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Abstract This paper presents a theoretical and experimen-
tal study of the dynamic temperature field on a milling
insert with complex groove. Experimental measurements of
milling temperature using the thermocouple technique were
performed. A mathematical model of the temperature field
of the insert was established. A finite element model of the
insert was built to simulate the temperature field. The
boundary condition was determined by the experimental
data and mathematical calculation, and then the temperature
field of the milling insert was simulated through finite
element analysis. The temperature distribution in a cut-in/
cut-out cycle was obtained.
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1 Introduction

About 90% of the energy generated in the milling process is
transferred to heat, which causes a temperature increase [1].
Cutting temperature strongly influences tool life, tool
fracture, and cutting force. It is well known that the cutting
force and temperature are the radical reasons for tool
fractures. Tool failure results directly from poor stress and
temperature distributions in milling processes [1]. Currently,
industries are adopting milling inserts with grooves on the

rake face to improve cutting performance of the tool. It has
been proven that the milling insert with three-dimensional
(3D) complex groove has better cutting performance than the
insert with a plane face. Tooling manufacturers now offer a
great number of complex insert groove geometries [2]. The
trend is to use the inserts with grooves more and more,
replacing the inserts with plane faces.

In practical machining operations, grooved tools are
used to effectively curl and break the chips into small sizes
and shapes [3]. Complex 3D chip curl/chip form has been
extensively investigated. The effect of 3D chip flow in
grooved tools and the corresponding influence of the chip
groove parameters on tool wear patterns were analyzed by
Jawahir [3, 4]. Jawahir and Luttervelt [5] also presented a
comprehensive review on the historical development of
chip flow and chip curl models. It has been shown that the
tool wear patterns are significantly affected by the
combined effects of cutting conditions and chip groove
configurations [6]. Deshayes [2] proposed a method to
select the operational cutting speed range and presented a
model for cutting force prediction for complex grooved
tools. Jawahir and Wang [7] developed a numerical model
for 2D cutting with a grooved tool insert and extended the
model to include the cyclic chip formation.

As chip form and chip breakability are considered basic
requirements in machining, there are many studies on chip
form/chip breakability for grooved tools [8]. Many models
for predicting chip curl and machining variables for
machining with grooved tools have been proposed [9].
However, the design of complex grooves is rarely studied
[10]. This is due to the lack of understanding of the role
grooves play in machining and the difficulty to design
grooves with predictable performance. A new type of
milling insert with 3D complex grooves, a waved-edge
insert, was developed by Li and Rong [11]. The milling
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force model of the waved-edge insert was established based
on the milling force model of the line-edge milling insert. It
was pointed out that the temperature distribution of the
grooved insert was also important but its application has
not been studied widely [12–14]. Studies on temperature
and stress distributions have practical meaning to optimize
and develop milling inserts with the new groove.

In this paper, in order to determine the actual perfor-
mance of an insert with complex grooves relative to the
temperature field, experimental measurements of milling
temperature were performed. The temperature field was
modeled according to heat transfer theory and experimental
data. Then the temperature field was analyzed by using the
finite element method. Simulation of the temperature field
can provide references for the evaluation of temperature
distribution and can be used in the optimization of grooves.

2 Experimental methodology

Experimental measurements of milling temperature using
the thermocouple technique were performed to help
establish the mathematical expression of the temperature
field and the boundary condition for finite element analysis.

Temperature data acquisition was performed using an
improved thermocouple method [12]. The temperature
measurement was achieved by a thermocouple embedded
in the tool. The front end of the thermocouple was welded
on the point where the temperature was to be measured. As
shown in Fig. 1, the recorded signal was first amplified and
transmitted through a collection ring. Then the signal was
transmitted toward the acquisition device by the collection
ring. An amplifier circuit was placed in the front end of the
collecting ring and rotated with the spindle to reduce error.
The set-up of the thermocouple is shown in Fig. 2.

A milling insert with 3D complex groove (a waved-edge
insert, as shown in Fig. 3) was used in the experiment. Six
points were selected to install the thermocouple. At the
selected points, a hole was drilled in the bottom of the tool
with an EDM machine to embed the thermocouple. The
diameter of the holes was 1.5 mm and the depth of the holes
was 3.2 mm. The coordinates (mm) of points 1–6 were (2.0,
2.0), (2.0, 3.5), (2.0, 5.0), (3.5, 2.0), (3.5, 3.5), and (3.5, 5.0),
respectively. Six inserts were used in the experiment, and for
each insert a hole was drilled according to the above-

mentioned coordinates. Calibration was performed before the
experiment to determine the relationship between the
temperature and the output voltage.

Milling temperature measurement was performed on a
vertical milling machine. The cutter head diameter was
160 mm. The workpiece material was 1045 steel. The
workpiece dimensions were 83 mm in width and 200 mm
in length. The FAS-4DEE-2 dynamic data acquisition
system [12] was used in the experiment and with it the
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Fig. 2 Set-up of the thermocouple. a Schematic diagram. b
Experimental set-up

68 Int J Adv Manuf Technol (2009) 40:67–73



temperatures of the six points on the tools were acquired.
The geometric parameters of the insert are shown in
Table 1, and milling parameters are shown in Table 2.
The cutting parameters used in the experiment are the
combination of parameters given in Table 2. A series of
experiments was conducted.

3 Modeling for the temperature field of the insert

The heat source in milling can be modeled as a finite plane
heat source [15]. The solution of the finite plane heat source
can be achieved from the temperature field of a point heat
source. The temperature field (Fig. 4) at time t under the
point heat source can be calculated according to heat
transfer theory such that [15]:

θ ¼ Qd

cρ 4πatð Þ3=2
e�

x2þy2þz2

4at ð1Þ

where

Qd is the heat generated at the point heat source (cal);
ρ is the density of the heat conducting medium (g/cm3);
c is the specific heat of the heat conducting medium

(cal/g·°C);
a is the coefficient of temperature conductivity of the

heat conducting medium (cm2/s);
t is the time after the heating source starts to generate

heat (s); and
x, y,
z

are the coordinates in the heat conducting medium
(cm).

According to the superposition principle of the temper-
ature field, the calculation of temperature distribution can
be derived in various conditions. Therefore, the calculation
of the temperature field with finite heat source will be

discussed. Figure 5 shows a finite line heat source with
length L in an infinite heat conducting medium. The
temperature increase at a point M(x,y,z) due to the heat
generated by the heat source dzi within t seconds is:

dθ ¼ Qsdzi

cρ 4πatð Þ3=2
� e�x2þy2þðz�ziÞ2

4at ð2Þ

The total temperature increase resulting from the entire line
heat source is:

θ ¼ Qs

cρ 4πatð Þ3=2
� e�x2þy2

4at �
Z L

0
e�

z�zið Þ2
4at dzi ð3Þ

Let z�ziffiffiffiffiffi
4at

p ¼ u, then Eq. 3 becomes:

q ¼ Qs

2cr 4patð Þ � e
�x2þy2

4at

� erf
zffiffiffiffiffiffiffi
4at

p
� �

� erf
z� Lffiffiffiffiffiffiffi
4at

p
� �� �

ð4Þ

Table 1 Geometric parameters of the insert

Rake angle (°) Backing-off angle (°) Blade obliquity (°)

8 7 +15∼−15

Table 2 Cutting parameters of the experiment

Milling parameters

Cutting parameters Spindle speed (r/min) 220, 270, 385, 550
Feed rate (mm/s) 19, 36, 68, 78, 84
Depth of cut (mm) 1, 2, 3
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Fig. 4 Temperature field of point heat source
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Fig. 5 Temperature field of finite line heat source
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where erf pð Þ ¼ 2ffiffi
p

p
R p
0 e�u2du is the error function [16],

which can be obtained by calculation or retrieved from a
mathematical handbook. Equation 4 represents the temper-
ature field of the finite line heat source.

The temperature field of a finite plane heat source can be
derived from temperature fields of finite line heat sources
[15]. As shown in Fig. 6, if there is a plane heat source with
length L, width B, and the generated heat is Qm, the
temperature increase at the point M(x,y,z) after t seconds
can be calculated. The plane heat source can be divided into
a number of narrow planes or line heat sources. According
to Eq. 4, the temperature increase at point M resulting from
dyi is:

dq ¼ Qmdyi
2cr 4patð Þ � e

�x2þ y�yið Þ2
4at

� erf
zffiffiffiffiffiffiffi
4at

p
� �

� erf
z� Lffiffiffiffiffiffiffi
4at

p
� �� �

ð5Þ

The total temperature increase generated by the entire
plane heat source is:

q ¼ Qm

2cr 4patð Þ � erf
zffiffiffiffiffiffiffi
4at

p
� �

� erf
z� Lffiffiffiffiffiffiffi
4at

p
� �� �

� e� x2

4at

�
Z B

0
e�

y�yið Þ2
4at dyi ð6Þ

When the integration in Eq. 6 is solved, it becomes:

θ ¼ Qm

4cρ 4πatð Þ
1
=2
e�

x2
4at erf zffiffiffiffiffi

4at
p

� �
� erf z�Lffiffiffiffiffi

4at
p

� �h i

erf yffiffiffiffiffi
4at

p
� �

� erf y�Bffiffiffiffiffi
4at

p
� �h i ð7Þ

Equation 7 is the temperature field with a finite plane
heat source.

The temperature of the points inside the tool were
measured, but the heat generated at the heat source Qm is
still unknown. Qm can be calculated through an inverse
calculation according to the experimental data and Eq. 7.

For example, from the experimental results, the temper-
ature increase of the first point after the milling process has
reached its stationary state can be estimated through curve
fitting as:

q1 ¼ 2013495862t41 � 51843592t31 � 259355t21

þ 21604t1 þ 118 ð8Þ

where θ1 is the temperature increase of the first point and
t1is the milling time.

The temperature profiles of each point, as shown in
Fig. 7, are calculated from the experimental measurements
during a milling period after the milling reaches the
stationary state.

According to Eq. 8, θ1 can be determined by the
experimental fitting curve and then substituted into Eq. 7
to determine Qm. Then the temperature change of the tool
can be calculated. Finally, the mathematical model can be
expressed as below:

q ¼
q1exp �x2þ0:0064

4a tþ1ð Þ
h i

erf zffiffiffiffiffiffiffiffiffiffiffiffi
4a tþ1ð Þ

p
� �

� erf z�0:305ffiffiffiffiffiffiffiffiffiffiffiffi
4a tþ1ð Þ

p
� �� �

erf yffiffiffiffiffiffiffiffiffiffiffiffi
4a tþ1ð Þ

p
� �

� erf y�0:137ffiffiffiffiffiffiffiffiffiffiffiffi
4a tþ1ð Þ

p
� �� �

erf 0:2ffiffiffiffiffiffiffiffiffiffiffiffi
4a tþ1ð Þ

p
� �

� erf �0:105ffiffiffiffiffiffiffiffiffiffiffiffi
4a tþ1ð Þ

p
� �� �

erf 0:2ffiffiffiffiffiffiffiffiffiffiffiffi
4a tþ1ð Þ

p
� �

� erf 0:063ffiffiffiffiffiffiffiffiffiffiffiffi
4a tþ1ð Þ

p
� �� � ð9Þ
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Fig. 6 Temperature field of finite plane heat source
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4 Finite element analysis of the temperature field
of the milling insert

Researchers have applied different analytical and numerical
methods to investigate heat generation and cutting temper-
ature in metal cutting [17]. Studies on the milling
temperature include the calculation of cutting temperature
distribution and heat flow on the tool surface [18], the
mechanism of machining austempered ductile iron [19], the
temperature distribution of continuous cutting and intermit-
tent cutting where a prediction model was established [20],
the temperature distribution of orthogonal cutting with a
finite element analysis (FEA) heat transfer model with
experiment validation of cutting force and the temperature
distribution in different cutting conditions [21], the milling
of austenitic steel by a finger-type cutter with FEA [22], the
simulation of metal cutting by considering chip behavior
and temperature distribution in the FEA model [23], the
temperature distribution analysis of coated cutting tools
[24], and milling of MAR-M247 nickel-based superalloy
with high temperature [25]. Abukhshim and Mativenga [17]
presented a comprehensive review on the heat generation
and temperature prediction in metal cutting.

4.1 Modeling of the milling insert

Finite element simulations have been successfully applied for
modeling cutting processes. However, the use of FEM inmetal
cutting research requires a large number of input parameters
which need to be determined through extensive experimental
work and mechanical property tests [24, 26]. The experiments
and modeling of temperature fields in this work provide
necessary parameters for finite element analysis.

To conduct a finite element analysis, a parametric model
and meshed model of the milling insert should be
established considering the characteristics of the 3D
complex groove. The rake face of the waved-edge insert
is a wave-curved surface, which is formed by scanning a
cosine curve along a plane with an angle to the horizontal
plane. The wave curve of the insert is as follows:

x ¼ 0:20E � 3 cos
2

3
py ð10Þ

where E is a parameter related to the angle between the
scanning plane and the horizontal plane.

Based on Eq. 10 and the modeling method, the solid
model can be built. The solid model must be meshed to
generate corresponding nodes and perform the finite
element analysis. Element division is a crucial step in
determining the precision of the finite element analysis.
Since the insert with waved-edge groove is complex in
geometry, a free mesh is applied to the solid model, as
shown in Fig. 8.

4.2 Finite element analysis of the temperature field

Using the meshed model and applying the temperatures
acquired via experiments and calculations for the boundary
conditions, a commercial tool (ANSYS) was employed to
simulate the thermal process in the cutting insert during the
milling operation. The results of temperature distribution
are shown in Fig. 9.

From the simulation results of the finite element analysis, it
can be seen that the variation of the temperature distribution
changes as a function of time. It has been shown that in a
milling cycle, at the beginning when the insert engages the

Fig. 8 Finite element model of the insert

Fig. 7 Temperature–time curve of the six measuring points
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workpiece, the temperature increase is slow; however, when
the insert cuts further into the workpiece, the temperature
increases at a much faster rate. The maximum temperature on
the rake face centralizes in the tip position of the main cutting
edge. The temperature at the tool–chip interface is also high
with a large temperature gradient. At cut out, the tool is cooled
in air and the temperature decreases. The maximum temper-
ature at that time is about 213°C, the maximum temperature is
still in the tip position, and the tool–chip interface has a
reduced temperature gradient along the rake face. Further-
more, during the cut in process, the maximum temperature
climbs to more than 600°C quickly. In the milling process, the
temperature gradient is very large during both the cut in and
cut out processes.

The finite element analysis results may provide a better
understanding and comparative evaluations for optimizing
the geometric parameters of grooves, without intensive and
expensive experimental tests. Based on the experiments and
finite element analysis of the temperature profile and
distribution of the milling insert with complex groove, this
work can be continued to optimize the tool design under
different conditions.

5 Conclusions

We have studied the temperature field of a milling insert
with complex groove. A method for the temperature

measurement of the insert is described. An amplifier circuit
was placed in the front end of the collection ring and
rotated with the spindle to reduce error. A dynamic data
acquisition system was employed to acquire the tempera-
ture data in the milling process for further calculation and
analysis.

Based on heat transfer theory, the mathematical expres-
sion of the temperature field has been established to
determine the boundary conditions for the finite element
analysis. The finite element analysis study on the 3D
temperature field of the milling insert with complex groove
was conducted in a cut in and cut out cycle. The
distribution and change rule of the temperature field was
obtained.

The simulation method can provide a reference for insert
groove design, tool wear monitoring during machining,
choice of optimal cutting parameters for given tools and
materials, and the influence of coatings without intensive
experiments.
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