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Abstract: Tool temperature variation in flank milling usually causes excessive tool wear, shortens tool
life, and reduces machining accuracy. The heat source is the primary factor of the machine thermal
error in the process of cutting components. Moreover, the accuracy of the thermal error modeling is
greatly influenced by the formation mechanism of the heat source. However, the tool heat caused by
the potential energy of the tool bending and twisting has essentially not been taken into consideration
in previous research. In this paper, a new heat source that causes the thermal error of the cutting tools
is proposed. The potential energy of the tools’ bending and twisting is calculated using experimental
data, and how tool potential energy is transformed into heat via friction is explored based on the
energy conservation. The temperature rise of the cutting tool is simulated by a lattice-centered
finite volume method. To verify the model, the temperature separation of a tool edge is measured
experimentally under the given cutting load. The results of the numerical analysis show that the rise
in tool temperature caused by the tool’s potential energy is related to the time and position of the
cutting edge involved in milling. For the same conditions, the predicted results are consistent with
the experimental results. The proportion of temperature rise due to tool potential energy is up to
6.57% of the total tool temperature rise. The results obtained lay the foundation for accurate thermal
error modeling, and also provide a theoretical basis for the force–thermal coupling process.

Keywords: flank milling; deflection potential energy; finite volume method; tool temperature rise

1. Introduction

The cutting tool is the terminal executive part of the machine tool. In metal cutting,
the tool would cause the elastic–plastic deflection of the workpiece material. The energy
consumed by friction between the tool, the workpiece, and the chips is converted into
cutting heat [1]. Some of the heat gets transferred to the cutter. Compared with the use
of coolant, the temperature rise of the local cutting area is more significant without the
coolant. This increases tool wear and shortens its service life, and is an important source of
errors. Therefore, the tool deflection and temperature rise problems have received focus in
recent years.

Tool deflection in the cutting process is unavoidable, and the deflection energy can
be transformed into heat energy. In general, the cutting tool is usually simplified as a
mechanical cantilever [2]. Budak et al. [3] studied the end milling of a thin-walled part.
They employed a segmented cantilever model to predict the tool deflection, and verified
it with a finite element analysis. Dotcheva et al. [4] also analyzed tool deflection with
a segmented cantilever beam model. The results revealed that for precision machining
or micro milling of thick-walled parts, tool deflection with a small diameter and large
overhang is very obvious [5]. The cutting tool has the lowest rigidity in the whole cutting
system. However, the deflection energy (the potential energy of the tool) and the thermal
error caused by tool deflection are rarely studied.
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The heat source is another important factor affecting the tool deflection. From the
perspective of the energy, there are two factors that affect the cutting temperature, i.e., the
heat generation, and the heat conduction. There are three heat sources responsible for
the temperature rise due to energy consumption in the cutting process [6]: (1) the heat
source of the shear surface; (2) the friction heat source of the front cutting surface and
chips; and (3) the friction heat source of the back cutting surface and machining surface.
Research has shown that the heat source shape and the heat flow density significantly
influence the precision of heat calculations [7,8]. Wang [9] established a mathematical
model based on the heat source, and elaborated the generation of the cutting heat and
the resulting tool temperature rise in the working. Based on a finite element cutting
simulation, Putza et al. [10] were able to determine the heat energy and heat flux density.
They indicated how heat flows into the workpiece, cutting tool, and chips. Wu et al. [11]
put forward a method for predicting the temperature in the end mill based on an analysis
model. Through the finite element simulation, the heat flux and the contact length between
the cutter and the swarf were obtained. Wu et al. [12] established an analytical temperature
model of cutting tools and chips in slicing, and then calculated and verified the temperature
of the chips and the front cutting surface. Based on a finite difference, Islam et al. [13]
devised a model of the temperature profiles in turn, and researched the instantaneous
temperature distribution between the cutting tools, the workpiece surface, and the chips. In
view of the Komanduri–Hou model and the Huang–Liang model, Shan et al. [14] proposed
a revised cutting temperature model. Most of these cutting models are analytical or based
on finite element or finite difference analysis. In fact, a finite volume model is ideal for
simulating solid heat conduction in a cutting system. The form of heat source caused by
tool deflection has never been mentioned.

In studies of cutting heat distribution, Reznikov and Kato [15,16] researched the effect
of cutting speed on the cutting heat distribution. The highest cutting speeds had the highest
proportion of heat flowing into the tools, accounting for 63% and 72% of the total cutting
heat, respectively. Rech [17] conducted friction experiments and a finite element model to
research the effect of cutting speed on cutting heat distribution. The heat flowing into the
cutting tool also increased with the increased cutting speed. In contrast to the results of
the above researchers, Shaw [6] stated that as the cutting speed increased, the heat flowing
into the tool decreased, as did the heat distribution coefficient of the tool. Gecim et al. [18]
found that the heat flow into a tool decreased from 33% to 15% with an increase in cutting
speed. In recent years, Zhao et al. [19] built a new model to predict the transient thermal
distribution coefficient of a coated tool–chip interface. The results indicated that the thermal
distribution coefficient was mainly decided by the thermal properties of the workpiece and
the cutter coating, rather than the thermal properties of the tool substrate. Therefore, there
are no clear rules of the heat distribution in a cutting system.

The accuracy of the thermal error modeling is greatly influenced by the formation
mechanism of the heat sources. However, many of these previous studies did not consider
the generation and transformation of tool potential energy and the related temperature
rise. Based on experimental data, in this paper we calculate the tool deflection energy
quantitatively and verify its correctness. Then, based on energy conservation, how tool
potential energy is transformed into heat via friction is discussed. The finite volume method
is used to calculate the temperature rise of the cutting tool, and the results are further
verified by experiments.

2. The Mechanism of Heat Generation
2.1. Tool Deflection Energy

During cutting, the deflection caused by the cutting load is mainly extrusion deflection,
torsional deflection, and bending deflection. Extrusion deflection is produced by the
vertical component of the cutting load. Since the axial rigidity of a tool is relatively high,
extrusion deflection can be ignored. In this paper, only bending deflection and torsional
deflection caused by the horizontal component of the cutting load are analyzed (Figure 1).
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Under a cutting load, a tool deforms elastically, which satisfies the conditions of small
deflection, Hooke’s law, and the superposition principle.
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Figure 1. Bending and torsional deflection of a tool.

2.1.1. Theory of Tool Bending and Torsional Deflection

Under a cutting load, part of the edge of an end milling cutter has bending deflection
and torsional deflection. The work of the cutting force is transformed into energy that is
stored within the cutter, so that the cutter can perform external work. This energy is called
elastic energy Eε. The cutting load is the main cause of tool bending deflection, as shown
in Figure 2 [20,21]. If the tool is small, there is a bending moment and torque due to the
cutting force. Because the deflections caused by these two internal force components are
independent of one another, the total strain energy is equal to the sum of the strain energies
when they act alone:

Eε = Eεb + Eεn (1)

where the strain energy Eεb is generated by the bending, and Eεn is produced by the torsion.
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Figure 2. Tool bending deflection.

The empirical formula of the tool deflection is:

δ =
N1FL3

N2D4 (2)

where F is the cutting force, δ is the tool deflection under the cutting force, and N1 and
N2 are natural constants. According to the formula of deflection, the relationship between
tool deflection and cantilever length is cubic. For a tool of the same diameter, when the
length of the cantilever is doubled, the deflection will increase by 8 times. The relationship
between tool deflection and tool diameter is the fourth power. For a tool of the same length,
when the diameter of the tool is reduced by 1 time, the deflection will increase by 16 times.
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In precision machining, the heat has a great influence on the small diameter and large
cantilever tools. Therefore, periodic high-frequency loading deflection is formed. The
energy consumed here can be calculated. The energy varies with the cutting force; the
formula for calculating the energy is as follows:

E =
1
2

Fδ (3)

A tool that deflects stores potential energy. When the deflection is released, the energy
is released. If the angle between the front and back cutting edges is not 180◦, friction
is inevitable. Even if the process is elastic, the process is non-zero sum. The reaction
force of tool deflection is consumed by friction before it can be loaded to the next cutting.
Specifically, when the interval is 90◦, the friction caused by the tool deflection is the greatest
and the heat generated is the greatest. Because of the energy conservation, the potential
energy is converted into internal energy and, finally, released in the form of heat. In the
milling phase, the deflection energy of the tool accumulates as the milling forces increase.
In the non-milling phase, the tool deflection energy is released.

2.1.2. Tool Potential Energy

The tool is affected by the cutting force and the work done in the direction of the
cutting force. Therefore, the milling force and the tool deflection are the basic parameters
needed to calculate the tool deflection energy. These can be obtained by experiments,
ensuring that they are consistent. In the experiments, the acquisition system for the three-
way force-measuring instrument has the same sampling frequency and time length as the
displacement sensor.

1. Cutting force

The magnitude of the cutting force determines the bending and torsional potential
energy of the tool. The experiment was carried out on a QLM27100-5X five-axis linkage
gantry (Figure 3, Nanjing, China). The cutting force was measured for different cutting
parameters by a Kistler 9265B dynamic dynamometer. The spindle speed was 9000 r/min,
the feed speed was 2000 mm/min, the axial milling depth was 3 mm, the radial milling
depth was 0.5 mm, and the sampling frequency was 15,000 Hz. The workpiece material
was 7075 aluminum alloy. A special, customized tool was used in the experiment. The tool
material was cemented carbide. The tool parameters are shown in Table 1.
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Table 1. Geometric parameters and physical properties of the test tool.

Parameter Value

Diameter (mm) 10

Length (mm) 70

Blade length (mm) 40

Helix angle (◦) 35

Number of teeth 4

Density (kg/cm3) 14.8

Young’s modulus (GPa) 600

Thermal conductivity (W/(m·K)) 79.5

Coefficient of thermal expansion (10−6m/◦C) 5.2

Specific heat (J/(kg·K)) 209.2

Because the side milling is intermittent, the milling cycle is classified into a cutting
phase and a non-cutting phase. The milling force in the X and Y directions changes
periodically. Moreover, the tool has four milling edges, so there are four peaks per cycle.
The maximum milling force is 205 N (Figure 4). The data collected in this experiment were
used to calculate the bending and torsional potential energy of the tool.
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2. Tool deflection

The tool-tip displacement directly affects the tool deflection error. Based on non-
contact measurements of eddy currents, the deflection of the tool is measured on-line.
Two eddy current sensors measure the deflection of the tool in the X and Y directions. In
this paper, the spiral blade diameter was 80% of the handle diameter. To ensure that the
experimental data were true and practical, a special, customized cutting tool was used
(Appendix A). The sampling frequency was set to 15,000 Hz. The experimental setup is
shown in Figure 5. The comprehensive deflection was obtained by calculating the resultant
displacement. In the end, the deflection of the tool tip was calculated by using the deflection
formula of the cantilever beam.
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Figure 5. Photographs of the experimental setup for making on-line measurements of milling cutter
deflection.

The experiment in the graph reflects the displacement of the whole machining system.
The purpose of this experiment is to obtain the tool deflection only under the action of
cutting force. In order to minimize the impact of other factors, the experimental conditions
must be limited when measuring displacement (Appendix A).

Figure 6 shows two cycles of the combined displacement of the four-edged tool in the
X and Y directions under a milling force. The maximum displacement was ~0.18 mm. The
errors were large, but the graph indicates the validity and authenticity of the deflection
displacement data.
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3. Calculation of tool potential energy

(1) Potential energy under a milling force

From the milling force experiment, we obtained the resultant milling force on the tool
(Figure 4). The first peak in the first cycle for the resultant force on the blade was used to
calculate the bending and twisting potential energy of the cutter. As in Table 1, the tool
diameter was 10 mm, the tool blade helix length was 30 mm, and the maximum overhang
length of the cutter was 70 mm. The energy is calculated as:

Eεb =
(F·l)2·l

2E·πd4/64
=

2052·0.072·0.07·32
550·109·π·0.0084 = 0.0652 J

Eεn =
(F·r)2·ld

2G·πd4/32
=

2052·0.0052·0.005·32
2·192·109·π·0.0084 = 0.000034 J
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EεF = Eεb + Eεn = 0.107080 + 0.000034 = 0.065234 J

From the above simplified calculation, the edge torsional energy of the end mill is
0.000034 J, which is much lower than the bending energy of 0.0652 J. Thus, the influence of
the tool torsional deflection on the machining error can be ignored.

(2) Calculation of potential energy by deflection

The displacement was measured experimentally as a metric for the tool deflection.
The change rule of tool deflection was obtained through the tool displacement experiment.
The tool deflection was the equivalent cantilever deflection. During the experiment, the
sampling time and frequency of the cutting force were consistent with the frequency of
the tool deflection. We used the peak of the first tooth displacement in the first cycle in
Figure 6. Since the displacement was measured 15 mm from the tool tip, the displacement
of the tool tip can be obtained as a linear proportion for a cantilever beam [21]:

ωA
ωB

=
Fl3

1
3EI

/
Fl3

2
3EI

=

(
l1
l2

)3
(4)

this, from material mechanics:

EεD =
ω2·3EI

2·l3 =
0.39982 × 10−6 × 550× 109 × π × 84 × 10−12

2× 64× 73 × 10−6 = 0.077 J

(3) Potential energy analysis

There must always be tool deflection energy; due to the existence of tool displacement,
the milling forces in X and Y directions, and the deflection of X and Y tools, respectively,
were obtained at different times. The tool potential energy was calculated using a combina-
tion of the force and the resultant force deflection, and experimental displacement data
verified the measured potential energy.

During milling, the milling force changes periodically as the cutting tool moves in
and out (Figure 4). The deflection energy of the cutter changes as the milling force changes.
From the experimental data, we can obtain the energy for continuous milling with four
cutter teeth, as shown in Figure 7. The maximum potential energy in the deflection of a
cutter tooth is 0.065 J.
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It is obvious from the results that the tool potential energy (EεD = 0.077 J) obtained
from the displacement is greater than the tool potential energy (EεF = 0.0652 J) calculated
using the cutting force. This is because the tool displacement depends on other factors
that also affect the tool deflection, such as vibration in the machine tool system, machine
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error, and clamping error. However, the tool deflection calculated using the cutting force is
within a reasonable range.

2.2. Heat Generation

Take the four-fluted milling cutter as an example: the numbers of the four cutting
edges are 1, 2, 3, and 4, respectively. When the #1 edge starts from the cut-in angle to the
end of the cut-out angle, the cutter completes the loading and unloading. In the cutting
process, the machining of a cutter tooth is divided into three parts [22]:

1. Cutter edge cutting-in stage

The cutting force increases from 0 to the maximum at the beginning of cutting. The
deflection energy of the tool due to the force is also increased to the maximum.

2. Cutter edge cutting-out stage

With the decrease in cutting forces, the deflection energy of the cutting tool also begins
to decrease. At this time, the tool mainly transforms the reduced deflection energy into
heat energy through friction until the tool cuts out. The force of the tool is reduced to 0,
and the deflection energy is reduced to 0.

3. Cutter edge energy absorption process

After the cutting process of the cutting edge, the heat absorbed by friction is the
greatest, and the temperature caused by the heat reaches its highest. At this point, the
completed energy absorption process ends until the next tooth cutting process begins.
Energy conversion follows this process in a cycle, as shown in Figure 8.

1 

 

 
Figure 8. Left: Tool showing the four teeth. Right: Energy changes in the edges during cutting.

It can be reasonably assumed that the tool potential energy is finally converted to heat
energy (considering anelasticity, friction, and vibration) [23], and is transformed by the
contact zone between the tool tip and the workpiece in the form of friction [22,24]. The
final result of this energy causes the tool temperature to rise. This phenomenon only exists
during the cutting process; the deformation heat of the tool occupies a part of the friction
heat, and conforms to the temperature rise characteristics of the friction heat. Hence, the
temperature rise shown in Figure 8.

3. Tool Temperature Modeling

In the typical milling process, the bending and twisting potential energy of tool
deflection is converted into heat energy, and the temperature model is established.
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3.1. Numerical Methodology

At present, the common numerical methods for solving heat conduction equations
include the finite element method, finite difference method, and finite volume method. As
far as the discrete method is concerned, the finite element method is the change rule of
the assumed value between the mesh points (the interpolation function), and takes it as
the approximate solution. The finite difference method only takes the numerical values
of the grid points into account, without considering how the values change between the
mesh points. The finite volume method can be regarded as the intermediate between the
finite element method and the finite difference method. The implementation process of
the finite volume method is as follows: Firstly, the required solution region is divided into
adjacent but non-overlapping control bodies, and then the corresponding nodes are used
to represent each control body. Finally, the discrete equation is derived by integrating the
conservative control equation with the control volume.

According to the structure of the control volume and the difference in variable storage,
the finite volume method is divided into two types: the cell-centered finite volume method,
and the cell-vertex finite volume method. The cell-centered finite volume method constructs
the control volume around the nodes, and the variables to be solved are defined on the
mesh nodes, so it is not suitable for arbitrary polygon meshes. The control volume of the
cell-vertex finite volume method is the mesh element, and the variables to be solved are
defined in the center of the element. In this paper, the cell-centered finite volume method
is used to solve the problem.

3.2. Heat Conduction Equation

Heat transfer analysis should finally be focused on the milling cutter itself, as its
thermal behavior directly makes a great impact on the machining error of the machine tool
and cutter system. In order to obtain the temperature distribution of the milling cutter, the
finite volume method is used to solve the three-dimensional heat conduction problem.

The integral form is used to describe the governing equation of heat conduction. The
heat transfer equation is:∫

V
ρc

∂T
∂t

dV =
∫

V
k∇T · ndS +

∫
V

qVTdV (5)

Because of the complexity of the volume integral, Gauss’s theorem is used to transform
the volume integral into an area integral.

Gauss’s theorem can be written as follows:∫
V

ρc
∂T
∂t

dV =
∮
S

k
∂T
∂n

dS +
∫

V
qVTdV (6)

where is ρ is the density, c is the heat capacity, k is the thermal conductivity, and qVT is the
convective heat transfer coefficient.

3.3. Numerical Discretization and Boundary Conditions
3.3.1. Numerical Discretization

The numerical discretization and application of the boundary conditions are necessary
for solving the solid heat conduction. The control volume is a layered mesh element
discretized from the computational domain, and the variables are stored in the cell center.
Variables and physical parameters are defined in the center of the element, and are assumed
to be uniformly distributed in the element.

The equation of heat conduction (Equation (6)) can be discretized as follows:
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ρpCp
Tt

p − Tt−∆t
p

∆t
V =

n f

∑
f=1

k f

(
A · A
A · e

)
f

(
Tt

nb f − Tt
p

)
+

n f

∑
f=1

k f

(
∇Tt−∆t

)
f
·
(

A− e
A · A
A · e

)
f

+ qVTP V (7)

where the subscript p represents the center of the current element Cp, the subscript
nb f represents the center of the f − th adjacent element Cnb f , Tp is the temperature at
the center of the current element Cp, and Tnb f is the temperature at the center of the adja-
cent element Cnb f , the subscript f represents the f − th element face, ∆t is the time step,
the superscripts t and t− ∆t represent the current time and the previous time, respectively,
the initial temperature field is given according to the actual situation, A is the area vector
of the element surface f , and e is the distance vector across the faces between elements.

For heat conduction, there are three kinds of the boundary conditions. The first kind
is the given temperature:

T =TB (boundarySD) (8)

The second kind of boundary condition is the given heat flow:

−k
∂T
∂xj

nj =qB (boundarySN) (9)

The third kind of boundary condition, also known as the mixed boundary condition,
is the given ambient temperature and heat transfer coefficient:

−k
∂T
∂xj

nj = hB(T−T∞) (boundarySR)
(10)

where TB is the temperature on boundary SD, qB is the normal heat flux on boundary
SN , hB is the convection heat transfer coefficient on boundary SR, and T∞ is the ambient
temperature. Subscript B represents the boundary.

To find the boundary conditions for heat conduction, Equation (2) can be discretized
as follows:

∮
S

k
∂T
∂xj

njdS ≈
ni

∑
f=1

k f

(
A · A
A · e

)
f

(
Tnb f − Tp

)
+

ni

∑
f=1

k f (∇T) f ·
(

A− e
A · A
A · e

)
f
−

nN

∑
f=1

qB f

∣∣∣A f

∣∣∣− nR

∑
f=1

hB f

(
TB f − T∞ f

)∣∣∣A f

∣∣∣ (11)

where ni is the number of inner face elements, superscript nN is the number of element
faces of the second type on boundary SN , superscript nR is the number of element faces of
the third type on boundary SR, nj is the component of the external normal unit vector n
perpendicular to interface S, TB f is the boundary temperature, and qB is the normal heat
flux given on the boundary. The other terms are the same as in Equation (10).

The tool edge is subdivided into a series of equivalent layers. A hexahedral finite
volume mesh is used. To facilitate the division of the finite volume mesh, the section of
the four-edged milling cutter perpendicular to its axis is reasonably simplified using the
unstructured adaptive mesh division technique. When the mesh is divided from a central
point to the outside, the mesh encryption technique based on the equal difference sequence
is adopted. Figure 9 shows the encrypted point layer. The lower vertex coordinates of the
hexahedral mesh are stretched in the positive Z direction and rotated along the tilt direction
of the edge in order to obtain the upper vertex, and then all of the vertex coordinates of the
finite body mesh are obtained, so as to realize the division of the finite volume mesh.
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Figure 9. Simplified section of the four-edged milling cutter perpendicular to its axis.

3.3.2. Boundary Condition Analysis

Because the cutter has four cutting edges, the cutting is discontinuous. To simplify the
calculations and reduce the computation time, the tool used in this model is considered to
have only one cutting edge, as shown in Figure 10. The boundary conditions depend on
whether or not the tooth is in contact with the workpiece.
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Figure 10. The boundaries of a tooth.

The boundaries are shown in Figure 10. Boundary assumptions are as follows:

1. Boundaries a and b: a is the front face and b is the back face of the milling cutter edge.
In the range 0–3 mm in the Z direction of the cutter, boundaries a and b are endother-
mic during cutting and exothermic during non-cutting. The range 3–12 mm in the Z
direction of the cutter does not participate in cutting, and is always exothermic.

2. Boundaries c and f: During cutting, these are always in an exothermic state.
3. Boundaries d and e: Since edge d is in contact with edge e, and far away from the tool

nose, there is only a small amount of heat. Similarly, edge e sees only a small amount
of heat. The heat and the emission are equal, so it is assumed that the boundary
is adiabatic.

3.4. Heat Distribution

The potential energy in tool deflection is consumed by the friction between the front
tool surface and the cutting surface (the first deflection area), and by the friction between the
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back tool surface and the surface of the workpiece being processed (the second deflection
area). The friction converts the energy into heat, which causes the temperature to rise.

Casto et al. [25] researched the cutting heat distribution ratio. The workpiece material
was AISI 1040, a carbide tool was used, the cutting speed was 99–240 m/min, and the rate
of heat into the tool was 25–56%. When the workpiece material was AISI 4140, the tool
was cemented carbide, and the cutting speed was 6–1200 m/min, Abukhshim et al. [26]
verified that the proportion of heat into the tool was 15–60%. Similarly, Mabrouki et al. [27]
proved that the rate of heat into the tool was 65% when the workpiece material was AISI
4340, a carbide tool was used, and the cutting speed was 100 m/min. From the various
literature, the equivalent cutting heat for aluminum alloys at different cutting speeds is
15–65%. Here, the average value of 30% is taken as the equivalent heat.

The tool potential energy causes the temperature to rise due to the dissipation of
friction energy, which can be represented by the transient thermal structure coupling model
by including the effects of transients on thermal freedom. Two factors are needed: the ratio
of the tool deflection potential energy converted into heat by friction consumption is κ = 1;
and the coefficient for heat distribution between the workpiece, the chips, and the tool is h.

The tool deflection potential energy consumed by friction [28] is defined as:

E = κ · τ · υ (12)

where τ is the equivalent friction stress and υ is the sliding rate. Moreover:

E = ET + EC + EW (13)

where ET is the tool deflection potential energy dissipated by friction on the tool surface, EC
is the tool deflection potential energy dissipated by friction on the chip contact surface, and
EW is the tool deflection potential energy consumed by friction on the workpiece contact
surface.

For tool energy:
ET = Etc + Etw (14)

and: {
Etc = κ · htc · τtc · υ
Etw = κ · htw · τtw · υ

(15)

where subscript t represents the tool, subscript c represents the chip, and subscript w
represents the workpiece. Subscript tc represents the front tool face and subscript tw
represents the back tool face.

When the tool potential energy is being consumed, the effective contact surface
between the front tool surface and chip is relatively small. Moreover, the area of the back
tool surface is relatively small compared with the surface area being cut. The heat absorbed
by the front and back faces of the tool is equivalent to 1/3 of the total deflection potential
energy of the tool, namely:

ET =
1
3

E (16)

The tool deflection energy is described in Equation (3). The parameters can be obtained
through experiments.

4. Numerical Simulation
4.1. Simulation Parameters and Programming Flow

To verify the temperature model proposed in Section 3, the prediction temperature
field of the tool is obtained via programming in MATLAB. The processing parameters are
the same as those in Section 2.1.2. The tool parameters are shown in Table 1. In order to
reduce the difficulty of analyzing the temperature model, the arc spiral groove is simplified
to a V-groove, and the experimental results show that the deviation is acceptable. The
programming flow chart is shown in Figure 11.
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Figure 11. Flowchart for temperature rise calculation.

4.2. Numerical Analysis

Figure 12 is the three-dimensional temperature distribution of different positions of
the tool edge over time; it shows the temperature of one cutting edge as it varies by the
cutting depth of the tool for 250 cycles. The axial cutting depth of the tool was 3 mm. The
temperature of the cutting edge varied with the cutting depth of the tool. The temperature
in the vicinity of the tool tip was relatively high, and along the axial of the tool, the
temperature at the tip of the tool decreased significantly at 3 mm. The temperature of
the part of the cutting edge that was not involved in cutting was low, dropping to room
temperature (20 ◦C).
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The peak temperature rose from 22.7 ◦C to 24.9 ◦C, and the minimum temperature
rose from 20.4 ◦C to 22.3 ◦C, over 250 consecutive cycles (Figure 13).
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Through a reasonable optimization of the mesh and boundary conditions, an isother-
mal distribution for the cutter tooth was obtained via numerical simulation. The refinement
of the mesh layer and step size depended on the importance of the position within the
tooth. Figure 14 displays the temperature distribution of the front, back, and nose of the
blade involved in milling. The temperature of the cutter tooth increased from 20 ◦C to
25 ◦C over 250 cycles.
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Figure 14. Isothermal curve distribution of the cutting edge.

5. Experiments

It is difficult to verify the temperature rise caused by the tool deflection; in this paper,
separation experiments are conducted for further research. Sato et al. [29] described the
cyclic temperature variation beneath the rake face of a cutting tool in end milling. In this
study, a new technique in radiation temperature measurement using two optical fibers
was applied to investigate the temperature variation at different depths in a tool insert
during the cutting and non-cutting cycles in end milling. The aim of the experiments was
to separate the cutting friction heat from the tool deflection energy. During the experiments,
the experimental parameters were the same as the simulation parameters in Section 4.1. The
experiments were carried out on a QLM27100-5X five-axis linkage gantry (Qiaolian, Wuxi,
China). The temperature was measured with an Optris PI200, PI450 (Optris, Germany),
and infrared temperature instrument, and the measuring position was 4 mm away from
the tool tip.



Machines 2021, 9, 122 15 of 21

5.1. Total Temperature Rise of the Cutting Tool

Based on the above conditions, milling experiments were carried out with a gantry
machine tool. The lens of the infrared thermal imager was fixed, and the rectangular coor-
dinates of the measuring area were aligned to the measuring position. The experimental
setup is shown in Figure 15.
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5.2. Temperature Rise Due to Tool Friction Alone

The experimental setup to measure the temperature rise due to friction is shown in
Figure 16. A dynamic friction block (1) was connected to a force generator. Component
(2) refers to the static friction block, which was fixed on the machine tool and 10 µm away
from the mandrel (3). The cambered surfaces were made on the static friction block (4) and
dynamic friction block (5), respectively, each arc angle was 60◦, and the radius of the arcs
was the same as the mandrel radius.
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and friction.

In order to generate friction heat between the dynamic friction block and the rotating
mandrel, the force generator needed to apply the same size and frequency load to the dy-
namic friction block. The temperature was measured at a height of 4 mm. This temperature
rise was caused by tool friction alone.
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5.3. Temperature Rise Due to Tool Deflection and Friction

The experimental device for measuring the temperature rise on account of deflection
and friction of an equivalent tool (mandrel) under a simulated cutting load is shown in
Figure 17. The experimental equipment includes a powerful generator, a machine tool
spindle, a mandrel, a workpiece, a machine tool workbench, an L-shaped base plate, a
support guide rail, a force sensor, and an infrared thermometer. A 3-mm-deep groove was
cut into the workpiece. The radius of the top arc was 5 mm. This was in contact with the
side surface of the mandrel, which had a diameter of 10 mm.
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Figure 17. Photograph of the setup for measuring the temperature rise due to tool deflection
and friction.

5.4. Results and Discussion

In Section 4.1, the results of tool temperature rise were obtained via MATLAB pro-
gramming. Figure 18a–d shows the three-dimensional temperature distribution of the X–Y
direction section of the tool nose, obtained via the numerical model, when the highest
temperature is reached in the 1st, 50th, 150th, and 250th cuttings, respectively. Figure 19a–d
shows the corresponding temperature gradient distribution. It can be seen that the high-
temperature region is mainly concentrated in the range near the tool nose, which is also
the range with the largest temperature gradient. The temperature of the tool nose region
increases with the increased milling time, and gradually decreases outward along the
tool tip.
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Figure 19. Temperature gradient of the X–Y direction section of the tool nose region.

Figure 19 shows that the highest temperature is on the tool flank, rather than at the
tool nose. There are two reasons for this: Firstly, the mechanism of heat generation is the
tool deflection caused by the force. In Section 3.4, the energy was equivalent to three equal
parts. However, in finish machining, the chips are smaller, and the contact surface with the
rake face is smaller. The contact area between the tool flank and the workpiece is larger,
and the force on the flank is also larger. Therefore, the temperature of the flank is high.
Secondly, variables of the finite volume of the lattice center are located in the center of the
element, which may have a small deviation from the tool tip.

The differences in the temperatures measured in Sections 5.2 and 5.3 are the tem-
perature rise due to the transformation of friction into tool potential energy. In order to
express this more intuitively, the predictive and experimental values of the temperature are
plotted as curves in Figure 20. The temperature measured in the tool deflection experiment
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(red curve) is consistent with that of the numerical simulation (blue curve). However, the
simulation results tend to be higher than the experimental results. It may be hypothesized
that the temperature rise caused by tool deflection is relatively small compared with that
caused by the environment and heat loss. The ratio of the experimental value for the tool
deflection temperature rise to the total cutting temperature rise is up to 6.57%. Based on
the distinct mechanism of the heat source, the heat effect of the heat source on the front
and back faces is different from that of other heat sources [14,30].
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6. Conclusions

In this paper, a new heat source that caused the thermal error of the cutting tools was
proposed, and was verified by the numerical simulations and experiments. The potential
energies of the tool bending and torsion were analyzed. The results were verified in two
different ways. Based on the analysis and experimental results, the following conclusions
can be drawn:

(1) A heat generation mechanism is proposed. In precision or micro milling, heat has a
great influence on a tool with small diameter and large cantilever elongation.

(2) For the cutting parameters used, the change rule in the cutting force and cutter deflec-
tion is consistent with the change in the tool potential energy. The torsional potential
energy of the tool is much less than its bending potential energy. Compared with
the two-dimensional simulation, the boundary conditions for tool heat conduction
can be set more accurately using the finite volume method. Moreover, the numerical
discretization is more reasonable, and the calculation results are more realistic.

(3) A numerical calculation based on the working conditions used shows that the high-
temperature region is mainly concentrated in the range near the tool nose, and the
highest temperature is on the back face.

(4) A test platform to measure the tool temperature rise caused by the tool deflection
was designed. The relative difference between the temperature calculated and the
measured temperature was less than 5%. In addition, the temperature rise due to
the tool deflection potential energy was consistent with the temperature rise during
cutting, and was up to 6.57% of the total temperature rise of the cutting tool.

This method has a specific reference value for the research of cutting and friction, and
can be extended to related thermal fields. However, further exploration and improvement
are needed in the experimental application.
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Nomenclature

ρ Density, (kg/m3)
C Specific heat, J/(kg·K)
K Thermal conductivity, W/(m·K)
qVT Heat flux, W/mm2

Cp Current element, mm3

Cnb f The f -th adjacent element, mm3

Tp Temperature at the center ofthe current element Cp, ◦C
Tnb f Temperature at the center ofthe adjacent element Cnb f , ◦C
A Area vector of the elementSurface f , mm2

e Distance vector across thefaces between elements, mm
∆t Time step
t Current time, s
t− ∆t Previous time, s
ni the number of inner face elements
TB Temperature on boundarySD, ◦C
qB Normal heat flux on boundarySN , W/mm2

hB Thermal conductivity on boundary SR, W/(m K)
nj Component of the external normal unit vector n perpendicular to interface S
nN the number of element faces of the second type on boundary SN
nR the number of element faces of the third type on boundary SR

Appendix A

1 To ensure that the experimental data were true and practical, a special customized
cutting tool was used. A ring with a radius of 15 mm was placed around the tool 15
mm away from the tip and welded in place. The tool and the ring were concentric. The
customized tool had two functions: First, it prevented interference between the two
eddy current displacement sensors. Second, the cross-sections of the blade and the tip
were the same, so that the displacement of the blade truly reflected the displacement
of the tip.

2 In order to minimize the impact of other factors, we had to limit the experimental
conditions when measuring displacement:

(1) The experiment was executed under cold machine conditions in order to
diminish the influence of thermal error of machine tool.

(2) In the experiment, it was necessary to monitor the vibration signal, reduce the
vibration, and ensure the stability of milling.

(3) The displacement information of no-load and load cutting should be measured
simultaneously under the same conditions.

3 In the manuscript, the cell-centered finite volume method was used. The control
volume was usually a mesh element discretion from the computational domain, and
the dependent variables were stored in the center of the cell. Any unstructured mesh
was used to divide the computational domain, and the mesh element was used as the
control equation of heat dissipation.
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All variables and physical parameters were defined in the center of the element, and
were assumed to be uniformly distributed in the element. Figure A1 is a schematic diagram
of any mesh element in a Cartesian coordinate system. It is surrounded by n f units.CP is
the current element, Cnb f

is the f -th (f = 1, 2, 3, . . . nf ) adjacent element, and the distance
vector of the unit center is e f . A f is the area vector of unit surface f. Along the outer normal
direction, the modulus is equal to the area of the unit surface.
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