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Abstract
As a new method developed for machining di�cult-to-cut materials, ultrasonic vibration-assisted machining
technology has received increasing attention due to its superior properties in reducing cutting temperature in
recent years. However, analytical models revealing the mechanism and predicting the cutting temperature for
ultrasonic vibration-assisted machining are still needed to be developed. In this paper, an analytical model
was established to predict the workpiece temperature for ultrasonic vibration-assisted milling of in-situ
TiB2/Al-MMCs. The heat intensity would be directly determined by the cutting force which was signi�cantly
in�uenced by the ultrasonic vibration motion. Meanwhile, the moving heat source theory was applied for
calculating dynamic heat �ux and partition ratio. Besides, material properties, tool geometry, cutting
parameters and vibration parameters were taken into account for workpiece temperature modeling. Finally,
the developed analytical temperature model was validated by milling experiments with and without ultrasonic
vibration on in-situ TiB2/7050Al metal matrix composites. The relative errors between model prediction results
and experiments were smaller than 17%, indicating that the proposed model could provide workpiece
temperature prediction reliability and accuracy. Furthermore, the established-analytical model could be used
not only in ultrasonic vibration-assisted milling but also in conventional milling for the metal matrix
composites.

1. Introduction
The heat generated in metal cutting process resulting in cutting temperature rising is one of the main physical
phenomena, which would have a direct signi�cant effect on the surface quality, residual stress and machined
defects in metal removal processes. In decades, the ultrasonic vibration-assisted machining technology has
been applied in aviation industry as an effective method for machining di�cult-to-cut materials due to its
superior advantages in reducing cutting force [1–3], decreasing cutting temperature [4] and improving surface
integrity [5, 6]. Compared with conventional machining method, the motion of cutting tool or workpiece and
the material removal process is changed in ultrasonic vibration-assisted machining, which would result in
great difference in cutting temperature generation and its effects on machining quality. Therefore, to have a
better understanding of cutting temperature in ultrasonic vibration-assisted machining, experimental and
analytical modeling researches are quite necessary.

Li et al. [7] conducted an experimental study on rotary ultrasonic drilling Ti6Al4V alloy, it was found that the
cutting temperature was reduced by 18.54% ~ 21.68% compared with conventional drilling process. Geng et
al. [8] studied the in�uence of cutting parameters on cutting temperature during elliptical ultrasonic vibration
cutting carbon �ber-reinforced polymer (CFRP) composites. The results indicated that the cutting temperature
was obviously reduced by ultrasonic vibration cutting and the feed velocity had more signi�cant in�uence on
cutting temperature than cutting velocity. Cong et al. [9] carried out experimental investigation on the effect of
cutting parameters and ultrasonic parameters on cutting temperature in rotary ultrasonic assisted machining
CFRP. The results showed that the feed rate had the highest effect on cutting temperature. However, the
researches of Pálmai [10] and Stephenson et al. [11], it was found that the cutting velocity was the main
factor in�uencing the cutting temperature. Shi et al. [12] concluded from elliptical ultrasonic cutting
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Ti6Al4V/Al7050 alloy, that the vibration frequency was the major factor in�uencing cutting force and the
vibration amplitude was the main factor in�uencing cutting temperature.

Meanwhile, with increasing development of computer technology, the �nite element method based on
simulation software was also applied to have an insight of ultrasonic vibration-assisted machining process
and cutting temperature generation process. Mitrofanov et al. [13, 14] proposed a thermo-mechanical coupled
�nite element (FE) models for conventional turning (CT) and ultrasonic assisted turning (UAT) Inconel 718. It
was found that the cutting tool temperature in UAT was about 2 times lower than that in CT. However,
temperature of cutting region in UAT was found to be 15% higher than that in CT, which came to the same
conclusion by Ahmed et al [15]. Besides, there was no considerable differences in workpiece temperature
between the two cutting methods. For this, Muhammad et al. [16] explained that it needed to consume energy
due to the ultrasonic shock, which would result in the temperature in the cutting zone increasing. Patil et al.
[17] conducted comparative investigation on Ti6Al4V alloy between CT and UAT methods. It was noted that
cutting temperature was reduced by UAT and with increasing from 10m/min to 30m/min the differences
between the max cutting temperature in UAT and CT was reduced from 48–16%.

To fully address the cutting temperature generation in ultrasonic vibration-assisted machining process,
analytical mathematical modeling effort has been made. Khajehzadeh et al. [18] developed an average
temperature prediction model for the cutting tool in UAT and proposed a cutting velocity model by considering
kinematics of cutting process. However, the model building depended on conducting experiments to obtain
tool-chip contact lengths of sticking and slipping. Verma et al. [19] proposed an analytical model for
temperature rise in workpiece during ultrasonic vibration-assisted milling (UVM). It considered the effect of
acoustic softening and intermittent cutting based on Jaeger’s moving heat source theory. The model showed
good agreement with experimental results. Chen et al. [20] developed a non-uniform moving heat source
model to analyze the heat transfer problem in ultrasonic assisted cutting Ti6Al4V. The results indicated that
the temperature in the machined surface was lower with larger vibration amplitude, while the surface
temperature increased with vibration frequency increasing.

From above, although the cutting temperature in ultrasonic vibration-assisted machining has been researched
from experiments, simulation to modeling, there is still a few attempts for analytical temperature modeling of
workpiece in ultrasonic vibration-assisted milling process. Furthermore, ultrasonic vibration-assisted
machining method has shown advantages in reducing tool wear and cutting force, improving machining
quality in cutting in-situ TiB2/7050Al composites which is a typical di�cult-to-cut material [21–24]. Hence, it
is quite necessary and important to perform temperature modeling investigation for ultrasonic vibration-
assisted milling in-situ TiB2/7050Al composites for fully and comprehensively understanding the in�uence of
ultrasonic vibration on machining quality.

Therefore, in this paper, an analytical model of workpiece temperature was proposed in ultrasonic vibration-
assisted milling in-situ TiB2/7050Al composites. Firstly, a cutting force model was developed by analyzing the
coupled effect of tool-chip-workpiece and inertial force with considering ultrasonic vibration motion. Based on
the heat source theory and cutting theory, the dynamic heat density and the heat partition ratio was analyzed
and calculated. Then, the geometry of the cutting tool and processing parameters were taken into
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consideration to establish the temperature model. Finally, the proposed model is validated by a series of
milling experiments with and without ultrasonic vibration on in-situ TiB2/7050Al composites.

2. Cutting Temperature Modeling

2.1. Cutting force model
As sinusoidal vibration imposed on the cutting tool, the axial ultrasonic vibration-assisted milling (UVM)
differs greatly from conventional milling. As described as Fig. 1, the cutting tool vibrates with high frequency
and low amplitude during UVM process, the motion of tool is changed. Cutting force in UVM is different from
that in CM, which has signi�cant in�uence on cutting temperature.

Cutting force generation and predication in UVM was analyzed in Ref. [25], which could provide cutting force
data for temperature modeling. According to Ref. [25], the cutting force model was given out as following:

Fx(t) = ∑r
j=1∑N

k =1 − Ft ( j , k ) cosθ j , k(t) − Fr ( j , k ) sinθ j , k(t)

Fy(t) = ∑r
j=1∑N

k =1 Ft ( j , k ) sinθ j , k(t) − Fr ( j , k ) cosθ j , k(t)

Fz(t) =
1
2R

c
∑r

j=1∑N
k =1Fa ( j ,k )

(1)

where Ft(j,k), Fr(j,k) and Fa(j,k) are tangential, radial and axial components of cutting force of the kth �ute. θj,k(t)
is the angular position of the cutting point of the jth slice in the kth �ute. The index of the slices j = 1, 2, 3, ···, r,
where r is the number of the slices. The index of the �utes k = 1, 2, 3, ···, N, where N is the number of the teeth
of milling tool, Rc refers to the cutting tool-workpiece contact rate [26] and its coe�cient 1/2 means that the
cutting tool-workpiece contact time was half vibration period.

2.2. Analysis of heat source
In metal cutting process, most of the energy generated in the primary deformation zone, secondary
deformation zone and tertiary deformation zone is converted into thermal energy. As presented in Fig. 2, in the
primary deformation zone, heat is generated due to the plastic deformation of the workpiece and named
shear heat source. In secondary deformation zone, heat is created due to the deformation of chip and the tool-
chip interface friction, which is called the frictional heat source. And in tertiary deformation zone, heat
produced by tool-workpiece interface rubbing, which is the rubbing heat source.

Generally, most of heat generated by frictional heat source is transformed into cutting tool and chips [27],
which has a bit in�uence on the workpiece temperature [28]. The effect of the rubbing heat source on tool-
workpiece interface is minimum, which is determined greatly by tool wear. Then in this study, the cutting tool
was assumed no tool wear and the in�uence of the rubbing heat source on the workpiece was considered to
be negligible. Meanwhile, compared to the heat transferred into workpiece, the heat partition escaping to
atmosphere through the boundary could be ignored, meaning that interfaces of tool-workpiece, tool-chip,
workpiece-air, chip-air and tool-air could all be treated as adiabatic.

{ ( )
( )
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Hence, in this paper, workpiece temperature rising was assumed to be mainly caused by the shear heat
source. Then based on Komanduri-Hou’s model [29], the heat liberation intensity of the shear heat source
could be given as follow:

qshear =
Fsvs
Lb

(2)

where Fs is the shear force, vs is the shear velocity, L is the length of the shear plane, b is the cutting width in
the orthogonal cutting.

2.3. Temperature model and heat partition ratio
During UVM process, a new machined surface is formed mainly by the interaction between the bottom cutting
edge and the workpiece. In spite of the ultrasonic vibration, Verma et al. [26] pointed out that v could be
considered as the average cutting velocity for describing the cutting speed of the tool. According to Xiong [30],
the cutting process of the bottom cutting edge could be equivalent to the orthogonal cutting. However, the
cutting speed is different along the bottom cutting edge direction. To address this, the bottom cutting edge is
discretized into several elements and every element dl could be regarded as a typical orthogonal cutting
process as shown in Fig. 3 (a).

Moreover, it is assumed that the heat distribution is uniform near the shear plane which is treated as a semi-
in�nite medium. In order to describe the heat transfer practically, an imaginary shear heat source is introduced
as shown in Fig. 3 (b). Therefore, the temperature rise in workpiece is mainly caused by the shear heat source
and its imaginary heat source. Then the temperature of a point M(x,y,z) in workpiece could be expressed with
combining effect of the shear heat source and its imaginary heat source as follow:

TM( x,y , z ) = Tshear
M( x,y , z ) + Timage −s

M( x,y , z )
(3)

where Tshear
M( x,y , z )  is the temperature caused by the shear plane heat source, Timage −s

M( x,y , z )  is the
temperature effected by the imaginary shear heat source.

In order to obtain the temperature model and the heat partition ratio, two local coordinate systems XtOtZt and
XcOcZc are built to analyze the cutting temperature on the workpiece side and on the chip side, which are
shown in Fig. 4 (a) and Fig. 4 (b) respectively.

According to Komanduri and Hou [29], the cutting temperature Tworkpiece-shear caused by the shear heat source
and the imaginary heat source for point Mt(xt, zt) on the workpiece side could be calculated as follow:
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Tworkpiece −shear =
Bsqshear
2πλw

∫ L
0e− ( xt−licosφ) ve

2/ 2aw × Kshear
0

ve
2

2aw
(Rt1 + Rt2)dli

Rt1 = (xt − licosφ)2 + (zt + lisinφ)2

Rt2 = (xt − licosφ)2 + (2tc + zt − lisinφ)2

(4)

where Bs stands for the fraction of the shear heat source conducted into the workpiece, λw is the thermal

conductivity of the workpiece, aw is the thermal diffusion coe�cient of the workpiece, and Kshear
0  denotes

the modi�ed Bessel function of second kind of order zero, tc is uncut chip thickness, ϕ is shear angle [30],
ve is the instantaneous velocity of a point on cutting edge, qshear is the heat liberation intensity of the
shear heat source, they could be calculated as following:

Kshear
0 =

1
2∫

ve
2tshear
4aw0 dμ

μ e−μ− u2

4μ

u =
ve

2aw ( xt−licosφ) 2+zt
2

tshear =
Lcosφ

ve

L =
tc

sinφ

(5)

tc = ap + Asin(2πft) (6)

φ = π
4 − βμ − α

βμ = α + arctan
Fa
Ft

(7)

ve = ω ∙ lM
lM =

h( θ)
cosθedge

h(θ) = fzsinθ

(8)

qshear =
( Ftcosφ−Ffsinφ) vecosα
1000dlcscφcos ( φ−α )

(9)

where f is vibration frequency, A is vibration amplitude, ap is cutting depth, βµ is frictional angle [31], α is the
rake angle of the cutting tool, lM is the actual length of the bottom edge involved in cutting, h(θ) is the

{ √
√

{ √

{ ( )

{
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instantaneous cutting thickness, θedge is the inclination angle of the bottom edge, fz is feed rate, θ is
instantaneous immersion angle, Ft, Fa and Ff is the tangential cutting force, axial cutting force and thrust
force in the orthogonal cutting process respectively.

Then, the cutting temperature Tchip−shear produced by the shear heat source and the imaginary heat source on
the chip side at the point Mc(xc, zc) could be expressed as follow:

Tchip−shear =
( 1−Bs ) qshear

2πλch
∫ L

0e− ( xc −Lc +lisin( φ−α ) ) vMc
ch / 2ach × Kshear

0
vMc

ch
2ach

(Rc1 + Rc2)dli
Rc1 = (xc − Lc + lisin(φ − α))2 + (zc − licos(φ − α))2

Rc2 = (xc − Lc + lisin(φ − α))2 + (zc + 2tch − licos(φ − α))2

(10)

where λch is the thermal conductivity of the chip, ach is the thermal diffusion coe�cient of the chip, vMcch
stands for the �ow velocity of the chip, tch is the thickness of the chip [32], Lc is the contact length of tool-chip,
they could be expressed as below:

vMc
ch =

sinφ
cos ( φ−α ) ve

tch = (tc + 3A)
sin( π

2 − ( φ−α ) )
sinφ

Lc =
tcsin( φ+βμ −α )

sinφcosβμ

(11)

According to Block’s Partition Principle [33], Tworkpiece−shear and Tchip−shear are merely two different
expressions for the mean temperature rise at shear plane. Hence, Tworkpiece−shear and Tchip−shear are equal in
amount, which could be expressed as follow:

Tworkpiec−shear = Tchip−shear (12)

Thus, the heat partition ratio Bs could be obtained as follow:

Finally, the workpiece temperature rise could be calculated by substituting the value of Bs in equation (4).

2.4. Prediction of temperature in workpiece

{ √
√

{
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In this study, the cutting temperature rise by shear heat source is obtained through analyzing the temperature
�eld of the orthogonal cutting process. UVM is a complicated 3D cutting process and it is quite necessary to
consider the effect of tool geometry and cutting parameters. Besides, the cutting temperature is signi�cantly
determined by the cutting force calculated with Eq. (2). Then, in order to obtain the temperature rise of an
arbitrary point M(x, y, z) in the workpiece, a coordinate transformation from xyz to xtytzt is needed as
following:

xt
yt
zt
1

=

cosθ j , k(t) 0 −sinθ j , k(t) 0
0 1 0 0

sinθ j , k(t) 0 cosθ j , k(t) 0
0 0 0 1

x
y
z
1

+

−Rsinθ j , k(t)
0

R cosθ j , k(t) − 1

0

(14)

At last, the cutting temperature could be calculated by equations (4). Due to a lot of complicated computation,
the software MATLAB is used to write a program for this job and the programming, the �owchart is shown in
Fig. 5.

 

4. Experimental Design
In order to validate the cutting temperature model, a set of down milling experiments were performed on the
material of 6 wt% in-situ TiB2/7050Al MMCs, whose mechanical and physical properties of the material were
shown in Table 1. The size of specimen used for milling tests was 40×30×8 mm. The cutting tools used were
TiAlN coated carbide end milling tools with diameter of 7 mm and 4 �utes, whose speci�cations were shown
in Table 2.

Table 1
Mechanical and physical properties of TiB2/7050Al MMCs

Density

(g/cm3)

Yield
Strength

(MPa)

thermal
conductivity

(W/(m·K))

thermal diffusion coe�cient
(cm2/s)

Speci�c
heat

(J/(kg·K))

Melt
temperature

(℃)

2.9 630 112 0.451 78 476

 
Table 2

Speci�cations of coated carbide milling tool
Diameter Rank angle Nose radius Flank angle Helix angle Tooth

7 mm 5° 0.2 mm 8° 40° 4

 

[ ] [ ] [ ] [ ( ) ]
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All experiments were done on a CY-VMC850 machine with and without ultrasonic vibration under dry
machining condition as shown in Fig. 6.

 
The whole experimental setup is mainly composed of three parts including ultrasonic vibration system,
machining system and data acquisition system. In the ultrasonic vibration system, the ultrasonic generator
could be controlled to switch between ultrasonic vibration-assisted machining and conventional machining.
During experiments, the vibration frequency was 30 kHz, the vibration amplitude was 4 µm. The detailed
cutting temperature model validating were listed in Table 3, the effect of cutting parameters on machined
surface temperature was designed in Table 4. Cutting temperature on the machined surface was measured
using semi-thermocouple and temperature below the machined surface was measured by K-type
thermocouple. Distance from machined surface of thermocouple (DMST) is set to be 0.1 mm and 0.2 mm.

Table 3
Experimental parameters for cutting temperature model validating

No. Cutting speed v (m/min) Feed rate

fz (mm/z)

Cutting depth

ap (mm)

Amplitude

A (µm)

Frequency

f (kHz)

DMST (mm)

#1 20 0.06 0.8 4 30 0.1

#2 20 0.06 0.8 0 0 0.1

#3 35 0.04 0.4 4 30 0.2

#4 35 0.04 0.4 0 0 0.2

#5 15 0.05 0.5 4 30 0

#6 15 0.05 0.5 0 0 0

#7 30 0.05 0.5 4 30 0

#8 30 0.05 0.5 0 0 0

#9 30 0.03 0.5 4 30 0

#10 30 0.03 0.5 0 0 0
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Table 4
Cutting parameters for effect on machined surface temperature in UVM

No. Cutting speed v (m/min) Feed rate

fz (mm/z)

Cutting depth

ap (mm)

Amplitude

A (µm)

Frequency

f (kHz)

#11 15 0.05 0.5 4 30

#12 30

#13 45

#14 30 0.03 0.5 4 30

#15 0.05

#16 0.07

#17 30 0.05 0.2 4 30

#18 0.5

#19 0.8

5. Results And Discussions
The proposed cutting temperature model for ultrasonic vibration-assisted milling is validated by a series of
experiments on in-situ TiB2/7050Al MMCs and the results of validation are shown in Table 5 and Fig. 7. Tests
#1 to #4 were performed for the subsurface temperature and the machined surface temperature is measured
from tests #5 to #10.

Table 5
The validated results of the temperature model

No. DMST (mm) Experimental temperature (°C) Predicted temperature (°C) Relative error (%)

#1 0.1 34.82 37.29 7.09%

#2 0.1 37.28 31.15 16.44%

#3 0.2 31.98 36.83 15.17%

#4 0.2 34.59 41.93 21.22%

#5 0 104.74 116.03 10.78%

#6 0 126.89 144.39 13.79%

#7 0 149.04 171.77 15.25%

#8 0 171.19 182.64 6.69%

#9 0 115.82 132.76 14.63%

#10 0 133.54 153.07 14.62%
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It could be seen from Table 5 and Fig. 7 that the model prediction results are in good agreement with that of
experiments. The proposed model is validated to be of good reliability and accuracy with the relative errors
being smaller than 17%. Besides, the good agreement for conventional milling experiments, whose frequency
and amplitude are set to be 0, indicates that the developed cutting temperature model could be used for both
ultrasonic vibration-assisted milling and conventional milling.

In this study, the main error source might include three parts: the simpli�cation error of the model, cumulative
error of the model and measurement error. During modeling, the cutting temperature model developed is
mainly taken into consideration the in�uence of heat source in the primary shear zone without the heat
transferring into the atmosphere, which would result in the simpli�cation error. Besides, cutting force and heat
partition ratio are obtained by analytical model, which would lead to the accumulation of model error. And the
measurement error might come from the measuring instruments and observing data. But from Table 4 except
for test #4, the relative errors between proposed model and measured results range from 6.69–16.44%, which
are all smaller than 17%, showing a good prediction agreement.

Figure 8 shows the temperature contours behind the cutting edge under different depth below the machined
surface. It could be seen that the subsurface temperature �eld of workpiece is distributed behind the cutting
edge, the maximum temperature is not located below the cutting tool nose, whose location is 0.0 point along
the cutting direction. Besides, viewing from test #1 and #3 or test #2 and #4, the high temperature region is
becoming far away from the cutting tool nose with the increasing of the depth below the machined surface. It
indicates that the workpiece temperature of the subsurface is determined by the conduction time of shear
heat source.

As shown in Fig. 9, by comparing the measured cutting temperature of UVM and CM, it could be found that
the cutting temperature is reduced by about 14.55% with ultrasonic vibration. There might be two reasons for
this: First, the cutting force is reduced due to the ultrasonic vibration, which would result in total energy of
heat generation reducing and then cutting temperature is decreased. Second, contact between the cutting tool
and the workpiece is changed by the ultrasonic vibration, which would decrease heat conduction time.

In addition, the in�uence of cutting parameters on the machined surface cutting temperature in UVM is shown
in Fig. 10. It could be found that the cutting parameters have important effect on the cutting temperature. It
was increased with the cutting speed, feed rate and cutting depth increasing under a certain vibration
frequency and amplitude. And cutting speed has a maximum effect on the workpiece temperature, followed
by cutting depth, and feed rate has the minimum in�uence on it. Besides, it could be found that temperature
rising ratio decreases with cutting speed and feed rate increasing while increasing obviously with cutting
depth.

6. Conclusions
In this paper, an analytical cutting temperature prediction model was developed for axial ultrasonic vibration
assisted milling in-situ TiB2/7050Al composites. A set of experiments were carried out to verify the model
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with and without ultrasonic vibration. Based on the results and analysis, following conclusions could be
made:

(1) The heat partition ratio was built based on the moving heat source theory, which considered the effect of
ultrasonic vibration, cutting parameters, tool geometry and material properties. With veri�cation, the proposed
cutting temperature model shows a good agreement with experiments with the relative errors being smaller
than 17%.

(2) Under the in�uence of heat conduction time from shear heat source to workpiece, it was found that the
subsurface temperature �eld of workpiece was distributed behind the cutting edge and with increasing the
depth below the machined surface, the high temperature region was becoming far away from the cutting tool
nose.

(3) From comparison with CM, it was found that the cutting temperature could be signi�cantly reduced by
about 14.55% with UVM. With increasing cutting speed, feed rate and cutting depth, the cutting temperature
increased accordingly. The cutting speed has the highest effect on the workpiece temperature, followed by
cutting depth, and the feed rate has the minimum in�uence. Besides, it could be found that temperature rising
ratio decreases with cutting speed and feed rate increasing while increasing obviously with cutting depth.

In the future study work, the coupling effect of force-temperature on the integrity for ultrasonic vibration-
assisted machining in-situ TiB2/7050Al composites.
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Figures

Figure 1

Kinematic characteristics of axial UVM process (a) Motion of cutting tool in UVM (b) Motion trajectory of one
tooth in UVM and CM
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Figure 2

Schematic of heat sources in orthogonal cutting process

Figure 3

Heat source of 2D orthogonal cutting process (a) Discretization of the bottom cutting edge (b) Heat source of
orthogonal cutting
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Figure 4

Schematic of temperature modeling (a) Heat source and image for the workpiece side (b) Heat source and
image for the chip side

Figure 5



Page 18/21

The �owchart of cutting temperature calculation

Figure 6

Schematic diagram of experimental setup
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Figure 7

Relative error between the predicted and experimental cutting temperature

Figure 8

Temperature contours at different depth below the machined surface
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Figure 9

Comparison of the cutting temperature between UVM and CM
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Figure 10

The effect of cutting parameters on cutting temperature in UVM


