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Abstract: The ZL205A aluminum alloy is mostly used in automobiles, aircraft, aerospace, and other
mechanical components, but now, it focuses on the study of its casting performance, and there is
still a lack of research on its cutting performance. In this paper, the milling ZL205A aluminum alloy
was milled for testing and simulation analysis. The milling test showed that the impact of the axial
cutting depth, radial cutting depth, feed, and cutting speed on the milling force was successively
reduced. A thermodynamic analysis model is proposed to evaluate the cutting force and tool design
in milling. The model considers the front angle and friction angle of the tool, in which the friction
angle is adjusted by the friction coefficient, the variable is the cutting parameter, the constant is
fitted through the milling experiment, and the effectiveness of the model is verified to predict the
milling force. The pre-grinding test was carried out before the experiment, and the stability of the
test was proved by observing the macroscopic shape of the chip and the wear of the cutting edge.
The model comprehensively considers the tool angle and quickly calculates the minimum load on
the milling cutter based on the optimal geometric parameters, which can be used to optimize the
milling cutter structure and provide a theoretical basis for the preparation of ZL205A aluminum alloy
mechanical components.

Keywords: ZL205A aluminum alloy; milling forces; thermomechanical behavior; analytical modeling;
parametric study

1. Introduction

Since the 20th century, aluminum–copper cast aluminum alloys have been widely used
in automotive, aircraft, and aerospace mechanical components [1,2]. Because of its good
room temperature performance and high temperature resistance, ZL205A is an aluminum
alloy with a tensile strength of up to 500 MPa and an elongation of up to 10% [3,4]. It has
excellent comprehensive properties, such as mechanical processing, electroplating, stress
corrosion resistance, etc. It is suitable to produce large-forced structural parts [5]. Due
to the complex content of ZL205A material alloy elements, and with a wide crystalliza-
tion range and various uncertainties in the casting process, various defects often occur,
resulting in organizational performance that does not reach the service requirements [6,7].
Most researchers have carried out research on how to improve the strength of aluminum
alloys [8,9]. However, the component has plane, hole, and other cutting structures, re-
sulting in a direct impact on the service performance of the component in the application
process [10,11]. Therefore, it is of great practical significance and engineering value to carry
out research on the machinability of aluminum alloys.

There are numerous problems in milling, such as the breakage of the milling cutter,
the vibration of milling, etc., which are largely caused by the action of milling force [12]. In
the milling process, the milling force will directly affect the generation of cutting heat and
have an impact on tool wear, machining accuracy, and the workpiece-processed surface
quality [13]. Therefore, it is of great significance to study and establish a mathematical
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model of the cutting force of the Z205A aluminum alloy. The research on milling force
is mainly divided into empirical models based on experimental verification [14], finite
element models [15], and analytical models [16].

The American scholar Merchant [17] established a cutting theory with shear slip
as the main feature of right-angle free cutting as the basic model. E.H. Lee and B.W.
Shaffer [18] deduced the calculation formula of the shear angle by constructing a sliding
line field model of right-angle free cutting. P.L.B. Oxley [19] studied the strain rate and
strain hardening of the material in the cutting process and proposed a cutting model
with a parallel quadrilateral cutting surface. E.D. Doyle [20] established a cutting model
considering knife-chip friction. Zhang, X. [21] discussed the influence of tool geometry
parameters on milling force by establishing an empirical model considering quadratic
polynomial factors. Zhu, S. [22] proposed a milling force prediction model based on the
Taylor factor to study the influence of different milling parameters on the evolution of
surface organization. Chen, Y.H. [23] proposed a tool radial jump milling model considering
the static jump of the tool for batch precision machining. Su, X. [24] proposed a milling
force model applied to complex contour milling cutters. Over the years, most scholars
have focused on analyzing milling models from multiple cutting angles, but this inevitably
increases the complexity of prediction, so this study is committed to proposing a fast
and effective milling force model. In addition to the influence of friction on material
properties [25–27], friction in milling cannot be ignored [28], so this study adjusted the
friction angle by adjusting the friction coefficient.

This study proposes a milling force model in the ZL205A aluminum alloy based
on thermodynamic analysis and verifies the effectiveness of the model through milling
tests. The model considers material properties and tool structure (tool front angle, friction
angle), where the friction angle is calculated by the friction coefficient. This research
provides a theoretical basis for optimizing the tool structure of the milling cutter and
provides a theoretical basis for the preparation of mechanical components for automobiles,
aircraft, and aerospace with the ZL205A aluminum alloy, making the use of the material
more convenient.

2. Experimental Woke

The milling test was carried out to analyze the cutting process of the ZL205A aluminum
alloy. The following will introduce the workpiece materials, milling cutters, NC machine
tools, dynamometers, and the tests that were carried out.

2.1. Workpiece Materials

The mechanical characteristics of the ZL205A aluminum alloy are shown in Table 1.
The Johnson–Cook constitutive model and Johnson–Cook damage model were established
for quasi-static tensile, Hopkinson rod, and high-temperature tensile tests. Considering the
impact of adiabatic temperature rise, parameter C was corrected. The model was verified
by quasi-static smooth stretching, Hopkinson rod, and high-temperature tensile tests, and
the maximum error of the model did not exceed 4%. The chemical composition of the
ZL205A aluminum alloy is shown in Table 2.

Table 1. Mechanical characteristics of ZL205A aluminum alloy.

ρ (g/cm3)
H

(HRC)

Rp0.2
(T◦: Ambient)

(MPa)

Rp0.2
(T◦: 623 K)

(MPa)

Rpm
(T◦: Ambient)

(MPa)

2.8 55 297.94 111.38 417.76

2.2. Milling Test

The CNC machine tool adopts HCZK1340 machine tool designed by Zhengdang
Precision Machinery Co., LTD., Shenzhen City, Guangdong Province, China; as shown in
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Figure 1a, the tool handle adopts WINIO Winon BAP300R 050T4-22 CNC cutter head from
Taiwan Province, China; as shown in Figure 1c, the tool adopts APKT11T308-LH milling
cutter of Diamond Factory, Zhuzhou City, Hunan Province, China; as shown in Figure 1d,
the dynamometer adopts the Swiss KISTLER four-part measurement system by installing
the KISTLER four-part dynamometer on the CNC machine tool, using a fixture to connect
the dynamometer to the workpiece, as shown in Figure 1b. Water soluble cutting fluid from
Dr. You of Shenzhen City, Guangdong Province, China was used in the test.

Table 2. Chemical composition of ZL205A aluminum alloy (wt.%).

Element Cu Mn Ti Zr Cd B V Al

Cont. 4.95 0.4 0.25 0.125 0.2 0.035 0.175 Bal.
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Figure 1. Test equipment diagram. (a) Machining center; (b) KISTLER dynamometer; (c) tool handle;
(d) blade.

2.3. Measure the Axial Force

The purpose of this experiment is to identify the relatively stable cutting range in
the milling process of a given tool/workpiece material. The milling test is carried out
by changing the cutting parameters of the cutting speed, feed speed, axial cutting depth,
and radial cutting depth. The cutting parameters are designed according to the cutting
conditions recommended by the tool manufacturer. For the ZL205A aluminum alloy, the
cutting speed, feed per tooth, axial cutting depth, and radial cutting depth are 200 m/min,
0.3 mm/r, 2 mm, and 15 mm, respectively. The milling tests carried out are shown in
Table 3. Each set of tests is repeated 4 times, and new blades are used each time. No tool
acceleration or early grinding was detected during all testing processes, and conventional
chips were formed. Therefore, the milling test can be regarded as stable cutting.

The axial cutting force was recorded by the KISTLER four-component dynamometer.
Figure 2 shows the variation trend of the axial cutting force with cutting speed, feed rate
per tooth, axial cutting depth, and radial cutting depth. The axial milling force increases
with the increase in cutting speed, feed rate, axial cutting depth, and radial cutting depth.

2.4. Cutting Performance

By observing the chip shape and tool wear, the stability of the milling process in each
milling experiment is verified using Japan’s KEYENCE ultra-depth-field microscope to
observe chips. Figure 3 shows the change in chip macroscopic morphology with the change
in parameters, and the number in the figure corresponds to the experimental number in
Table 3.
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Table 3. Milling test design of ZL205A aluminum alloy.

Test No.
Cutting
Speed

(m/min)

Feed Rate
(mm/r)

Axial Depth
of Cut
(mm)

Radial
Depth of Cut

(mm)

1st Phase

1 100 0.3 2 15
2 200 0.3 2 15
3 300 0.3 2 15
4 400 0.3 2 15

2nd Phase

5 200 0.1 2 15
6 200 0.2 2 15
7 200 0.3 2 15
8 200 0.4 2 15

3rd Phase

9 200 0.2 1 15
10 200 0.2 2 15
11 200 0.2 3 15
12 200 0.2 4 15

4th Phase

13 200 0.2 2 3
14 200 0.2 2 9
15 200 0.2 2 15
16 200 0.2 2 21
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cutting speed. (b) The change in the axial force of milling with the feed of each tooth. (c) The change
in milling axial force with axial cutting depth. (d) The change in milling axial force with radial
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The influence of the radial cutting depth, axial cutting depth, feed volume, and cutting
speed on the chip is successively reduced. The ZL205A aluminum alloy will generate
continuous chips under the cutting parameters of the test design. Even if the cutting speed
increases, the macroscopic change in the chips is not obvious (Figure 3a). Increasing the
feed (Figure 3b) and cutting depth (Figure 3c,d) will increase the cutting speed in the unit
and the removal amount. As a result, the extension length of the chip in the cutting area
increases so the chip length becomes longer, and the length deformation coefficient lessens
(Figure 3b). When the axial cutting depth increases, it causes greater cutting force and
cutting heat, which will affect the cutting force distribution and chip formation mode in
the cutting area.
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Figure 4 shows tool wear. The new blade (Figure 4a) is compared with the blade used
in the milling test (Figure 4b). The four blades are all stable.
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3. Thermoviscoelastic Model for Predicting Milling Forces

The mathematical model of cutting force is often limited by the workpiece material,
tool, etc., and is effective within the range of the available data. Therefore, the verification
of the mathematical model of cutting force should be completely based on the test data.
The thermodynamic analysis model established in this paper, combined with the material
performance parameters, tool structure, and cutting parameters, can quickly evaluate the
cutting force of the milling ZL205A aluminum alloy. The analysis method involves the
material performance and the law of contact/friction, and the equation is established based
on certain assumptions.

3.1. Modeling of Cutting Forces

During the milling process, the cutting layer and internal workpiece undergo elastic
and plastic deformation resistance, chip outflow, and friction between the workpiece
movement and the tool. These combined forces acting on the tool can be decomposed
into three parts. It is assumed that lubrication during milling is indirectly considered by
adjusting the friction coefficient in the mathematical model of milling forces.

By discrediting the milling cutter, the local coordinate system Oxyz of the tool is
established, with the center of the circle on the base of the milling cutter as the coordinate
origin, the direction of the milling cutter axis as the z-axis and upward as the positive
direction, and the direction of the intersection of the cutting edge on the base circle of
the milling cutter from the origin pointing to a certain cutting edge as the y-axis. Based
on the idea of discrete milling edges, the spiral milling edge cutting into the workpiece
part is divided axially into a certain number of micro-element cutting edges, i.e., the dz
section in the diagram. The cutter teeth are numbered j. The cutting edge with the starting
point on the y-axis is recorded as blade number 1 and is numbered sequentially in the
direction of the helix, and the cutter teeth micro-elements are numbered i and are numbered
sequentially in the direction of the helix, with a maximum number of N.

The force applied to the workpiece is derived from the force applied to each micro-
element of the workpiece. The component of the combined force applied to the workpiece
is calculated by calculating the component of the combined force for each micro-element.
Figure 5 illustrates the micro-element of the milling cutter edge and the applied force.
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The results applied to the workpiece can be expressed in terms of tangential milling
forces, radial milling forces, and axial milling forces as follows:

Fc =
4

∑
j=1

Fj
c , Fr =

4

∑
j=1

Fj
r , Fa =

4

∑
j=1

Fj
a (1)

where Fc, Fr, Fa are tangential, radial, and axial forces, respectively.
Where the components of the milling synthesis force (Fc

j, Fr
j, Fa

j) can be calculated by
integrating the components of the milling force. This is shown below:

Fj
c =

∫
dFc, Fj

a =
∫

dFa, Fj
r =

∫
dFr (2)

By discrediting the edges of the milling cutter, the synthetic components of each
cutting edge are summed as follows:

Fj
c =

N

∑
i=1

∆Fj
c , Fj

r =
N

∑
i=1

∆Fj
r =

N

∑
i=1

∆Fj
r

(
∆Fi

f , ∆Fi
c

)
, Fj

a =
N

∑
i=1

∆Fj
a =

N

∑
i=1

∆Fj
a

(
∆Fi

f , ∆Fi
c

)
(3)

Equation (3) is used to predict the combined force component for each cutting edge,
which is then substituted into Equation (2). However, here, it is necessary to calculate ∆Fi

f

and ∆Fi
c. This is performed in the analytical thermodynamic model for right-angle cutting,

which is described in the next section.

3.2. Elemental Cutting Force Modeling

During milling, for radial (Figure 5), an infinitesimal milling micro-element, given
by the milling length, produces a chip from a right-angle and is modeled using thermal
methods. The cutting conditions corresponding to the milling micro-element are therefore
given by the following:

t1 = f sin kr, vc = wr, αn and dw (4)

where t1 (mm), f (mm/r), w (rad/s), vc (mm/min), αn(◦) and dw (mm) are the cutting
thickness, feed, angular speed, cutting speed, tool front angle, and cutting width.

For chip formation under right-angle cutting, the shear zone is defined as a shear
zone of constant thickness within which the chip deforms, characterized by a planar shear
angle perpendicular to the cutting edge. The secondary shear zone at the tool–chip and
the flow of the complex material at the edge of the tool material are not considered. The
analysis is restricted to stationary flow and has no time dependence, and the material flow
within the primary shear zone is modeled using a one-dimensional approach. Therefore, all
variables are dependent only on the normal coordinates along this range. These variables
are determined by the thermodynamic behavior of the material, the cutting conditions,
the thickness shear angle, and the average friction coefficient of the front tool face [11].
Furthermore, the shear in the band is adiabatic, and the normal shear angle is determined
by minimizing the minimum of the basic cutting energy.

Metal cutting deformation is a large strain non-linear elastic–plastic deformation;
although the cutting process is accompanied by elastic deformation, compared with the
amount of plastic deformation, it can be neglected. High-speed cutting materials have
a high temperature, a large strain, and a large strain rate for elastic–plastic deformation.
Fast cutting materials into chips in a very short time, reflecting the cutting area at each
point of the strain, strain rate, and temperature on the material dynamic stress of the
intentional equation in the numerical simulation calculation analysis, which is extremely
critical. On balance, the Johnson–Cook model was chosen as the intrinsic model to describe
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the deformation behavior of the material [29], where the workpiece material should be
isotropic, rigid, and viscoelastic, and it is described by the Johnson–Cook law as follows:

τ =
1√
3

[
A + B

(
γ√

3

)n][
1 + mIn

( •
γ
•

γ0

)][
1−

(
T − Tr

Tm − Tr

)v]
(5)

where A is the yield strength of the material (MPa), B is the strain reinforcement factor
(MPa), n is the strain reinforcement index, m is the strain rate reinforcement factor, γ is the
current shear strain of the mass,

•
γ is the current shear strain rate of the mass (1/s),

•
γ0 is

the reference strain rate (1/s) and takes the value of 0.001/s, T is the current temperature
of the mass (K), Tr is the room temperature (K), Tm is the melting temperature of the
material (K) and the melting point, v is the thermal softening index, and τ is the shear stress
of the mass (MPa). The three square brackets in Equation (5) successively represent the
strain strengthening term, the strain rate term, and the temperature term. When a set of
strain, strain rate, and temperature data is given, the corresponding mass flow stress can
be obtained from Equation (5). The Johnson–Cook flow stress parameters for the ZL205A
aluminum alloy are shown in Table 4.

Table 4. JC flow stress parameters for ZL205A aluminum alloy.

A (MPa) B (MPa) n C m Tr (K) Tm (K) •
ε0

297.94 735.56 0.66 0.00672 1.30282 293 862 10−3

In the main shear zone, the distributions of shear stress (γ) and temperature (T) are
obtained from the solutions of the equations of motion and heat (via a one-dimensional
formulation assuming smooth and adiabatic conditions), respectively. Note that the details
of the equations are shown in [30,31], and only the solutions are as follows:

τ = ρ(vc sin φn)
2γ + τ0 (6)

T = Tw +
β

ρc

(
ρ(vc sin φn)

2 γ2

2
+ τ0γ

)
(7)

where β, c, ρ, φn, and τ0 are the Taylor–Quincy coefficient, heat capacity, material density,
shear angle, and flow stress at the start of the cut.

From the Johnson–Cook principal structure, Equation (5), it follows that
•
γ =

•
γ0 exp(g(γ))

g(γ) = τ
√

3
m
(

A+B(γ/
√

3)
n)
(1−((T−Tr)/(Tm−Tr))

v)
− 1

m
(8)

Combining Equations (5)–(7), we can note that the shear strain rate is a function of
shear strain and shear stress. Therefore, Equation (8) can be written as follows:

•
γ =

•
γ(γ, τ0) (9)

The distribution of this strain is controlled by the following first-order differential
equation:

•
γ =

Dγ

Dt
= vc sin φn

dγ

dy
(10)

where Dγ/Dt is the derivative of the strain rate in the shear zone, and y is the coordinate
along the axial direction.
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The shear band bandwidth is h, and shear strain occurs within this range resulting in
the following [32]:

γh∫
0

vc sin φn
•
γ(γ, τ0)

dγ− h = 0 (11)

The shear stress can be calculated using Equation (11). It is important to focus on the
fact that the shear strain only occurs within the shear zone, and therefore, the boundary
conditions for this shear strain are as follows:

γh =
cos αn

sin φn cos(φn − αn)
(12)

The micro-element cutting forces dFi
c and feed forces dFi

f are determined by the
following equations:

dFc =
(cos αn+tan λ sin αn)

sin φn(cos(φn−αn)−tan λ sin(φn−αn))
dwt1τh

dFf =
(− sin αn+tan λ sin αn)

sin φn(cos(φn−αn)−tan λ sin(φn−αn))
dwt1τh

(13)

Substituting Equation (12) into Equation (6) gives the following:

τh = ρ(vc sin φn)
2 cos αn

sin φn cos(φn − αn)
+ τ0 (14)

where αn is a normal rake angle.
In Equation (4), the milling length is defined by the microtitration (by the specified

geometrical parameters), where the feed to the cutting layer and the approach angle are
related as follows:

t1 = f sin kj
r (15)

The shear and front angles and friction angles are related as follows:

φn = 35◦ +
1
2
(αn − λ) (16)

Elemental cutting forces are as follows:

∆Fi
c =

(cos αn+tan λ sin αn)

sin(35◦+ 1
2 (αn−λ))(cos(35◦− 1

2 (αn+λ))−tan λ sin(35◦− 1
2 (αn+λ)))

∆w f sin kj
rτh

∆Fi
f =

(− sin αn+tan λ sin αn)

sin(35◦+ 1
2 (αn−λ))(cos(35◦− 1

2 (αn+λ))−tan λ sin(35◦− 1
2 (αn+λ)))

∆w f sin kj
rτh

(17)

The calculation can be made by combining the tool front angle, the friction angle, and
the material parameters. The combined component of the milling force can be obtained by
integrating the components in the radial direction, given by Equation (3).

3.3. Thermodynamic Analysis Process

The analysis steps of calculating the milling force component of the milling ZL205A
aluminum alloy are shown in Figure 6. First, design the cutting parameters and tool
structure required for the test. Secondly, to micro-localize the cutting edge, it is necessary
to understand the length of the cutting edge, the cutting position of each micro-element,
the local cutting angle, and the local cutting conditions. Then, the axial force, tangent force,
and radial force of each microfilm are calculated. Finally, the axial force, tangent force, and
radial force, as well as the total axial force, tangent force, and radial force of each blade are
predicted, respectively.
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4. Results and Discussion
4.1. Milling Parameter Fitting

Orthogonal milling tests were carried out with the milling parameters, cutting speed
(from 100 to 450 m/min), feed (from 0.1 to 0.45 mm/r), axial depth of cut (from 0.5 to
4.5 mm), and radial depth of cut (from 3 to 24 mm). This range includes the range of
parameters designed for milling tests to verify machining stability (see Table 3). Figure 7
shows the average of the tangential and radial forces from the force gauge measurements.

Lubricants 2023, 11, x FOR PEER REVIEW 11 of 16 
 

 

4.1. Milling Parameter Fitting 
Orthogonal milling tests were carried out with the milling parameters, cutting speed 

(from 100 to 450 m/min), feed (from 0.1 to 0.45 mm/r), axial depth of cut (from 0.5 to 4.5 
mm), and radial depth of cut (from 3 to 24 mm). This range includes the range of param-
eters designed for milling tests to verify machining stability (see Table 3). Figure 7 shows 
the average of the tangential and radial forces from the force gauge measurements. 

 
Figure 7. Tangential and radial forces for different cutting parameters. (a) The change in the tangen-
tial and radial forces of milling with the cutting speed. (b) The change in the tangential and radial 
forces of milling with the feed of each tooth. (c) The change in milling tangential and radial forces 
with axial cutting depth. (d) The change in milling tangential and radial forces with radial cutting 
depth. 

Figure 7 shows the average value of the tangent force and radial force measured by 
the dynamometer. The horizontal coordinate of the figure is the cutting parameter; the left 
vertical coordinate is the tangent force; and the right coordinate is the feed force. With the 
increase in cutting speed, both the tangent force and the feed force are reduced (Figure 
7a). The increase in the cutting speed reduces the friction coefficient, increases the shear 
angle, reduces the deformation coefficient, and indirectly reduces the cutting force. On the 
other hand, the melting point of the aluminum alloy is low, and the cutting force is greatly 
affected by the temperature. With the increase in the cutting speed, the cutting tempera-
ture also increases. so that the strength and hardness of the aluminum alloy are reduced, 
thus reducing the cutting force, but the temperature has less impact on the cutting force. 
With the increase in the cutting speed, the contact length also decreases, and the alumi-
num alloy has good ductility. With the increase in the cutting temperature, the shear 
strength of the retention layer decreases. As a result, the cutting force decreases with the 
increase in the cutting speed. 

Figure 7b shows the change in tangential force and radial force with the feed. Figure 
7c shows the change in tangential force and radial force with axial cutting depth. Figure 
7d shows the change in tangential force and radial force with the radial cutting depth. 
Both the tangential force and the radial force increase with the increase in the cutting pa-
rameters, but the degree of influence varies. For the tangential force, the impact of the 
axial cutting depth, radial cutting depth, and feed is reduced in turn. For the radial force, 
the impact of the axial cutting depth, feed, and radial cutting depth is reduced in turn. The 
increase in the cutting depth and feed directly increases the cutting area, thus increasing 
the deformation resistance, so the cutting force also increases. However, the increase in 

Figure 7. Tangential and radial forces for different cutting parameters. (a) The change in the tangential
and radial forces of milling with the cutting speed. (b) The change in the tangential and radial forces
of milling with the feed of each tooth. (c) The change in milling tangential and radial forces with axial
cutting depth. (d) The change in milling tangential and radial forces with radial cutting depth.

Figure 7 shows the average value of the tangent force and radial force measured by
the dynamometer. The horizontal coordinate of the figure is the cutting parameter; the left
vertical coordinate is the tangent force; and the right coordinate is the feed force. With the
increase in cutting speed, both the tangent force and the feed force are reduced (Figure 7a).
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The increase in the cutting speed reduces the friction coefficient, increases the shear angle,
reduces the deformation coefficient, and indirectly reduces the cutting force. On the other
hand, the melting point of the aluminum alloy is low, and the cutting force is greatly
affected by the temperature. With the increase in the cutting speed, the cutting temperature
also increases. so that the strength and hardness of the aluminum alloy are reduced, thus
reducing the cutting force, but the temperature has less impact on the cutting force. With
the increase in the cutting speed, the contact length also decreases, and the aluminum alloy
has good ductility. With the increase in the cutting temperature, the shear strength of the
retention layer decreases. As a result, the cutting force decreases with the increase in the
cutting speed.

Figure 7b shows the change in tangential force and radial force with the feed. Figure 7c
shows the change in tangential force and radial force with axial cutting depth. Figure 7d
shows the change in tangential force and radial force with the radial cutting depth. Both
the tangential force and the radial force increase with the increase in the cutting parameters,
but the degree of influence varies. For the tangential force, the impact of the axial cutting
depth, radial cutting depth, and feed is reduced in turn. For the radial force, the impact of
the axial cutting depth, feed, and radial cutting depth is reduced in turn. The increase in the
cutting depth and feed directly increases the cutting area, thus increasing the deformation
resistance, so the cutting force also increases. However, the increase in the feed volume
also proportionally increases the cutting thickness. The increase in the cutting thickness
reduces the deformation coefficient and the friction coefficient, thus reducing the cutting
force. As a result of the positive and negative effects, the cutting force increases with the
increase in the feed, but the impact of the feed on the cutting force is less than the impact of
the cutting depth on the cutting force. The correctness of this conclusion is also verified by
the test and prediction results.

For each set of tests, a coefficient of friction (COF) can be calculated, which can be
adjusted by the friction angle to better predict the milling forces using the mathematical
model of milling forces (see Figure 7). The corresponding coefficient is obtained by fitting
the equation:

µ = a1 f + a2ae + a3ap + a4vc
λ = tan−1(µ)

(18)

The results of the fitting were substituted into the mathematical model of milling forces
17, where the cutting edge of each micro-element has a corresponding cutting speed, feed,
axial depth of cut, and radial depth of cut. The coefficients of the friction law Equation (18)
are shown in Table 5.

Table 5. Determining friction law parameters.

a1 a2 a3 a4

Set 1 0.5407 2.8527× 10−5 5.3830× 10−6 1.1303× 10−6

Figures 8 and 9 show the radial and tangential force test values compared to the
predicted values, and the friction coefficients were fitted by radial and tangential forces, so
the average error between the two forces was small. The average error for the radial force
is 4.5%, and the average error for the tangential force is 9.92%.
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Figure 8. Orthogonal milling: experimental and predicted tangential. (a) The change in the tangential
force of milling with the cutting speed. (b) The change in the tangential force of milling with the feed
of each tooth. (c) The change in milling tangential force with axial cutting depth. (d) The change in
milling tangential force with radial cutting depth.
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Figure 9. Orthogonal milling: experimental and predicted radial forces. (a) The change in the radial
force of milling with the cutting speed. (b) The change in the radial force of milling with the feed of
each tooth. (c) The change in milling radial force with axial cutting depth. (d) The change in milling
radial force with radial cutting depth.

4.2. Milling Model Verification

Through milling force analysis, the calculation data of the thermodynamic model are
compared with the measurement results of the milling data, and the axial force is used to
verify the feasibility of the model. Within the milling range, the friction parameter Set 1
is also a good way to predict the milling cutting force data, with an average error of 17%
(Figure 10). The influence of the radial cutting depth, axial cutting depth, feed volume,
and cutting speed axial force is reduced in turn. With the increase in the cutting speed,
the friction heating in the milling process increases, which softens the chips and increases
the deformation rate of the material. The high deformation rate will lead to changes in
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the stress state and deformation characteristics of the material, so the axial force decreases
with the increase in the cutting speed. However, increasing the radial cutting depth, axial
cutting depth, and feed directly increases the cutting area, so that the deformation resistance
increases and the internal friction force increases, and so the axial force also increases, but
the impact of the feed on the axial force is far less than the impact of the cutting depth
on the axial force. Therefore, when milling the ZL205A aluminum alloy, to improve the
milling efficiency, improve the processing quality, and extend the tool life, the processing
purpose of CNC milling can be achieved by adopting the cutting process parameters of
large cutting width, small cutting depth, and appropriate feed volume.
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Figure 10. Axial force prediction and test. (a) The change in the axial force of milling with the
cutting speed. (b) The change in the axial force of milling with the feed of each tooth. (c) The change
in milling axial force with axial cutting depth. (d) The change in milling axial force with radial
cutting depth.

5. Conclusions

Combined with the cutting parameters, material mechanical characteristics, and tool
structure, using the material performance and contact/friction law analysis method, the
friction coefficient in the milling model is fitted with the test results, and a thermodynamic
analysis model of milling force is established.

(1) According to the test results, the influence of the axial cutting depth, radial cutting
depth, feed, and cutting speed on the milling force is successively reduced. Based
on the comprehensive analysis of roughness and milling force, the better milling
parameters are 350 m/min cutting speed, 3.5 mm axial cutting depth, 15 mm radial
cutting depth, and 0.15 mm/r feed.

(2) By improving the thermodynamic analysis model, the ZL205A aluminum alloy milling
force prediction model based on thermodynamic analysis is established. The model
predicts that the radial force and tangents are more sensitive, with an average error
of 4.5% and a tangent force error of 9.92%. However, the sensitivity of axial force to
cutting speed is relatively low, with an average error of 17%. The experimental results
show that the milling force can be predicted by adjusting the friction coefficient.

(3) Based on the optimal cutting angle and cutting conditions, the milling model is used
to predict the blade load, and the smaller load is used for cutting to improve the
tool life, which can also be used to optimize the milling cutter structure. It provides
a theoretical basis for the preparation of mechanical components with the ZL205A
aluminum alloy.
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