482 × 104, corresponding to 
the four amplitudes from 0 to 3 μm. When AY is 3 μm, the 
strain rate is maximum. The maximum value of strain rate 
increases from 1.636 × 104 to 3.72 × 104 as AY increases from 
0 to 1 μm, representing a difference value of 2.084 × 104. 
It shows that ultrasonic vibration can more significantly 

increase the strain rate in the deformation zone. The maxi-
mum value of strain rate increases from 3.72 × 104 to 
3.996 × 104 as AY increases from 1 to 2 μm, representing a 
difference value of 0.276 × 104. However, it increases from 
3.996 × 104 to 5.482 × 104, while AY increases from 2 to 
3 μm, with a difference of 1.486 × 104. The results show that 
the strain rate increases with the increase of the amplitude.

The strain rate changes with different ultrasonic ampli-
tudes are shown in Fig. 6. The same point on workpiece 
is selected to compare the strain rate change. The simula-
tion results show that as the cutting time increases, the 
strain rate curve gradually increases and the maximum 
strain rate will gradually increases with the increase of 
amplitude AY .

The effect of strain rate on refining the internal struc-
ture and modifying the surface structure cannot be ignored. 
When the material is mechanically deformed to produce 
high-density dislocation, the internal structure will be 
refined and the surface structure will be modified. The 
increase of dislocation density is not only related to the 
strain of plastic deformation, but also to the strain rate. The 
simulation results show that the maximum strain rate of 
ultrasonic compound cutting ( AY = 3μm ) increases by about 
2.3 times compared with traditional compound cutting, so 
the ultrasonic vibration technology can significantly increase 
the cutting strain rate.

Table 2   J-C constitutive model parameters of pure copper [25]

A B C m n 𝜀̇
0

Tr Tm

90 292 0.025 1.09 0.31 1 300 1356

Table 3   J-C failure criteria 
parameters of pure copper [25]

D
1

D
2

D
3

D
4

D
5

1.08 4.89 3.03 0.014 1.12

Fig. 5   The distribution of strain 
rate with different ultrasonic 
amplitudes: a A

Y
= 0μm , b 

A
Y
= 1μm , c A

Y
= 2μm , and d 

A
Y
= 3μm
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4 � Microstructure and properties experiment 
of UCC​

4.1 � Experimental details

The experiment setup is shown in Fig. 7. The experiment 
setup is composed of high-frequency vibration system and 
extrusion cutting system. The high-frequency vibration sys-
tem is composed of ultrasonic generator, transducer, and 
horn; the extrusion cutting system is composed of cutting 
tool, constraining tool, and connecting frame. The two sys-
tems cooperate with each other to generate ultrasonic high-
frequency vibration for the cutting tool and constraining 
tool. The output amplitude of the system can be changed by 
adjusting the frequency and output power of the ultrasonic 
generator. At the same time, the frequency and current value 
of the numerical control panel of the ultrasonic generator are 
in a very small range to keep the amplitude constant.

The test conditions in this article are shown in Table 4. 
In order to minimize the influences of strain rate and tem-
perature variations, the cutting speed is kept slow, and the 
work material is continuously fed into the extrusion chan-
nel with formation of the geometrically controlled chip. In 
order to ensure 2D deformation, the chip width is kept much 
larger than the thickness of the unformed chip. At that time, 
the strain along the chip width direction is minimal. All 
machining experiments are conducted on a universal lath 
(CA6140B/A), using machining oil (SAE-30) as lubricant 
and coolant. The commercial pure copper circular tube with 
the length of 200 mm, the outer diameter of 60 mm, and the 
thickness of 10 mm is served as the experimental material. 
The experimental setup of UCC is illustrated in Fig. 8.

As illustrated in Fig. 9, a laser displacement sensor, KEY-
ENCE LK-G10, is used to measure the ultrasonic longitudinal 
amplitude of the combined tool. The laser beam of the laser 
displacement sensor is focused on the tool tip, and the value of 

Fig. 6   Strain rate changes with different ultrasonic amplitudes: a A
Y
= 0μm , b A

Y
= 1μm , c A

Y
= 2μm , and d A

Y
= 3μm
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the ultrasonic amplitude is read by PC. Microstructures of all 
samples are examined in detail using the OM and SEM. For this 
purpose, the samples are mechanically polished with abrasive 
paper of 600, 1000, 1500, 2000, and 3000 grit in sequence, fol-
lowed by fine polishing with the diamond paste of 1 μm to the 
mirror finish. Grinding of the chip is started from the surface 
coming in contact with the tool rake face. Reagent (5 g FECL3, 
50 mL HCl, and 100 mL H2O) is adopted to etch the samples. 
As for SEM study, in order to avoid the decrease of conductiv-
ity affecting the observation result, so the samples are sprayed 
with gold. The formation of different phases of the samples is 
analyzed using XRD by scanning in the range 2θ 20–90°. θ-2θ 
accurate scans with a step size of 0.02° are performed at room 
temperature. Microhardness tests are carried out with a Vickers 
microhardness tester at a load of 50 g for a dwell time of 15 s. An 
average value is taken from at least 15 readings for each sample. 
The test positions of OM, SEM, XRD, and microhardness are 
chosen on the plane closed to the tool rake face.

4.2 � Experimental results and analysis 
of microstructure

OM images of the starting material and samples subjected to 
UCC are illustrated in Fig. 10. The OM image of the starting 

material is shown in Fig. 10a, and the OM image processed by 
the image-pro-plus (IPP) software is shown in Fig. 10b. The 
microstructure of starting material mainly consists of grains 
in the range of 10–30 µm with a mean grain size of 18.15 µm, 
and grains larger than 50 µm can also be observed.

The OM images of UCC samples are shown in Fig. 10c–f. 
After UCC process, the grains of pure copper chip are highly 
refined. The IPP software is not easy to capture grain bound-
aries, so the linear intercept method [28] is used, and the 
equation is as follows:

where l is the average intersection length, L is the length of test 
line, and Pi is the number of intersections between grain bound-
aries and test line. At least 200 grains and sub-grains with rela-
tively clear boundaries are counted and calculated employing 
linear intercept method to estimate the average grain size. For 
those chips with elongated structures, the mean width (along 
small dimension) of grain is considered as the grain size [29].

(12)l =
L

Pi

Fig. 7   Schematic diagram of 
UCC setup

Table 4   Test conditions

Parameters Reference value

Spindle speed n (r/min) 25
Feed speed Vf  (mm/r) 0.28
Cutting depth ap (mm) 1.6
Ultrasonic amplitude AY (μm) 0, 1, 2, 3
Ultrasonic frequency (kHz) 0, 21.71, 21.83, 22.15
Machining oil SAE-30

Fig. 8   Real experimental setup of the UCC​
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The grain size distributions are shown in Fig. 11. The 
average values of the sample grains are 3.86 μm, 3.30 μm, 
3.11 μm, and 2.66 μm, corresponding to the four amplitudes 
from 0 to 3 μm. The results show that the grain refinement of 
chip structure will gradually increases with the increase of 
ultrasonic amplitude. As the ultrasonic amplitude increases, 
the cutting strain rate will increase. The cutting strain rate 
directly affects the grain refinement of materials, and the 
strain rate is related to the mean free path of dislocation in 
materials. The larger the strain rate, the shorter the mean 
free path of dislocation, the smaller the size of dislocation 
cell, and the higher the degree of grain refinement. At the 
same time, the grain refinement process includes formation 
of dislocation walls through propagation, slip, annihilation, 
and recombination of the dislocations, and the wide grain 
will be divided into new fine grain.Fig. 9   Measurement of ultrasonic amplitude

Fig. 10   OM images of the a 
starting material, b IPP sample, 
c UCC sample for A

Y
= 0μm , d 

UCC sample for A
Y
= 1μm , e 

UCC sample for A
Y
= 2μm , and 

f UCC sample for A
Y
= 3μm
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In order to obtain more detail information about micro-
structure features, SEM technology is introduced. The SEM 
images of UCC samples are shown in Fig. 12. When the 
amplitude is 0 μm, the average grain size of the starting 
material is refined from 18.15 to 3.86 μm, indicating that 
TCC is an effective method to produce UFG pure copper. 
When the ultrasonic amplitude is 3 μm, the average grain 
size of the sample is about 69% of the TCC chip, indicating 
that ultrasonic vibration can significantly improve the effi-
ciency of TCC. The results show that the strain rate in the 
deformation field can be increased by increasing the ultra-
sonic amplitude, and the grain size of chip will decrease.

4.3 � Experimental results and analysis of microhardness

The microhardness of UCC samples with different ultrasonic 
amplitudes is shown in Fig. 13. The hardness of the starting 
material is 86 HV. The surface of UCC chip will produce 
work hardening, and the surface hardening will become 
larger with the increase of ultrasonic amplitude. The hardness 
of the UCC sample is 124 HV when the amplitude is 3 μm, 
which is about 8% higher than the hardness of TCC chip. The 
work hardening of the chip surface is closely related to the 
microstructure and dislocation density of the material [30]. 
The improvement concerning the strength or hardness of pure 
copper may be mainly attributed to the following: (i) grain 
refinement strengthening and (ii) dislocation strengthening.

Because the deformation resistance of grain boundary 
is very large, and the deformation of each grain will be 
restrained by the surrounding grains, so the hardness of 
pure copper chip always increases with the refinement of 
grain (i.e., the increase in the total area of grain bounda-
ries). Therefore, the large enhancement in hardness of 

UCC samples can be directly attributed to the grain 
refinement strengthening, one of the main strengthening 
mechanisms of material subjected to plastic deformation. 
Grain refinement strengthening is generally described by 
the Hall-Patch equation in which the strength of materi-
als is inversely proportional to the grain size. Here, the 
hardness version is used instead of the flow stress ver-
sion [31].

where HV is the hardness, H
0
 and KH are the material con-

stants, and d is the average grain size of materials. Obvi-
ously, the hardness increases with the decreasing of the 
average grain size.

To examine the Hall-Patch relationship, the Vickers 
hardness values of the UCC samples in Fig. 13 are plot-
ted as a function of d−1∕2 , which is shown in Fig. 14. This 
indicates that the UCC samples follow the linear relation-
ship described by Eq. (13). Accordingly, grain refinement 
strengthening makes significant contribution to the hardness 
enhancement of all the samples subjected to UCC.

The dislocation strengthening, which is based on the 
prevention of dislocation slip and movement induced by 
interaction among dislocation, is another important strength-
ening mechanism that acts in materials. The high density 
of dislocation can decrease the mean free path of mobile 
dislocation, thus enhancing the resistance to deformation of 
materials. Because higher dislocation density in the UCC 
samples forms much more dislocation tangles, which act as 
barriers against the dislocation movement, thus hardening 
the materials. Theoretically, the contribution of dislocation 
to material strength can be described by the Bailey-Hirsch 
equation [32].

where M is the Taylor factor,�D is the strength coefficient, 
G is the shear modulus, b is the Burgers vector, and � is the 
dislocation density. Since the strength is proportional to the 
hardness of the materials, the higher the dislocation density, 
the greater the hardness of the materials.

The diffraction patterns of XRD for UCC samples are 
shown in Fig. 15a. In the XRD diffraction patterns, the dis-
location density is mainly determined by the full width at 
half maximum (FWHM) of the diffraction peak [33, 34]. 
Figure 15b is the fitted peak of AY = 3μm ; the corrected 
FWHM for peak is 0.2789°. When the amplitudes are 0 μm, 
1 μm, and 2 μm, the corresponding FWHM are 0.23749°, 
0.23948°, and 0.26345°, respectively. The XRD results show 
that the FWHM of peak increases with the increase of ampli-
tude AY , and reaches the maximum when the amplitude is 
3 μm. Therefore, ultrasonic vibration can improve the dis-
location density of pure copper chip.

(13)HV = H
0
+ KHd

−1∕2

(14)�d = M�DGb�
1

2

Fig. 11   Grain/sub-grain size statistic distributions of the UCC sam-
ples
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Fig. 12   SEM images and local 
enlarged drawing of the a UCC 
sample for A

Y
= 0μm , b UCC 

sample for A
Y
= 1μm , c UCC 

sample for A
Y
= 2μm , and d 

UCC sample for A
Y
= 3μm
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Fig. 13   Microhardness of UCC samples with different ultrasonic 
amplitudes

Fig. 14   Microhardness of samples processed by UCC as a function 
of d−1∕2

Fig. 15   XRD patterns: a UCC samples and b the fitted peak of A
Y
= 3μm
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5 � Conclusions

In this paper, UCC was conducted with various amplitudes 
to investigate their comparative effects on chip microstruc-
ture and hardness of pure copper. The main observations 
could be summarized in following conclusions:

1.	 The cutting edge trajectory and strain rate model of UCC 
were discussed. The continuous cutting of TCC was trans-
formed into intermittent cutting by UCC. Ultrasonic vibra-
tion along the cutting direction in UCC could increase the 
maximum strain rate 𝜀̇max in the primary shear zone.

2.	 A 3D finite element model of UCC was established. It 
could be obtained from the simulation results that the 
strain rate in the shear zone of UCC was significantly 
larger than that of TCC (AY = 0 μm), and the maximum 
strain rate would gradually become larger with the 
increase of the amplitude AY.

3.	 The experimental results showed that the microstructure 
of the pure copper chip surface would change signifi-
cantly if ultrasonic vibration was added to the TCC. The 
grain refinement and dislocation density of pure copper 
samples would increase with the increase of ultrasonic 
amplitude. In addition, the microhardness test showed 
that the hardening degree of chip surface would also be 
improved due to the grain refinement strengthening and 
dislocation strengthening.
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