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Abstract. In order to deeply understand the cutting mechanism of SiCp /Al in ultrasonic vibration-assisted
turning, a prediction model of a cutting temperature field of SiCp /Al composites in UVAC (ultrasonic vibration-
assisted cutting) was established. A theoretical model of instantaneous cutting depth and transient shear angle
was established considering the real-time changing cutting depth, tool front angle and shear angle characteris-
tics of UVAC. The relationship between cutting speed, shear speed and chip flow speed in UVAC processes is
revealed, as well as the shear force and the front cutter friction force. Finally, the influence of heat generated
by the heat source zone and shear heat source zone on the temperature rise was calculated, and the tempera-
ture field model was established. The experiment of processing SiCp /Al composites by UVAC was carried out.
SiCp /Al composites with 25 % volume fraction were turned, and the cutting temperature data were measured
and recorded by an infrared thermal imaging device. The cutting speed, cutting depth and feed rate were tested
by a single factor, and the changes in cutting temperature under different parameters were compared. Finally, the
experimental data were compared with the theoretical values to verify the validity of the theoretical model.

1 Introduction

In recent years, SiCp /Al composite materials have been
widely used in many fields due to a series of advantages
such as high temperature resistance, fatigue resistance and
a low thermal expansion coefficient (Pramanik, 2014; Liu
et al., 2014; Wang et al., 2019). However, due to the high
strength and hardness properties of the material itself, con-
ventional methods cannot meet the requirements of high ef-
ficiency, high precision and high surface quality during pro-
cessing.

Various studies have shown that ultrasonic vibration-
assisted cutting (UVAC) technology can improve the cutting
mechanism of SiCp /Al composite materials. At the same
time, the heat generated during the cutting process will have
a significant impact on the formation of accumulated edges,
the size of the cutting force, the particle fragmentation, the
tool wear and service life as well as the performance and
surface morphology of the processed material (J. Zhou et
al., 2022; Lu et al., 2020). Zha et al. (2018) studied the ma-

terial removal of SiCp /Al-based composites in ultrasonic
vibration-assisted scratching and traditional scratching ex-
periments. The results indicate that the material removal rate
of ultrasonic vibration-assisted scratching is higher than that
of scratches formed by traditional methods. At the same time,
ultrasonic vibration plays an important role in reducing the
grinding force and friction coefficient and improving the sur-
face morphology of machining. Zheng et al. (2018) found
through experiments that the material removal behavior of
SiCp /Al composite materials at the macro scale is similar to
that of metals and has a high material removal rate in ultra-
sonic vibration-assisted scratching technology. Meanwhile,
SiC particles tend to maintain structural integrity rather than
fracture or pull-out. Li et al. (2023) established kinematic
and scratch force models to describe the scratch process of
SiCp /Al composites in their research on the influence of
ultrasonic vibration on the subsurface of SiCp /Al compos-
ites. Rotary ultrasonic vibration-assisted scratch testing was
designed for high-volume fraction SiCp /Al composite ma-
terials, with scratch trajectories including intermittent, con-
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tinuous and semicontinuous ones. By observing the subsur-
face morphology, the subsurface damage under conventional
scratches and rotary ultrasonic vibration-assisted scratches
mainly includes particle cracking, matrix tearing and inter-
face damage. The results indicate that ultrasonic vibration
can effectively reduce the subsurface damage of SiCp /Al
composite materials. Y. Zhou et al. (2022) conducted con-
ventional cutting and ultrasonic vibration-assisted cutting
finite-element simulations on SiCp /Al composite materials
and studied the damage forms of SiC particles under differ-
ent cutting paths. Finally, experimental verification was con-
ducted. The results indicate that ultrasonic vibration-assisted
cutting can reduce cutting force and surface roughness and
improve the surface integrity of SiCp /Al composite mate-
rials compared to conventional cutting while ensuring a re-
duction in subsurface damage. Zheng et al. (2021) also es-
tablished a cutting model for SiCp /Al composite materials
using ABAQUS software. It was found that, when SiC parti-
cles were completely fractured and pulled out, the SiC parti-
cles and their surrounding matrix were severely damaged. At
the same time, the comparison between the simulation and
the experiment shows that SiCp /Al can achieve better sur-
face integrity during ultrasonic vibration-assisted cutting.

The heat generated during the cutting process of compos-
ite materials will have a relative impact on the cutting results,
workpiece surface quality and tool wear. Although schol-
ars at home and abroad have studied the cutting tempera-
ture of various materials, temperature research is still in its
infancy (Longbottom and Lanham, 2006; Liu et al., 2023).
Song et al. (2017) used self-lubricating tools and conven-
tional tools, respectively, to study the cutting temperature
and tool wear during AISI1045 hardened steel cutting us-
ing dry machining methods. The results indicate that self-
lubricating tools exhibit excellent efficiency and stability in
reducing cutting temperature, and tool wear is reduced com-
pared to traditional self-lubricating tools. Saez-de-Buruag et
al. (2018) believe that infrared thermal imaging technology
is a reliable temperature measurement technology because
it can achieve real-time monitoring of the tool temperature
and thermal field. At the same time, research was conducted
on four types of ferrite pearlite steels (16MnCr5, 27MnCr,
C45 and C60). A new calibration method is proposed, where
the calibration curve directly relates to the actual tempera-
ture and radiation temperature. The results indicate that this
method is effective in determining the actual effects of the
cutting speed and feed rate. In order to gain a deeper un-
derstanding of the changes in cutting temperature during the
cutting process, Su et al. (2020) partitioned the heat sources
during the cutting process and focused on studying the evo-
lution laws of chip temperature, tool chip contact tempera-
ture and tool workpiece contact temperature. The results in-
dicate that the variation of temperature with cutting speed
varies at different measurement points. From the perspec-
tive of tool performance, the influence of chip shape and
temperature changes on tool wear was discussed. Jamil et

al. (2023) established a two-dimensional milling model of
Ti-6Al-4V alloy using finite-element software to investigate
whether the cutting temperature simulated by finite-element
analysis can reasonably represent the actual situation. The
influence of coolant on the cutting temperature was consid-
ered, and the cutting temperature was obtained. Finally, the
experimental values were compared with the simulation re-
sults, and the maximum error was within 7 %. It is concluded
that two-dimensional modeling is an effective tool for pre-
dicting milling temperature within a reasonable error range.
Meng and Lin (2021) established a two-dimensional orthog-
onal cutting model and a finite-element model for the high-
speed milling process of ADC12 aluminum alloy to analyze
the impact of increasing cutting speed on cutting temperature
and the changes in chip morphology. The results show that,
as the cutting speed increases, the chip morphology changes
from continuous to serrated and then returns to continuous.
The cutting temperature also increases with the increase in
cutting speed.

In summary, this article aims to study the cutting tempe-
rature of SiCp /Al composite materials processed by UVAC,
establish a cutting temperature prediction model and use the
finite-element simulation analysis software ABAQUS to sim-
ulate the cutting process. Simulate the influence of differ-
ent parameters on cutting temperature through finite-element
simulation technology and verify the trend of cutting tem-
perature changes through experiments. Study the changes in
cutting temperature under different cutting parameters and
vibration parameters, providing a reference for future re-
search on the machining mechanism of composite materials.

2 Modeling of the cutting temperature field

2.1 Two-dimensional ultrasonic vibration-assisted
cutting process analysis

On the basis of conventional cutting, two-dimensional ultra-
sonic vibration-assisted cutting technology is a special ma-
chining method, which uses an external excitation device to
make the tool carry out high-frequency simple harmonic vi-
bration along the cutting direction and the cutting depth di-
rection, so that the tool tip presents a periodic elliptical mo-
tion trajectory. Due to its characteristics, it is considered one
of the effective ways of improving the machining perfor-
mance of difficult materials by most scholars. In the cutting
process, driven by piezoelectric ceramics, the tool makes a
periodic harmonic motion along the cutting direction (X di-
rection) and vertical direction (Y direction), respectively. The
motion trajectory of the tool tip can be expressed as{
X(t) = A1 sin(2πf t)
Y (t) = A2 sin(2πf t +ϕ) , (1)

where t represents time; X(t) and Y (t), respectively, repre-
sent the absolute displacement along the cutting direction
(X) and vertical direction (Y ) during tool vibration; A1 and

Mech. Sci., 15, 293–304, 2024 https://doi.org/10.5194/ms-15-293-2024



Q. Wu et al.: Cutting temperature of SiCp/Al during UVAC processes 295

A2, respectively, represent the amplitude of the correspond-
ing direction; and f and ϕ are the vibration frequency and
phase difference, respectively.

Considering the cutting speed, the motion path of the tool
relative to the workpiece is{
X(t) = −A1 sin(2πf t)−Vct

Y (t) = −A2 sin(2πf t +ϕ) . (2)

By taking the derivative of time t , the instantaneous velocity
of the tool in the cutting process can be obtained:{
Vx(t) = −2πfA1 cos(2πf t)−Vc
Vy(t) = 2πfA2 sin(2πf t) . (3)

In order to realize intermittent separation and contact be-
tween the tool and workpiece in the two-dimensional ultra-
sonic vibration-assisted cutting process, the maximum in-
stantaneous speed of the tool along the cutting speed direc-
tion should not be less than the cutting speed of the tool rel-
ative to the workpiece, i.e.,

Vx−max(t)≥ Vc⇒ Vx−max(t)= 2πfA1 ≥ Vc . (4)

According to the above formula, the motion speed of the tool
tip in the UVAC cutting process can be obtained:

| Vt |= V (t)=
√
V 2
x (t)+V 2

y (t) . (5)

The resultant velocity forms an angle γ with respect to the
horizontal axis, i.e., the included angle of the tool with re-
spect to the workpiece (time-varying front angle), which is
given by the following formula:

γ (t)= tan−1
(
−Vy(t)
Vx(t)

)
. (6)

According to shear deformation theory, the relationship be-
tween the shear angle, friction angle and tool front angle can
be obtained as follows:

φ =
π

4
−β + γ . (7)

In the UVAC process, it can be known from the cutting path
that the included angle of the axial and radial velocities of the
tool tip changes in each cutting cycle. Thus, the time-varying
shear angle in the cutting process can be seen as follows:

φuvc = φ0− tan−1
(
vy

vc

)
, (8)

where φ0 is the shear angle of the conventional cutting pro-
cess. (In order to reduce the redundancy of the formula, part
of the shear angle φ and tool front angle γ mentioned in the
following section are time-varying.)

In addition to cutting speed Vc, two other speeds are in-
volved in the cutting process: shear rate Vsh and chip outflow
rate Vch.

Figure 1 shows the speed during UVAC cutting. The shear
velocity Vsh and chip velocity Vch on the shear plane can be
expressed as the cutting velocity Vc, where φuvc is the time-
varying shear angle and γuvc is the time-varying tool front
angle. The shear velocity and chip outflow velocity can be
calculated as follows:

Vch = Vc ·
sin(φuvac)

cos(φuvac− γuvac)
, (9)

Vsh = Vc ·
cos(γuvac)

cos(φuvac− γuvac)
. (10)

The invalid cutting time is the time it takes for the tool to
not cut the workpiece during the UVAC process, as shown in
Fig. 2b from t7 to t2. At this time, the cutting force is 0. When
the tool comes into contact with the workpiece, from point
t1 in Fig. 2b to t7 (black solid line interval), it is called the
effective cutting time. At this point, UVAC technology does
not change the cutting mechanism, and the cutting force is
similar to ordinary cutting.

As shown in Fig. 3, the force acting on the tool–chip inter-
face can be decomposed into two components: Ff, the fric-
tional force opposite to chip motion, and Fn, where force R2
is the vector sum of these two forces. In addition, shear forces
Fs and normal shear forcesNs also appear on the shear plane,
and force R1 is the vector sum of these forces.

Due to the fact that the temperature of the workpiece being
cut is higher than the temperature of the cutting plane and the
deformation speed is faster, the shear stress and compressive
stress on the surface of the cutting tool vary over time and
can be obtained by the following formula:
τ =

Fs sinϕuvac
HB

σ =
Ns sinϕuvac

HB

τ =
σ
√

3
=

S

3
√

3

, (11)

where B is the effective cutting width and S is the hardness
of the material.

Therefore, considering the time-varying uncut chip thick-
ness caused by cutting characteristics, the shear force in the
shear zone and the normal shear force can be obtained:{
Fs =

τHwB
sinϕuvc

Ns =
σHwB
sinϕuvc

. (12)

Also taking into account the force–balance relationship
shown in Fig. 3, Ff and Fn can be expressed as the function
γ of cutting force Fc, thrust Ft and tool front angle γ :

Ff = Fc · cos(γ )−Ft · sin(γ ) , (13)

Fn = Fc · sin(γ )−Ft · cos(γ ) . (14)
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Figure 1. Schematic diagram of the cutting speed in the cutting process.

Figure 2. UVAC cutting process analysis.

Figure 3. Cutting force in the cutting process.
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2.2 Ultrasonic vibration-assisted cutting SiCp/Al
composite cutting temperature analysis

Along with the machining process generated by the cutting
heat in the whole process of metal cutting playing a decisive
role, the workpiece is heated in the cutting heat, and the re-
sulting cutting temperature under the action slightly softens.
To a certain extent, the cutting provides favorable factors, but
too high a temperature will also bring many adverse factors.
The cutting temperature plays a large role in the formation
of chip nodules; the size of the cutting force, tool wear and
service life; and the surface morphology and properties of
materials after machining.

The heat generated in UVAC processing is transferred to
chips, workpieces, tools and cooling media. In addition, the
UVAC’s intermittent tool–chip contact mode increases the
cooling time of the tool and chip in the air, which greatly
promotes heat loss during cutting.

In ultrasonic vibration-assisted machining, the tool trans-
mits ultrasonic vibration to the workpiece and changes the
yield strength of the workpiece in the shear zone. Therefore,
in order to evaluate the instantaneous influence of ultrasonic
softening and machining parameters on the yield strength
in the J–C model, ultrasonic softening factors were intro-
duced:

τ =
1
√

3

(
A+Bεn

){
1+m ln

(
ε

ε0

)}
{

1−
(
T − Trm

Tmt− Trm

)C}
(1− dEu)e , (15)

where ε, ε0, εn, Tmt, Trm and Eu, respectively, represent the
strain rate, reference strain rate, material shear strain, ma-
terial melting temperature, reference temperature and ultra-
sonic energy. Some parameters are shown in Table 1. A, B,
C,m and n, respectively, represent J–C model constants. Fur-
ther considering the influence of machining parameters and
shear angle, the improved J–C model Verma et al. (2018) can
be expressed as

τ =
1
√

3

[
A+B

(
cos(γ )

sin(ϕ)cos(ϕ− γ )

)n]

×

1+m ln


(

Vc cos(γ )
Hw cos(ϕ−αr)

)
ε̇0




×

[
1−

{
Tw− Tr

Tm− Tr

}C](
1− dργ v2

)e
, (16)

where ρ, c, k, Hw and Vc, respectively, represent material
density, specific heat of the workpiece, heat conductivity, in-
stantaneous cutting depth and cutting speed.

Table 1. J–C constitutive model parameters of Al (Lu et al., 2014).

Material A B n C m Tm
(MPa) (MPa) (°C)

Al 352 440 0.42 0.083 1 520

Figure 4. Heat source area for cutting SiCp /Al composites.

The equivalent plastic strain and equivalent plastic strain
rate of the shear plane can be expressed as follows:{
ε̇ =

cosγ
2
√

3cos(ϕ−γ ) sinϕ

ε̇0 = COxley

√
3vcsin2ϕ

3h0

, (17)

where COxley represents the constant of the Oxley model.
In the cutting process, heat generation mainly occurs in the

main shear zone and the secondary shear zone, as shown in
Fig. 4. If the tool is not very sharp, a third heat source is cre-
ated due to friction between the tool and the new workpiece
surface. The unit cutting depth is calculated in the primary
shear heat source according to the following formula:

Qs = FsVs =
τHw(t)Vsh cos(γ )
cos(ϕ− γ ) sinϕ

, (18)

where Hw(t) is the instantaneous cutting depth.
According to the cutting heat generation formula (18),

the average temperature rise during cutting in the first-stage
shear zone can be calculated as follows:

Tw− T0 =
Qsκ

ρ cosVs
=

κτ

ρc sin(ϕ)
, (19)

where ρ, c and T0, respectively, represent the mass density,
specific heat capacity and initial temperature of the work-
piece. The heat transfer component is evaluated by a param-
eter representing the value transferred to the chip, defined as

κ =
1

1+ 1.328
√

ε
Rq

, (20)
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Figure 5. Stress distribution model proposed by the (a) Zorev
stress distribution model and (b) heat flux distribution (Teng and
Wierzbicki, 2006).

where Rq is a calorific value, which can be defined as

Rq =
sVs

ξ
, (21)

where ζ is the thermal diffusion rate, which can be calculated
as

ξ =
λ

ρC
, (22)

where λ is the thermal conductivity coefficient.
Figure 5 is a stress distribution model proposed by the

(a) Zorev stress distribution model and the (b) heat flux dis-
tribution. It can be seen that the frictional stress remains con-
stant in approximately half of the bonding area (ls area) of
the cutting edge closest to the cutting edge but gradually de-
creases when the chips come out of contact with the rake face
and eventually become zero. The stress distribution equation
on the tool chip contact length is similar to the heat flux dis-
tribution equation, so the cutting flux distribution can be de-
scribed as a stress distribution.

The tool–chip contact interface is shown in Fig. 6. When
the tool touches the workpiece, the tool–chip interface can
be divided into an adhesive zone and a sliding zone. In the
adhesive region, strong adhesion occurs in the interface due
to the accumulation of cutting heat. In the sliding area, the
adhesion is relatively weak due to the decrease in the cutting
temperature. The total length of these two areas in lc of the
interface is calculated as follows:{
lc =

2Hw sin[φ(t)+β−γ (t)]
cosβ sinφ(t)

ls ≈ (0.6− 0.7)lc
. (23)

The process is assumed to have an orthogonal cutting geome-
try, with chips sliding on the front inclination plane (i.e., the
secondary deformation zone) at a constant average friction
coefficient. The heat generated by the unit cutting depth in
the secondary zone is as follows:

Qf = FfVf =
τvcs sinγuvc

sin(ϕuvc− γuvc)cos(ϕuvc+β − γuvc)
J s−1 . (24)

Equation (23) is divided by the tool–chip contact length to
obtain the heat flux:

qmax =
τvcs sinγuvc

sin(ϕuvc− γuvc)cos(ϕuvc+β − γuvc) lc
. (25)

Therefore, the cutting heat flux distribution function in the
tool–chip contact interface is calculated as follows:

Q(x)=


qmax0≤ x ≤ ls

qmax

(
lc− x

lc− ls

)
e

(
ls−x
lc

)
ls ≤ x ≤ lc

. (26)

Unlike conventional cutting, the presence of tool–piece sep-
aration in the UVAC process makes it an intermittent cut-
ting process. During the non-cutting duration, the tool sur-
face will have heat convection with the cooling medium, such
as air and fluid coolant. As the cutting process continues, this
process will result in a reduction of heat, the value of which
can be calculated by the heat convection equation:

Q̃(t)=−hds(Tt − T0) , (27)

where h is the convective heat transfer coefficient of the
coolant.

In Fig. 7, ds refers to the normal cross-sectional area of
convective heat transfer, and its calculation formula on the
front surface is as follows.

ds=
1
2

[
(r + dr)2dϑ − r2dϑ

]
= rdrdϑ (28)

During the entire cutting process, although there is thermal
convection between the rake face and the external environ-
ment, cutting heat is also transmitted through the tool during
cutting. Therefore, this process can be simplified as a heat
conduction system with two parallel walls. Conduction heat
can be calculated in the following form:

Qt (t)=
k

s
vds(Tt − T0) , (29)

where s is the thickness of the parallel wall. If the tool clear-
ance angle α is zero, it is equal to the tool thickness. Other-
wise, it can be calculated simply through geometric relations:

s =
R− r

tanα
. (30)

The composite cutting heat fluxQ(t) on the front cutting sur-
face, which is ultimately affected by the cutting temperature,
is calculated as follows:

Q(t)= Q̃(t)−Qt (t). (31)
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Figure 6. Schematic diagram of the cutting process: (a) three-dimensional view; (b) intermediate cross-sectional view.

Figure 7. Schematic diagram of the thermal convection cross-
sectional area of the cutter surface before tool–chip contact.

2.3 Modeling of the cutting temperature

Based on thermodynamic definitions, heat sources can be
modeled as semi-infinite rectangular angles in UVAC on the
finite plane, as shown in Fig. 8. Then, the cutting temperature
boundary condition is

∂2Tt

∂x2 +
∂2Tt

∂y2 +
∂2Tt

∂z2 =
1
ζt

∂2Tt

∂t

− kt
∂T

∂z
=Q(x,y, t), z= 0. (32)

To solve the above formula, the UVAC process is viewed
as three mutually perpendicular transient planes of a semi-
infinite semi-space, thus forming an eighth spatial corner
point. Given a surface point at a certain time in space (x = xp,
y = yp, z= 0), the instantaneous heat source at time t can be
calculated as

Tg
(
x,y,z,xp,yp,0, t,τt

)
=

e
−z2

4ζ (t−τt )

4
[√
πζt (t − τt )

]3
·

[
e
−(x+xp)2

4ζt (t−τt ) + e
−(x−xp)2

4ζt (t−τt )

]
·

[
e
−(y−yp)2

4ζt (t−τt ) + e
−(y−yp)2

4ζt (t−τt )

]
. (33)

Therefore, according to Eqs. (26) and (29), the temperature
solution of any surface point at a given time T (x,y,z,T ) can

Figure 8. Modeling of a finite-plane heat source on a semi-infinite
rectangle corner.

be calculated by the following equation:

T t(x,y,z, t) =
ζt

kt

t∫
0

lc∫
0

ly∫
0

Tg
(
x,y,z,xp,0, t,τt

)
Q
(
xp,yp,τt

)
dxpdypdτt . (34)

When time t is assumed, the average temperature of the tool
front tool surface Tave can be calculated as the average of the
surface integral:

Tave(t)=
1

lc · ly

lc∫
0

ly∫
0

T (x,y,0, t)dxdy . (35)

3 Cutting experiment

3.1 Experimental equipment

The two-dimensional ultrasonic vibration auxiliary cutting
device adopted in this paper is designed by the research
group, and some parameters of the device are shown in Ta-
ble 2 after testing.
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Table 2. Parameters of the ultrasonic vibration device.

Power f X amplitude Y amplitude
(KHz) (µm) (µm)

50 % 32 075 1.41 4.1

Table 3. Parameters of the horn.

Material Density Elastic modulus Poisson ratio
(kg mm−1) (Gpa)

SKD11 7.85× 10−9 210 0.25

Because the frequency of the non-resonant device is low,
in order to meet the vibration frequency requirements of ul-
trasonic vibration, this paper uses the ultrasonic vibration-
assisted cutting device with unidirectional excitation. The
amplitude is amplified by the horn and the direction of vi-
bration is constantly changed, so that the tool obtains the mi-
cro displacement along the direction of cutting speed and the
direction of cutting depth, respectively. Considering the stiff-
ness, stability of the cutting device and simplification of the
manufacturing process, the cylindrical straight beam at the
end of the horn is made into an asymmetric structure to de-
compose the longitudinal vibration, as shown in Fig. 9b. The
actual picture is shown in Fig. 9a, the device horn is made of
die steel (SKD11), and the specific parameters are shown in
Table 3.

3.2 Experimental scheme design

On the Nanoform250 ultra-precision machine tool, a cus-
tomized fixture is used to fix the cutting device on the ma-
chine spindle and then to adjust the height. When the height
adjustment is appropriate, adjust the thermal imaging device,
and the experimental platform is shown in Fig. 10. The ultra-
sonic generator emits an electrical signal, which is ultimately
converted into a micro displacement signal. Under the action
of the amplitude converter, the tool is driven to vibrate axially
and radially along the workpiece, forming an elliptical tra-
jectory at the tool tip. During the cutting process, the cutting
temperature information is collected through a thermal im-
ager. Finally, the surface morphology of the workpiece was
observed using a scanning electron microscope.

In the cutting experiment of this paper, the single-factor
control variable experiment method is used; i.e., each group
of experiments only changes a variable, and the other param-
eters are unchanged. In the cutting process, the power of the
ultrasonic device used in this paper is always set to 50 %,
and the tool X amplitude is 1.41 µm and the Y amplitude
is 4.1 µm. Under such conditions, the specific experimental
processing parameters are shown in Table 4.

The tool-tip material used in this experiment is polycrys-
talline diamond, which is not applicable to the common

Table 4. Single-factor experimental parameters.

Parameter Value

Feed (millimeters per revolution) 0.02, 0.04, 0.06, 0.08
V (meters per minute) 4, 8, 12, 16
DOC (mm) 0.01, 0.015, 0.02, 0.025, 0.03

Table 5. Parameters of the TELOPS FAST M200 thermal imager.

Parameter Value

Band range 1.5–5.1 µm
Spatial resolution 640× 512 px at 210 Hz
Pixel spacing 15 µm
Light aperture F/3
Maximum frame rate 5600 Hz at 136× 2
Thermal sensitivity NETD< 18 mk (0.018 °C)

thermocouple temperature measurement method. Therefore,
in order to monitor the cutting temperature in real time, a
TELOPS FAST M200 infrared thermal imaging device is
used in this paper, as shown in Fig. 10. The device has the ad-
vantages of high sensitivity, stable imaging and a wide tem-
perature measurement range. The technical parameters of the
thermal imaging device are shown in Table 5.

3.3 Experimental results of the cutting temperature

3.3.1 Influence of the cutting speed on the cutting
temperature

In order to study the effect of the cutting speed on the cutting
temperature of SiCp /Al composites, the single-factor exper-
iment method of ultrasonic vibration end turning SiCp /Al
composites was adopted in this paper. The cutting speed was
set as 4, 8, 12, and 16 m min−1, respectively, and the ultra-
sonic vibration frequency was 32 KHz. The X amplitude is
1.41 µm, the Y amplitude is 4.1 µm, the feed is 0.04 mm per
revolution, and the cutting depth is 0.02 mm. The cutting
temperature variation trend of SiCp /Al composites at dif-
ferent cutting speeds was observed by the experiments. The
relationship between the cutting temperature and the cutting
speed is shown in Fig. 11.

As shown in Fig. 11, under the same conditions, the cutting
temperature increases as the cutting speed increases. When
the cutting speed increases from 4 to 16 m min−1, the cut-
ting temperature increases from 41.5 to 53.1 °C. Mainly be-
cause, in the turning process, increasing the cutting speed
leads to the cutting layer of the cutting material per unit
of time increases the consumption of power and also pro-
duces more chips, producing a lot of heat. When the cutting
speed is 4 m min−1, the theoretical temperature is 37.4 °C, a
4.1 °C difference with the actual temperature, and the error
is 9.88 %. When the cutting speed is 8 m min−1, the theo-
retical temperature is 42.3 °C, while the actual temperature
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Figure 9. Two-dimensional ultrasonic vibration system: (a) two-dimensional ultrasonic device; (b) schematic diagram of a two-dimensional
ultrasonic device.

Figure 10. Two-dimensional ultrasonic vibration cutting experi-
mental platform.

Figure 11. Influence of the different cutting speeds on the cutting
temperature.

is 45.7 °C, the difference is 3.4 °C, and the error is 7.44 %.
When the cutting speed is 12 m min−1, the theoretical tem-
perature is 46.7 °C, the actual temperature is 50.9 °C, the dif-
ference is 4.2 °C, and the error is 8.25 %. When the cutting
speed is 16 m min−1, the theoretical temperature is 50.6 °C,
the actual temperature is 53.1 °C, the difference is 2.5 °C, and
the error is 4.71 %. The error is within 10 %. The reason for
the error is that, when the cutting speed is increased, the im-
pact force formed by the tool in contact with the workpiece

Figure 12. Influence of different cutting depths on ultrasonic
vibration-assisted cutting temperatures.

is constantly intensified, which leads to the fracture of more
particles, and the energy released is constantly enhanced, re-
sulting in the gradual appearance of the error. At the same
time, there will be a certain error when the cutting speed is
converted to the spindle speed of the lathe during the machin-
ing process, and the tool wear and so on will have a certain
impact.

3.3.2 Influence of the cutting depth on the cutting
temperature

In order to study the effect of the cutting depth on the cutting
temperature of SiCp /Al composites, the single-factor exper-
iment method of ultrasonic vibration end turning SiCp /Al
composites was adopted in this paper. The cutting depth
was controlled as 0.010, 0.015, 0.020, 0.025, and 0.030 mm,
respectively. The ultrasonic vibration frequency is 32 KHz,
the X amplitude is 1.41 µm, the Y amplitude is 4.1 µm, the
feed speed is 0.04 mm per revolution, the cutting speed is
8 m min−1, and the feed rate is 0.02 mm per revolution. At
this time, the relationship between the cutting temperature
and the cutting depth is shown in Fig. 12.

It can be seen from Fig. 12 that the changing trend of
the ultrasonic vibration-assisted cutting temperature is con-
sistent with the theoretical value. When the cutting depth
becomes deeper, the cutting temperature of both the experi-
mental and theoretical values increases. The essential reason
is that, when the cutting depth increases, the cutting layer of
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Figure 13. Influence of the feed rate on the cutting temperature.

the workpiece becomes thicker, and the workpiece becomes
a plastic deformation to produce more energy. When the cut-
ting depth was 0.010 mm, the ultrasonic vibration-assisted
cutting temperature was 34.8 °C, the theoretical value was
36.6 °C, the difference was 1.8 °C, and the error was 5.17 %.
When the cutting depth is 0.015 mm, the ultrasonic vibration-
assisted cutting temperature is 41.6 °C, the theoretical value
is 39.5 °C, the difference is 2.1 °C, and the error is 5.05 %.
When the cutting depth is 0.020 mm, the ultrasonic vibration-
assisted cutting temperature is 45.7 °C, the theoretical value
is 42.3 °C, the difference is 3.4 °C, and the error is 7.44 %.
When the cutting depth is 0.025 mm, the ultrasonic vibration-
assisted cutting temperature is 51.2 °C, the theoretical value
is 46.5 °C, the difference is 4.7 °C, and the error is about
10.11 %. When the cutting depth increased to 0.030 mm, the
ultrasonic vibration-assisted cutting temperature increased to
56.7 °C, and the theoretical value was 50.2 °C, with a differ-
ence of 6.5 °C and an error of 11.46 %. During cutting, as
the depth of cutting increases, more SiC particles will be de-
stroyed by different forms of damage, thus generating energy.
At the same time, increasing cutting depth will also lead to
increased tool wear, which will cause errors.

3.3.3 Influence of the feed rate on the cutting
temperature

In order to study the effect of the feed rate on the cutting
temperature of SiCp /Al composites, the single-factor exper-
iment method of ultrasonic vibration end-turning SiCp /Al
composites was adopted in this paper. The feed rates were
controlled as 0.02, 0.04, 0.06, and 0.08 mm per revolution,
respectively. The ultrasonic vibration frequency was fixed
at 32 KHz, the X amplitude was 1.41 µm, the Y amplitude
was 4.1 µm, the cutting speed was 8 m min−1, and the cut-
ting depth was 0.02 mm. The curve of the cutting temperature
changing with the feed rate is shown in Fig. 13.

It can be observed from Fig. 13 that the cutting tempera-
ture increases with the increase in the feed rate, and both the
theoretical and experimental values show an upward trend.

When the feed rate is 0.02 mm per revolution, the experimen-
tal measured cutting temperature is 38.7 °C, the theoretical
temperature is 40.2 °C, the difference is 1.5 °C, and the error
is 3.73 %. When the feed rate is 0.04 mm per revolution, the
experimental measured cutting temperature is 45.7 °C, the
theoretical temperature is 42.3 °C, the difference is 3.4 °C,
and the error is 7.44 %. When the feed rate is 0.06 mm per
revolution, the experimental measured cutting temperature
is 48.3 °C, the theoretical temperature is 45.1 °C, the differ-
ence is 3.2 °C, and the error is 6.63 %. When the feed rate is
0.08 mm per revolution, the experimental measured cutting
temperature is 53.7 °C, the theoretical temperature is 47.9 °C,
the difference is 5.8 °C, and the error is 10.8 %. The max-
imum error is 10.8 %. The reason for the large error is that,
with the increase in the feed rate, the cutting speed in the rela-
tive time becomes larger, which increases the cutting amount
in a short time; i.e., the theoretical cutting depth increases,
resulting in a higher cutting temperature.

3.4 Surface quality analysis

In order to study the effect of ultrasonic vibration-assisted
cutting on the surface quality of processed workpieces, un-
der the same cutting parameters (cutting speed of 8 m min−1,
feed rate of 0.040 mm per revolution, cutting depth of
0.010 mm), the vibration parameter is 1.41 µm in the ampli-
tudeX direction and the Y direction 4.1 µm, with a frequency
of 32 KHz. Experiments were conducted on conventional
turning and ultrasonic vibration-assisted turning of SiCp /Al
composite materials with a volume fraction of 25 %. Finally,
the surface morphology of the workpiece was observed using
a white-light interferometer (ZYGO).

As a special machining material, the SiCp /Al compos-
ite material is difficult to machine and always causes surface
damage during the cutting process due to the presence of in-
ternal particles. From Fig. 14, it can be observed that, un-
der the same cutting parameters, the surface of conventional
turning can clearly observe the pits caused by particle detach-
ment, the deflection and movement of particles in the matrix,
and the scratching and fragmentation of particles caused by
the detachment of particles on the machining surface under
the action of the tool. Moreover, during conventional cutting,
the tool always maintains a cutting state with the workpiece.
At this time, tool wear will intensify, which further deterio-
rates the quality of the machining surface. The surface qual-
ity of the UVAC reduces the extraction of particles during
cutting and the three-body friction between particles at the
chip interface after extraction. Moreover, due to the periodic
contact separation motion between the tool and the work-
piece in the UVAC, the cutting depth is time-varying, result-
ing in a low-heat and cutting force generated during the cut-
ting process. At the same time, under the impact of vibration,
particles are easier to break and obtain good surface quality.
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Figure 14. Surface morphology of SiCp /Al composite materials processed with different cutting methods, (a) conventional turning, and
(b) ultrasonic vibration-assisted turning.

4 Conclusion

In order to investigate the influence of tool elliptical mo-
tion on the cutting process during two-dimensional ultrasonic
vibration-assisted cutting, this study established a theoreti-
cal numerical model based on the instantaneous shear angle
and shear surface theory of ultrasonic vibration-assisted cut-
ting. Finite-element software was used for simulation, and
ultrasonic vibration-assisted turning of a SiCp /Al compos-
ite material with a volume fraction of 25 % was carried out
on the Nanoform 250 ultra-precision machine tool. The cut-
ting temperature of SiCp /Al composite material during the
UVAC and conventional cutting processes was analyzed us-
ing a thermal imaging device. The conclusion is as follows.

1. When the cutting speed increases from 4 to 16 m min−1,
the cutting temperature increases from 41.5 to 53.1 °C.
This is because the increase in cutting speed during the
turning process leads to an increase in the power con-
sumption of the cutting layer per unit time of the cutting
material while also producing more chips and a large
amount of heat.

2. When the cutting depth ranges from 0.01 to 0.03 mm,
the cutting layer of the workpiece thickens, causing
plastic deformation and generating more energy. The
cutting temperature increases from 34.8 to 56.7 °C. Dur-
ing the cutting process, as the cutting depth increases,
more SiC particles will be damaged and destroyed in
different forms, thereby generating energy. At the same

time, increasing the cutting depth can also lead to in-
creased tool wear, leading to errors.

3. As the feed rate increases from 0.02 to 0.08 mm per rev-
olution, the relative cutting speed increases, resulting in
an increase in the cutting amount in a short period of
time, i.e., an increase in the theoretical cutting depth,
leading to a cutting temperature from 38.7 to 53.7 °C.

4. Compared with the theoretical model, the maximum er-
rors of the actual cutting temperature values for feed
rate, cutting depth, and cutting speed are 10.80 %,
11.46 %, and 9.88 %, respectively, which verifies the ef-
fectiveness of the theoretical model within a reasonable
range. At the same time, due to the periodic contact sep-
aration motion between the tool and the workpiece in
UVAC, the cutting depth is time-varying. Under the im-
pact of vibration, particles are easier to break and ob-
tain good surface quality. This indicates that the model
can be applied to temperature prediction research in
ultrasonic-assisted cutting of composite materials, pro-
viding a reference for future research on composite ma-
terial processing mechanisms.
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