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Abstract—The difficulty of machining deformation control 

of a SiCp/Al complex thin-walled part is described. The 

theoretical analysis and simulation pretreatment modeling 

of SiCp/Al composite hard and brittle materials were 

carried out. A constitutive model of SiCp/Al composite hard 

and brittle materials was established. The milling force in 

the actual machining process was simulated by the finite 

element method, and the influence of each machining 

parameter on the milling force of thin-walled parts was 

analyzed. Set up multiple sets of control experiments to get 

the best processing parameters.  

 

Index Terms—Si Cp/Al, thin-walled parts, finite element 

simulation, deformation control 

 

I. INTRODUCTION 

In the numerical control machining process of large-

scale thin-walled monolithic structural parts, machining 

deformation has become a common problem in the field 

of processing and manufacturing. The deformation after 

CNC machining not only affects normal assembly, but 

also has a great negative impact on the performance and 

quality of components. 

In this paper, for the SiCp/Al complex thin-walled 

parts, the most prone to deformation in the 11-step 

machining process is to finish the large plane to the size, 

and ensure that the parallelism of the top and bottom end 

faces is 0.05. This report uses finite element simulation. 

Analytical techniques to study the influence of the 

processing parameters of large thin-walled parts on the 

milling force in the process of milling large planes, 

through multiple sets of control groups to compare and 

analyze, to determine the processing parameters of this 

process. 

II. THEORETICAL ANALYSIS OF SICP/AL COMPOSITE 

HARD AND BRITTLE MATERIALS 

                                                           
Manuscript received August 1, 2019; revised April 1, 2020. 

The aluminum-based silicon carbide material is not a 

homogeneous material, but a silicon carbide particle 

having a diameter of a micron order is dispersed in the 

metal aluminum-based phase [1]. The aluminum-based 

silicon carbide material can be regarded as a plurality of 

micro-body units arranged in a certain period, and each 

individual unit is composed of one SiC particle and an 

aluminum base surrounding the same [2]. Although 

aluminum-based silicon carbide is homogeneous in 

macroscopic view, microscopically, when the volume 

fraction of SiCp/Al material and the diameter of SiC 

particles change, it will have a huge impact on the 

macroscopic properties of the material. Based on the 

homogenization theory and Mori-Tanaka mean field 

theory, this paper calculates the macroscopic properties 

of heterogeneous aluminum-based silicon carbide 

materials and calculates the equivalent elastic modulus of 

different volume fractions of SiCp/Al by theoretical 

calculation. 

After the aluminum-based silicon carbide material is 

processed by high temperature and high pressure, the 

bonding surface of the SiC particle reinforcing phase and 

the Al-based phase is strengthened, and the macroscopic 

properties of the material are further enhanced. However, 

the arrangement of the strengthening layer is disorderly, 

and it is difficult to measure the thickness. In view of this 

strengthening layer needs to be equivalent to the 

boundary layer without thickness, and the deformation of 

the strengthening layer itself simplifies the transaction. 

Displacement at both ends of the layer 

The stress and strain of the SiC particles are set to 

r

ij r

ij , The stress and strain of the Al matrix are 

m

ij m

ij , Then the stress of SiCp/Al ij  and strain 

ij  can be expressed as [3]: 
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situation, according to the Mori-Tanaka rule, the 
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At the same time, the equivalent elastic modulus ijklC  

should be satisfied [4]: 

ijklklij C                             (2) 

When the aluminum-based silicon carbide material has 

uniform strain
0

ij , it is assumed that the strain of the 

silicon carbide particles is 
0

kl

r

ij  T ,   0

klikliu   at 

this time, and the elastic modulus tensor of the Al matrix 

and the silicon carbide particles are 
m

ijklC 、
r

ijklC  

respectively . From equations (1) and (2), the equivalent 

modulus of aluminum-based silicon carbide can be 

expressed as: 
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ijpqijkl r ，，    (3) 

Based on the Mori-Tanaka theory, considering the 

strengthening effect of the bonding surface between the 

aluminum-based phase and the silicon carbide particles, 

the elastic modulus calculation model of the silicon 

carbide particle reinforcing material is established. It is 

assumed that stress 
m

ij  and strain 
m

ij are uniformly 

applied to the silicon carbide particles of the 

strengthening layer on the infinite aluminum base phase. 

According to the elastic solution of the inclusion particles 

by Meguid.S.A, the average stress 
r

ij and average strain 

r

ij of the silicon carbide particles can be determined as: 

m

klijkl

r  ij                            (4) 

m

klijkl

r  ij                             (5) 

The 

ijkl  and 


ijkl in the sum in the formulas (4) and 

(5) can be expressed as: 
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where 1 、 2 、 1M 、 1N 、 1P  and 1Q have been 

found in the M-T formula, v is the Poisson's ratio of the 

aluminum-based silicon carbide material, and the 

combined stress (tensor) and tensor of the silicon carbide 

particles can be derived by combining (1): 

1 mnklijmnijkl tT 
                            (11) 

1

ijmn

 mnklijkl rR 
                           (12) 

   ijklijklmnklmnkl jfIf  1t           (13) 

  
ijklijklmnkl fIf  1r                 (14) 

The displacement partition on both sides of the 

bonding layer between the silicon carbide particles and 

the aluminum base is known from the following formula: 

    01

2

1
1211

3

1
u klmnklnminmimni txxx
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 (15) 

According to the formulas (3) and (5), when a uniform 

strain is applied at infinity, the bulk modulus of the 

aluminum matrix, the silicon carbide particles, and the 

aluminum-based silicon carbide material has the 

following relationship: 

 21
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m 1

1










ff
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ff
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                     (16) 

According to the classical formula [5]:  

 2u-13KE                              (17) 

This study studies the body fraction of SiCp/Al is 

f=45%, Poisson's ratio is u=0.25. According to the above 

formula, the equivalent elastic modulus can be calculated 

E=157Gpa. 

The whole milling process has problems such as 

large strain, high strain rate and large temperature 

change. Only by establishing the constitutive model of 

the material and understanding the relationship 

between the stress at the large strain rate and the 

temperature and strain rate, the material can be milled. 

The elastoplastic deformation law in the simulation 

process is accurately expressed. The constitutive 

model of the material is generally expressed by its 
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function of temperature, strain and strain rate. The 

constitutive models of the commonly used thermo-

elastic (viscous) plastic materials are: Power-Law 

model, Johnson-Cook model. , Litonski-Batra model 

and Bodner-Partom model. Compared with several 

other models, the Johnson-Cook model not only 

considers factors such as strain, strain rate and thermal 

softening, but also involves few parameters and is easy 

to obtain, and can adapt to different kinds of materials. 

This model is used in this section when using 

AdvantEdge software simulation. The mathematical 

expression of the model is: 

   m*

0

-11ln1 T

P CBA 



 





















       (18) 

rm

rm*

-

-




 T

                        (19) 

A=982Mpa, B=643.467Mpa, C=0.015, m=1.223, 

P=0.227. 

III. FINITE ELEMENT SIMULATION RESULTS AND DATA 

PROCESSING  

A. Introduction to Finite Element Simulation 

Finite element analysis (FEA, Finite Element Analysis) 

uses mathematical approximation to simulate real 

physical systems (geometry and load cases). With simple 

and interacting elements (ie, units), a finite number of 

unknowns can be used to approximate an infinitely 

unknown real system [6]. 

The finite element method was originally called the 

matrix approximation method, applied to the structural 

strength calculation of aircraft, and attracted the interest 

of scientists engaged in mechanics research due to its 

convenience, practicability and effectiveness [7]. After a 

few decades of hard work, with the rapid development 

and popularization of computer technology, the finite 

element method has rapidly expanded from structural 

engineering strength analysis and calculation to almost all 

fields of science and technology, becoming a colorful, 

widely used, practical and efficient Numerical analysis 

method. 

The commonly used finite element analysis softwares 

include ABAQUS, ANSYS, LS-DYNA, AdvantEdge 

FEM, DEFORM, etc [8]. In this experiment, AdvantEdge 

FEM software suitable for machining simulation is 

selected. 

B. Milling Force Theory Modeling 

1) Three-dimensional force model of Won-Soo Yun 

The cutting force model of the model is as follows: 

   kjiFjF
k i

xx ,,                      (20) 

   kjiFjF
k i

y ,,y                       (21) 

   kjiFjF
k i

z ,,z 
                      (22) 

Among them  kj,i,xF 、  kj,i,yF 、  kj,i,zF  are thr 

force representing the three directions of the microcell, 

respectively, whose expression is: 

        1 3 4 1, , cos cos sinx n r f n f n r cF i j k C K K K C K K C t B         

                                                                            (23) 

         1431y coscossin,, BtCKKCKKKCkjiF crnfnfrn  

                                                                            (24) 

      152z ,, BtCKKKCkjiF cnfn            (25) 

2) Mechanical model based on empirical formula 

The milling force model established by Wang Litao 

and others to study the machining deformation of 

aerospace aluminum alloys uses the multi-factor 

regression orthogonal experiment method for milling 

experiments. Based on the four-factor and four-level 

experimental models, the constant coefficients and 

exponential mathematical derivation formulas are given. 

The expression of the main milling force is presented as: 

ZdCF pfeFz  83.072.086.0                     (26) 

Some people in China have also given the formula of 

the main milling force when machining high-speed steel 

end mills for gray cast iron and carbide end mills for 

carbon steel. 

ZdfF pze  83.0

0

65.083.0

c 81.9                  (27) 

ZdfF pze  3.1

0

2.075.01.1

c n81.9              (28) 

It can be seen from the above formula that although the 

processing object and the environmental factors are 

different, the milling force is basically constructed in the 

same form, but the contribution factors of the parameters 

that are inconsistent in the speed parameter or the 

parameters of the experimenter are different. 

At the same time, the speed parameter in the milling 

process can not be ignored. On the one hand, the milling 

speed determines the frequency of the cutting and cutting 

of the workpiece, which affects the fluctuation law of the 

milling force. On the other hand, the milling speed 

improves the cutting effect during the machining process. 

The effect, especially in high-speed milling, is 

particularly effective. Therefore, the formation of the 

milling force model is determined as: 

ZdVCF FFF

W

YX

PF  




n
             (29) 
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C. Finite Element Simulation Process 

Four sets of control test groups were set up, the fixed 

feed rate = 0.1 mm/tooth, the depth of cut = 0.2 mm, the 

cut width = 6 mm, and the rotational speeds were 500 

r/min and 525 r/min, respectively. , 550r/min, 575r/min. 

Obtain the results shown in Fig. 1 (a), (b), (c), (d). 

 

    
(a)500 r/min                                                                          (b)525r/min 

          
(c)550r/min                                                                          (d)575r/min 

Figure 1. Simulation results of relationship between rotational speed and axial force. 

When the tool is cut into the work-piece, the load in 

the axial direction is not very large, and the cutting force 

in the X and Y directions is relatively large. After cutting 

into a process, the tool is subjected to the cutting process. 

The axial cutting force is gradually increased.  

 

  

Figure 2. Speed and axial force curve. 

Plot the relationship between the rotational speed and 

the axial force in Fig. 2 in Matlab. 

 

Figure 3. Feed speed and axial force curve. 

Axial force changes firstly and then increases when the 

rotational speed is in the range of 500-575 r/min. The 

axial force takes the minimum value of 234.9 N when the 

rotational speed reaches 550 r/min. This shows that when 
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milling the large plane of SiCp/Al workpiece, the rotation 

speed is not as high as possible. 

Fixed speed = 550r/min, depth of cut = 0.2mm, width 

of cut = 6mm, feed rate was 0.1mm/tooth, 0.15 Mm/tooth, 

0.20mm/tooth, 0.25mm/tooth. Obtain the graph of the 

relationship between the rotational speed and the axial 

force in Fig. 3. 

 

Figure 4. Cut depth and axial force curve. 

Feed rate has a great influence on the axial force 

cutting force generated when milling the SiCp/Al work-

piece. In the range of 0.1mm/tooth to 0.25mm/tooth, the 

work-piece increases with the feed rate. The axial force 

Fz is linearly rising, so a small feed rate should be used in 

the actual machining process. 

Four sets of control test groups were set up, fixed 

speed = 550r/min, feed rate = 0.1mm/tooth, cut width = 

6mm, depth of cut was 0.2mm, 0.3 Mm, 0.4mm, 0.5mm. 

Obtain the graph of the relationship between the depth of 

cut and the axial force as shown in Fig. 4. 

 

Figure 5. Cut width and axial force curve. 

As the depth of cut increases, the axial force increases 

linearly. It shows that the depth of cut has a great 

influence on the milling deformation. 

Four sets of control test groups were set up, fixed 

speed = 550r/min, feed rate = 0.1mm/tooth, depth of cut 

= 0.2mm, and width of cut was 6mm, 7mm respectively. , 

8mm, 9mm. Obtain the graph of the relationship between 

the width and the axial force. 

From the above figure, the effect of the width of the 

cut on the axial force is not affected by the rotational 

speed, the feed rate and the depth of cut. This may be 

because the cutting width mainly affects the radial force 

and the axial force. 

IV. CONCLUSION 

The above milling force is reloaded onto the part by 

ANSYS to simulate the deformation during actual 

machining, as shown in the Fig. 6. 

 

Figure 6. Reloading the milling force in ANSYS to obtain the 
deformation cloud. 

The deformation amount after reloading of all the 

above simulation groups is as shown in Table I. 

TABLE I. DEFORMATION UNDER EACH PROCESSING PARAMETER 

Serial 

number 

Rotating 

speed 
(r/min) 

Feed rate 

(mm/tooth) 

Cutting 

width 
(mm) 

Cut 

depth 
(mm) 

Deformation 

maximum 
deformation 

(mm) 

1 500 0.1 0.2 6 0.12075 

2 525 0.1 0.2 6 0.024893 

3 550 0.1 0.2 6 0.0183427 

4 575 0.1 0.2 6 0.097627 

5 550 0.15 0.2 6 0.247535 

6 550 0.2 0.2 6 0.278542 

7 550 0.25 0.2 6 0.387459 

8 550 0.1 0.3 6 0.194752 

9 550 0.1 0.4 6 0.261247 

10 550 0.1 0.5 6 0.324775 

11 550 0.1 0.2 7 0.012435 

12 550 0.1 0.2 8 0.016475 

13 550 0.1 0.2 9 0.022758 

Comparing the deformation amount in the above table 

with the processing flatness requirement of the part of 

0.05, it is possible to select a set of processing parameters 

with higher processing efficiency under the premise of 

ensuring the machining accuracy. The actual machining 

and simulation results will have some errors, and it is 

necessary to set aside certain. The remaining amount of 

processing, so the optimal processing parameters that can 

be selected are 550r/min, feed rate of 0.1mm/tooth, depth 

of cut of 0.2mm, and width of cut of 9mm. 
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