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Abstract: The milling process of SiCp/Al composites with high volume fraction and large particle size has been studied 

in this paper. The stress and strain distribution of SiC reinforced particles and the removal mechanism of the material 

are  analysed. The effects of milling depth and feed per tooth on surface quality were analysed. The effect of feed per 

tooth on the thickness of subsurface damage layer is revealed. The results show that in the end milling process of high 

volume fraction SiCp/Al composites, the blade diameter is larger relative to the particle size, which leads to the main 

removal forms of particle size: extrusion crushing and rolling crushing. The surface defects of the machined workpiece 

mainly include cavity, crack and delamination caused by extrusion of aluminum matrix. The surface quality of the 

machined workpiece can be improved by increasing the milling depth appropriately. The increase of the feed rate of 

each tooth will lead to the increase of the surface defect of the machined workpiece and the deterioration of the surface 

quality. When the feed rate per tooth increases from 4 to 8 μm, the thickness of subsurface damage increases from 47.7 

to 60.5 μm. It found that the ratio between the minimum cutting thickness of SiCp/Al composites and the radius of the 
cutting edge should be less than or equal to 4%. 
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1.introduction 

Silicon carbide particle aluminum matrix (SiCp/Al) 

composites have excellent comprehensive properties 

such as high specific strength, high specific modulus and 

high temperature resistance. They are mainly used in 

satellite bearings, aero-engines and inertial navigation 

systems. With the increasing demand for material 

properties in the fields of aerospace, automotive and 

optical precision instruments. SiCp/Al composites have 

attracted more and more attention due to their excellent 

properties.  

As the urgent need of SiCp/Al composites in various 
projects, the processing technology of SiCp/Al 
composites has been widely concerned by scholars.Wang 
et al.[1] established the random distribution model of 
circular SiC particles and the random distribution model 
of polygon SiC particles with high volume fraction. The 
simulation results show that the main causes of defects 
are the rotation, pull-out, crushing, micro-fracture and 
cutting of SiC. In the aspect of cutting force, the 
fluctuation of cutting force of polygon particle model is 

larger than that of circular particle model. Teng et al.[2] 
used Abaqus software to simulate the micromachining 
process considering the cutting edge radius, and 
established a two-dimensional finite element model of 
micromachining. The Von Mises stress and strain 
distribution in the workpiece under the influence of the 
interaction between the tool and the particle, chip 
formation process, cutting force and chip thickness were 
revealed. Niu et al.[3] conducted a processing 
experiment with polycrystalline diamond (PCD) tool on 
a high-precision miniature milling machine. The 
interaction between cutter and particle and the process of 
chip formation are analysed. The surface roughness, 
morphology, texture and defect of workpiece were 
analysed. And the optimum technological parameters are 
selected. Suresh Kumar Reddy et al. [4] studied the 
surface quality and subsurface damage degree of SiCp/Al 
composites and aluminum alloys under different cutting 
conditions. By comparing the surface integrity (surface 
roughness, residual stress, microstructure and 
microhardness), the machinability of the two materials is 
understood. The research results are helpful to better 



understand the end milling process. Pramanik et al.[5]  
analysed the influence of feed rate on surface roughness, 
surface profile, surface morphology, chip surface, chip 
ratio, machining force and force signal. The results show 
that the machining speed has no obvious effect on the 
machining force at low feed rate, but the machining 
speed decreases with the increase of feed rate at high 
feed rate. Dabade et al.[6] studied two kinds of SiCp/Al 
10% composites with different particle sizes (220 mesh 
and 600 mesh). The effect of hot working on the 
machinability and surface quality of SiCp/Al composites 
was studied. The results show that Al/SiC/10P/220 and 
Al/SiC/10P/600 composites have good surface roughness 
at 60℃. Ghoreishi et al.[7] studied the effect of different 
cutting parameters on tool wear of low volume fraction 
SiCp/Al composites during low temperature and high 
speed cutting. It is found that low temperature cooling 
can reduce tool wear. Liu et al.[8] established an 
analytical model of micro-milling force prediction 
considering the effect of matrix size. The effects of 
milling width, milling depth and feed per tooth on 
milling force were studied. The results show that the 
milling force increases with the increase of three 
parameters. Deng et al.[9] proposed a 
two-body/three-body abrasive wear analysis method 
combined with adhesive wear to estimate the tool surface 
wear during micro-end milling of SiCp/Al composites. It 
is found that the early wear is mainly adhesive wear, and 
the late wear is mainly two-body abrasive wear. Tool 
surface wear accounts for about 60% of tool wear.  

In addition, the effects of particles and machining 
parameters on the wear process of the cutter face are 
analysed. Wang et al.[10] simulated the high speed 
milling process of high volume fraction SiCp/Al6063 
composite by using multiphase two-dimensional finite 
element model and uniform equivalent material model. 
Through comparison, it is found that the multiphase 
model is helpful to discover the interaction between 
matrix, particle and tool, and more helpful to discover 
the complex stress distribution, and further understand 
the removal mechanism of SiCp/Al6063 composite. 
Wang et al.[11] studied the performance of 
polycrystalline diamond (PCD) tool for high speed 
milling of large volume fraction SiC particle reinforced 

aluminum. The results show that the tool wear increases 
obviously with the increase of milling speed. Bian et 
al.[12] conducted precision milling research on SiCp/Al 
composites with high volume fraction and large 
granularity. The cutting mechanism and wear 
characteristics of SiCp/Al composites are revealed. In 
order to improve the micromachining properties of 65 
vol% SiCp/Al composites. Zhao et al.[13] proposed a 
new method of laser induced oxidation assisted 
micromilling. The milling mechanism of SiCp/Al 
composites was studied. Through comparison, the 
practicability and high efficiency of the proposed mixing 
process are verified. Gavalda Diaz et al.[14] studied the 
surface quality and subsurface damage of SiCp/Al 
composites machined under different cutting conditions. 
Quan et al.[15] studied the hardness and residual stress 
of SiCp/Al composites during processing. The results 
show that the residual stress on the surface of 
coarse-grained reinforced composites may be released 
due to structural defects. However, the residual stress on 
the surface of the composite reinforced by fine grains 
tends to compress. Teng et al.[16] used the finite element 
method to compare the cutting mechanism of SiCp/Al 
metal matrix composites reinforced by micro and nano 
particles. It is found that the nano particles remain intact 
in the cutting process and are easy to produce continuous 
chips, while the micro particles are easy to break and 
form intermittent chips. Compared with microsized 
composites, nano-reinforced composites have better 
surface quality and fewer defects. Setia et al.[17] 
established two kinds of finite element cutting simulation 
models with uniform and serrated reinforced particles as 
the research objects. By comparing the two different 
types of finite element simulation, the output cutting 
force and cutting temperature in the machining process 
are predicted. Lu et al.[18] studied the influence of 
cutting path on the ultra-precision multi-step cutting 
performance of low volume fraction SiCp/Al composites 
by combining finite element simulation and experimental 
characterization. It is found that the cutting order has a 
significant effect on the particle-tool interaction and 
machining surface quality. This provides guidance for 
improving the surface finish of SiCp/Al composites. Li et 
al.[19-20] compared ultrasonic processing with 



traditional processing. It is found that the ultrasonic 
amplitude has a great influence on the surface roughness 
of SiCp/Al material, which is next to the cutting speed, 
followed by the tooth feed and cutting depth. The surface 
quality of SiCp/Al materials can be improved by using 
ultrasonic machining technology. Wang et al.[21] 
established an optimal surface roughness prediction 
model based on multiple linear regression equations, 
designed an orthogonal experimental array, and studied 
the effects of different parameters on the surface 
roughness of materials. Using response surface method. 
Ali Laghari et al.[22] established a second-order model 
of cutting force under different cutting parameters such 
as cutting speed, feed rate and cutting depth. The 
influence of actual machining conditions on the cutting 
force of SiCp/Al composites in the turning process is  
analysed. 

In the past decades, a lot of experiments have been 
carried out on the cutting mechanism of SiCp/Al 
composites. Most studies have focused on low volume 
fraction SiCp/Al composites (<30Vol%).Compared with 
low volume fraction SiCp/Al composites, the tool wear 
of high volume fraction SiCp/Al composites in the 
machining process is more severe and the surface quality 
is more difficult to control [23-24]. In this paper, the 
milling process of high volume fraction SiCp/Al 
composites is studied by combining finite element 
simulation and experiment. The influence of milling 
depth and feed per tooth on the surface quality of 
SiCp/Al composites is revealed, which will promote the 
industrial application of this material. 
2 Simulation analysis based on particle 

random distribution model 

2.1 Establishment of particle random distribution 

model 

The finite element simulation model of SiC 
aluminum matrix composites with random distribution of 
particles of different sizes was established. In order to 
observe the particle removal mechanism in the cutting 
process more clearly, the 3D micro-milling model was 
simplified into a two-dimensional orthogonal simulation 
experiment. The volume ratio of the composite material 
is 60%, the particle diameter is mainly 20 μm and 60 μm 

SiC particles mixed, the average particle size is about 40 
μm, the matrix material is Al2024. In the simulation, it is 
assumed that the particle shape is round and the particles 
are distributed randomly in the matrix without overlap. 
The particle radius is randomly distributed within 10-30 
μm, and the particle random distribution and the milling 
model principle are shown in Fig. 1. 
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Fig. 1 Schematic diagram of the milling model 

This model and simulation were carried out in the 
Abaqus software, and the dimensions used were length 
(mm), mass (t) and time (s). The free mesh is used in the 
simulation, and the global mesh density of the SiCp/Al 
composite model is 0.005 mm. The grid unit adopts 
CPE4RT. The Dynamic, Temp-Disp and Explicit Step 
analysis steps are used in this simulation. The meshing 
are shown in Fig. 2 

Al matrix SiC particle

 

Fig. 2 Mesh division in the simulation model 

2.2 Material characteristics and failure criteria 

The matrix of the composite is Al2024, and the 
reinforcement is SiC particles. The elastic phase of the 
material is mainly determined by the elastic modulus and 
Poisson's ratio. The parameters are shown in Table 1.  

Table 1 Material parameters of Al2024 and SiC 

Material Matrix: Al2024 Particles: SiC 

Density (g/cm3) 2.77 3.13 

Elastic modulus (GPa) 73 427.5 

Poisson's ratio 0.33 0.14 

Thermal conductivity 

(W/(mk))

190 81 

Specific heat (J/(kgK)) 875 427 

Aluminium is a typical plastic material. The Johnson 
cook (J-C) model is used to characterize its plastic 
deformation stage, and it is often characterized as follows: 



])(1)[ln1)((
0

0

0

m

melt

pn
pn

TT

TT
CBA






   (1)

 

where   is the flow stress (MPa);   is the effective 
plastic strain;   is the effective plastic strain rate; 0  is 
the reference plastic strain rate; T  is the environment 
temperature (°C); mT  is the melting point temperature of 
the material; A  is the yield stress of the material (MPa); 
B is the work hardening parameters of the material 
(MPa); C  is the strain rate enhancement index; m  is 
the temperature change rate index; and n  is the strain 
hardening index. 

The Johnson-Cook fracture criterion and damage 
parameter D  were used to judge the material removal. 
D  was set to be 1, and the unit was separated and 
removed. The expression is 

 fε
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where f  is the failure strain and   is the effective 
plastic strain increment under an increase in the load unit. 

Using the J-C fracture criterion , the calculation formula 
for equivalent plastic strain is 
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where f  is the equivalent plastic strain; m  is the 
average value of positive pressure (MPa);   is the 
effective stress (MPa); and 51 -dd  are the material failure 
parameters. Table 2 shows the J-C model and J-C 
fracture model parameters of the 2024 aluminium alloy. 

Table 2 Some parameters of matrix J-C model and J-C fracture model  

A (MPa) 369 

B (MPa) 684 

C 0.0083 

m 1.7 

n 0.73 

d1 0.112 

d2 0.123 

d3 1.5 

d4 0.007 

d5 0 

Tm (℃) 502 

Tr (℃) 20 

The PCD tool is set as an analytical rigid body in the 
simulation. The cutting-edge radius is 10 μm, the rake 
angle is 7  and the relief angle is 20 . The contact 
mode is face-to-face contact, and the Coulomb friction 

model is adopted, with a friction coefficient of 0.35. The 
bottom of the matrix and the upper right part of the tool 
are constrained by the boundary. 
2.3 Criteria for chip separation 

The characteristics of the aluminium matrix also adopt 
the J-C and J-C fracture models, adopt brittleness removal 
criteria for SiC particles, and select a tensile stress 
standard to judge, and its characterization is as follows: 

  0321max  ，，              (4) 
where 321  ，，  is the principal stress (MPa) and 0 is 

the crushing stress of the SiC material (MPa). 
In the failure criterion of brittle materials, the standard 

model of energy is used to measure the cracking and 
crack expansion of silicon carbide. The crack 
displacement during failure can be expressed by 

l

m

l

fn Gu /20                  (5) 
where n0u  is the nominal displacement (μm); I

fG  is 
the mode I fracture energy (J/m2); and I

m  is the critical 
stress of the mode I fracture (MPa). 

The stress retention model is used to describe crack 
propagation due to shear stress. The shear modulus 

cG  

after cracking can be calculated by the following formula: 
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where p  and ck

maxe  are material parameters; G  is the 
shear modulus of the material (MPa); and ck

nne  is the 
crack propagation strain. The brittle fracture parameters 
of the SiC material standards are shown in Table 3. 
Table 3 Parameters of material brittleness removal 

0  
l

fG  p  
ck

maxe  

1500 30 1 0.001 

2.4 The relationship between the experiment and 
simulation 

In the experiment, the maximum milling depth is 50 μm, 
which is very small compared to the cutter diameter of 
1000 μm, as shown in Fig. 3. In this case, the effect of the 
helix angle on chip formation and cutting force is 
negligible. Therefore, the machining process of 3D 
micro-milling is simplified to a 2D micro-orthogonal 
machining process. It is assumed that the uncut chip 
thickness in the cutting process is the same as that set in 
the simulation.  
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Fig. 3 (a) Two-dimensional milling process diagram when the tool rotates 180°; (b) Relationship between 2D milling process and orthogonal machining 

process. 

3. Analysis of cutting mechanism and results 

3.1 Study on particle removal mechanism and 
influence of surface defect formation 

In the simulation, the cutting speed is set as 2198 
mm/s, which is equivalent to the spindle speed of 14000 

r/min, and the cutting thickness is 45 um. After the 
simulation, the removal of particles and surface defects 
were analysed, and it was found that the removal forms 
of composite materials were different at different 
locations of milling particles, as shown in Fig. 4.
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Fig. 4 Particle removal mode and stress distribution 

It can be seen from Fig. 4 that the removal of particles 
is different when the cutter milling particles at different 
positions.In Fig. 4 (a), a cutter cutting the upper part of a 
particle is shown. The interface between the particle and 
the aluminum matrix is destroyed, and the aluminum 
matrix is plastic deformed when the cutter cuts the 
aluminum matrix first. The cutter continues to move 
forward to milling the particles, resulting in brittle 
deformation of the particles. As the cutting progresses, 
the particles are completely crushed and fall off, forming 
pits on the workpiece surface. 

Fig. 4 (b) shows the situation near the middle position 
of the cutter cutting particles.Under the cutting tool, the 
interface between the particle and the aluminum matrix 

completely fails.The brittle deformation of the particles 
is removed and most of the particles are peeled off.The 
remaining part of the particle is expelled through the 
extrusion of the tool, forming pits on the workpiece 
surface. 

In Fig. 4 (c) and (d), PCD tools are shown cutting the 
bottom and lower half of particles.When the tool is 
cutting the bottom of the particle, the contact surface 
near the particle and the matrix results in the complete 
failure of the constraint. With the progress of cutting, the 
particles are completely peeled off and the surface 
defects are small. When the tool cuts the lower half of 
the particle, the cutting edge contact with the particle 
causes the constraint to gradually lose effectiveness, and 



the lower half of the particle is crushed. Most of the 
particles are crushed to form small pits on the processed 
surface. At the same time, in the process of cutting 
particles are squeezed each other, will also make the 
particles broken and removed. 

To sum up, in the milling process of high volume 
fraction SiC based composites, the main particle removal 
form is crushing. Most of the defects formed on the 
workpiece surface after the particles are removed are pits, 

which are caused by the larger diameter of the tool blade 
relative to the particles. 
3.2 Study on the influence of cutting thickness on 
particle removal and surface defect formation 

When the cutting speed is constant and the cutting 
thickness is different, the surface morphology and stress 
distribution of the machined workpiece are shown in Fig. 
5. 
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Fig. 5 Microstructure and stress distribution of workpiece surface (a) N=18000 r/min, Vc=2826 mm/s, h=25 µm,; (b) N=18000 r/min, Vc=2826 mm/s, 

h=45 µm; (c) N=18000 r/min, Vc=2826 mm/s, h=65 µm 

It can be seen from Fig. 5 that in the cutting process, 
the irregular stress distribution and stress concentration 
area are mainly the contact area between the tool and the 
particle. It can be concluded that stress concentration and 
irregular stress distribution are the main reasons for 
particle breakage, peeling, extrusion and surface defects. 
After the particles are peeled off, the surface of the 
workpiece appears many pits, some SiC particles are 
pressed by the cutting tool, such as aluminum alloy 
matrix, some broken particles remain in the pits, the 
particle cracks are uneven, the surface deformation is 
serious. 

When the cutting thickness increases from 25 μm to 
65 μm, the surface pits become larger, the number of 

surface burrs decreases, and the width and depth of 
cracks increase.This is because the matrix size effect 
decreases when the cutting thickness increases from 25 
μm to 65 μm. The increase of cutting thickness causes 
the particles to extrude each other, the depth of crack 
propagation increases, the amount of deformation 
continues to expand, and the surface of the workpiece 
cracks and pits.In addition, the volume of particles being 
cut increases, which leads to the increase of cutting force 
and the deterioration of surface quality. 

With constant cutting speed and different cutting 
thickness, the equivalent plastic strain distribution is 
shown in Fig. 5. 
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Fig. 6 Equivalent plastic strain distribution (a) N=18000 r/min, Vc=2826 mm/s, h=25 µm,; (b) N=18000 r/min, Vc=2826 mm/s, h=45 µm; (c) N=18000 

r/min, Vc=2826 mm/s, h=65 µm 

There are three main deformation zones during cutting. 
The plastic deformation zone generated in the cutting 
layer near the cutting edge is the first deformation zone, 
the second deformation zone generated in the cutting 
surface contact with the front cutter surface, and the third 
deformation zone generated in the contact with the 
processed surface. 

It can be seen from Fig. 5 that the maximum cutting 
stress is mainly distributed in the first variation zone near 
the cutting edge. The equivalent plastic strain 
distribution is shown in Fig. 6, and the maximum strain 
is mainly distributed in the first deformation zone. At the 
same cutting position, when the cutting thickness 
increases from 25 μm to 65 μm, the equivalent plastic 
strain increases from 3.849 to 5.174, and the strain value 
increases with the increase of cutting thickness. The 
processing method of SiC particles in SiCp/Al 
composites is changed from negative front Angle 
extrusion to positive front Angle shear removal. With the 
increase of cutting thickness, the displacement of Al-SiC 
boundary towards Al matrix is intensified, the brittle 
fracture region of SiC particles becomes larger, and 
deeper holes and more subsurface damage are formed on 
the machined surface. 

4.Experimental scheme 

The experiment mainly studies and analyses the 
surface defects formed by a PCD end mill milling a 
groove when processing particle reinforced aluminium 
matrix composite SiCp/Al and the influence of milling 
dosage on the surface quality. The material used in the 
experiment was a SiCp/Al composite material composed 
of Al2024 aluminium alloy and SiC particles. The 
volume fraction of particles is 60%. The particle part is 
mainly composed of 20 µm and 60 µm particles with an 
average size of 40 µm. A diamond end mill is selected as 
the experimental tool. The tool diameter is 1 mm, the 
edge radius is 10 μm, the rake angle is 7  and the 
relief angle is 20 . 

This experiment was carried out on the 3D 
micro-milling machine platform as shown in Fig. 7, The 
surface roughness value of the material cuttings was 
measured by a real colour scanning microscope. The 
surface micromorphology of the material cuttings was 
observed by a Zeiss SIGMA 500 field emission scanning 
electron microscope, and the experimental equipment is 
shown in Fig. 8. 
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Fig. 7 Experimental site 
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Fig. 8 Detection equipment (a) true color confocal microscope; (b)Zeiss Sigma 500 field emission scanning electron microscope 

In the single factor milling test, the processing 
parameters used are shown in Table 4 below. 
Table 4. Values of single factor experimental process parameters 

Process parameters Numerical value 

Spindle speed (r/min) 18000 

Feed rate (m/min) 0.072, 0.108, 0.144 

Milling depth (μm) 25, 45, 65 

 

5. Analysis of experimental results 

5.1 Influence of milling depth on particle removal 
and surface defect formation 

The micro-morphology of the machined surface of the 
workpiece was detected by using a true color confocal 
microscope. When the spindle speed and feed rate 
remain unchanged and different milling depths are used, 
the three-dimensional morphology characteristics of the 
machined surface of the workpiece are shown in Fig. 9. 
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Fig. 9 Machined surface topography of SiCp/2024Al composites (a) N=18000 r/min, Vf=0.072 m/min, ap=25 µm; (b) N=18000 r/min, Vc=0.072 

m/min, ap=45µm; (c) N=18000 r/min, Vf=0.072 m/min, ap=65 µm; 

When the spindle speed and feed rate are constant and 
the milling depth is different, the changing trend of 
surface roughness is shown in Fig. 10. 

 



Fig. 10 Surface roughness variation trend 

It can be seen from Fig. 9 that when the milling depth 
increases from 25 to 45 μm, the surface defects are 
reduced, and the surface small holes, pits and cracks are 
reduced. The size and depth of the surface roughness 
decrease with the increase of milling depth, and the 
surface roughness decreases from 1.809 μm to 1.727 μm. 
When the milling depth is increased from 45 μm to 65 
μm, the surface defects are further reduced, and there are 
few pits on the surface. The main defects are small holes 
and cracks, and their size and depth decrease with the 

increase of milling depth. However, the burr around the 
removed particles increased and the surface roughness 
decreased by 1.035 μm from 1.727 μm. This shows that 
the defect which has the greatest influence on the surface 
roughness is pit. 

Field emission scanning electron microscopy (SEM) 
was used to detect the microstructure of the material 
surface. The spindle speed was 18000 r/min and the feed 
rate was 0.072 m/mim (fz=4 µm). When the milling depth 
was different, the surface defects of the processed 
material were shown in Fig. 11.  
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Fig. 11 Surface defect detection of machined materials (a) N=18000 r/min、Vf=0.072 m/min、ap=25 µm; (b) N=18000 r/min、Vf=0.072 m/min、ap=45 

µm; (c) N=18000 r/min、Vf=0.072 m/min、ap=65 µm; 

Fig. 11 clearly shows the cracks and caviaries caused 
by the extrusion and crushing of particles in the milling 
process of composite materials, the scratches caused by 
the crushing of particles by cutting tools on the material 
surface, and the caviaries caused by the extrusion and 
discharge of particles, etc. As the milling depth increases, 
the number of small holes, pits and cracks on the 
workpiece surface decreases. 

With the increase of milling depth, its size and depth 
decrease obviously, the surface scratches weaken 
obviously, and the surface consistency is enhanced. As 
can be seen from Fig. 10, when the milling depth 

increases from 25 to 45 μm, the surface roughness 
decreases slowly. When the milling depth increases from 
45 to 65 μm, the surface roughness decreases sharply. A 
large number of small cracks and pits can be observed 
from Fig. 11(a). Part of the reason is the cracking 
phenomenon of the cover layer due to the extrusion of 
the aluminum matrix. Another part of the reason is that 
the milling particles are broken and peeled off to produce 
cracks and pits. By observing Fig. 11(b) and (c), it is 
found that with the increase of milling depth, the 
material cracks and pits gradually decrease, and the 
scratches left by SiC particles on the matrix surface also 



begin to decrease. 
At this time, the feed rate per tooth is 4 μm, which is 

less than the minimum cutting thickness of aluminum 
matrix. The size effect is significant when the matrix is 
removed, and the coating effect is strong. But the 
material contained in the particle is large, and the silicon 
carbide particle is brittle material, when the cutter 
milling particle position upper, the particle will be 
completely broken, so when the milling depth is small, 
the cutting tool of particle crushing, extrusion effect is 
more obvious. The crushed particles fall off and produce 
more pits. In addition, the broken particles move with the 
milling cutter, scratch the surface of the workpiece, and 
promote the further increase of surface defects. When the 
milling depth is between 45 and 65 μm, the milling 
position of the particles is mostly the lower part, the 

crushed particles are mostly completely separated from 
the pits, the surface defects are reduced, and the surface 
consistency is enhanced. The heat generated in the 
milling process will also increase, and the residual heat 
will cause the softening of the aluminum matrix and 
make it wrap on the surface of the particles, thus 
improving the processing quality. 

5.2 Study on the influence of feed rate per tooth 
on particle removal and surface defect formation 

The spindle speed and milling depth remain 
unchanged. When different feed rate of each tooth are 
selected, the three-dimensional morphology 
characteristics of the machined surface of the workpiece 
are shown in Fig. 12. 
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Fig. 12 Micromachined surface topography of SiCp/2024Al composites (a) N=18000 r/min, Vf=0.072 m/min, ap=65 µm, (fz=4 µm); (b) N=18000 

r/min, Vf=0.108 m/min, ap=65 µm, (fz=6 µm); (c) N=18000 r/min, Vf=0.144 m/min, ap=65 µm, (fz=8 µm) 

As can be seen from Fig. 12, when the feed rate per 
tooth increases from 4 to 8 μm, the number of small 
holes, pits, cracks and burrs on the surface increases 
significantly, and the surface roughness increases from 
1.035 to 1.256 μm. When the feed rate of each tooth is 4 
μm, as shown in Fig. 12 (a), the machined surface is 
relatively smooth. At this time, because the cutting 
thickness is small, which is smaller than the minimum 

cutting thickness of aluminum matrix, the size effect of 
matrix removal is significant, and the coating effect on 
the surface is strong, and the machined surface is 
relatively smooth. In addition, the volume of the particles 
is small, so that the milling force is relatively small, the 
broken particles are less, the impact on the surface 
quality is small, so the surface quality is better. Each 
tooth feeding including increased from 4 μm to 6 μm, 



between substrate size effect is abate, began to appear 
particle removal, due to the cutting edge radius is bigger, 
particles are mainly composed of crush removal, under 
the extrusion of the cutting tool, as the tool of particles 
under crush slide scratches on the surface, as shown in 
Fig. 13 (b), surface can see a few scratches. When the 
feed rate of each tooth increases from 6 μm to 8 μm, the 
broken part and volume of particles increase, and the 
milling force increases, which aggravates the wear on the 
machined surface and tool, resulting in the increase of 
surface scratches and the deterioration of machining 

quality, as shown in Fig. 13 (b) and (c). In addition, with 
the increase of feed per tooth, the undeformed cutting 
thickness increases, which leads to the increase of 
milling force and the increase of surface roughness. In 
conclusion, the ratio between the minimum cutting 
thickness of SiCp/Al composites and the cutting edge 
radius should be less than or equal to 4%. 

When the spindle speed is 18000 r/min, the milling 
depth is 65 μm, and the feed rate is different, the surface 
defects of the processed material are shown in Fig. 13.  
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Fig. 13 Micromachined surface defect detection of SiCp/2024Al composites (a) N=18000 r/min, Vf=0.072 m/min, ap=65 µm, (fz=4 µm/z); (b) 

N=18000 r/min, Vf=0.108 m/min, ap=65 µm, (fz=6 µm/z); (c) N=18000 r/min, Vf=0.144 m/min, ap=65 µm, (fz=8 µm/z) 

When the spindle speed is 18000r/min, the milling 
depth is 65μm, but the feeding rate is different, the 
workpiece surface roughness variation trend is shown in 
Fig. 15. 

 
Fig. 15 Surface roughness variation trend 

Fig. 13 clearly shows the cracks and cavities caused 
by the crushing of particles, the scratches caused by the 

crushing of particles, and the cavities caused by the 
extrusion of particles. These defects have been clearly 
shown in the finite element simulation model, and the 
experimental pictures verify the correctness of the finite 
element simulation model to a certain extent. Fig. 13 and 
15 clearly show that when the feed rate per tooth 
increases from 4 to 8 µm, the surface defects of the 
processed material increase, the surface roughness value 
increases, the surface consistency decreases, and the 
surface roughness value increases from 1.035 to 1.256 
µm. In the process of milling, the milling depth 
unchanged, with the increase of each tooth feeding, 
particles per unit time is milling volume increase, 



increase milling force, tool vibration, enhance shed 
particles as the cutting tool in machining surface rolling 
and sliding, cause scratches on the surface of the 
workpiece and empty, the quality of the processing, thus 
makes the roughness increases. 

When the feed rate of each tooth is greater than 6 μm, 
the increasing trend of surface roughness becomes slower. 
This is because with the increase of feed rate of each 
tooth, the volume of the material to be milled increases, 
resulting in increased friction, and the effective milling 
time remains unchanged, most of the heat can not be 
dissipated, resulting in the softening of the matrix and 
the reduction of milling force, thus improving the 
processing quality and weakening the increasing trend. 

When the spindle speed is 18000 r/min, the feed rate is 
0.108 m/min and the milling depth is 65 μm, the energy 
spectrum of the surface material of the processed 
material is shown in Fig. 14. 
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Fig. 14 Surface material detection diagram of composite materials 

In addition, the residual chips in the milling process 
melt on the surface of the workpiece under the action of 
heat in the system, so that the defects on the surface of 
the material can be remedied and the surface quality can 
be improved. According to the detection results in Fig. 
16, point a contains 56.03% Si element and 12.25% Al 
element, and point d contains 48.86% Si element and 
29.41% Al element, which can prove that aluminum 
matrix is attached to SiC particles. 

Considering the particle size (25~60μm) and the value 
of feed per tooth, when the feed per tooth is too large, 
some small particles will be pulled out, resulting in pits 

on the surface and affecting the machining quality, as 
shown in Fig. 12 (b) and (c). This is because the particle 
is milling volume increases, resulting in the increase of 
milling force, spindle vibration aggravation, resulting in 
the particle is extruded and broken generated by the 
crack and cavity, and the particle is pulled out caused by 
pits and other defects. 

The sub-surface damage thickness of the workpiece, 
the sub-surface damage graph and the sub-surface 
damage thickness curve of the workpiece are measured, 
as shown in Fig. 16 and 17. 
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Fig. 16 Detection of subsurface damage of composite materials (a) 

N=18000 r/min, Vf=0.072 m/min, ap=65 µm, (fz=4 µm/z); (b) N=18000 

r/min, Vf=0.108 m/min, ap=65 µm, (fz=6 µm/z); (c) N=18000 r/min, 

Vf=0.144 m/min, ap=65 µm, (fz=8 µm/z) 

 
Fig. 17 Thickness variation trend of subsurface damage layer 

As can be seen from Fig. 16 of the subsurface damage 
thickness of the workpiece after end milling, when fz=4 
μm, the thickness of the damage layer is small, and 
occasionally there are small crack pits or micro-cracks 



on the subsurface.When fz=6 μm, the thickness of the 
damage layer becomes larger, and there are small crack 
pits, micro cracks and slip layer on the subsurface. When 
fz=8 μm, the thickness of the damaged layer becomes 
larger again, and pits, cracks and bulges appear on the 
subsurface. 

You can see this in Fig. 17. The thickness of 
subsurface damage increased from 47.7 to 60.5 μm when 
the feed per tooth increased from 4 to 8 μm. When the 
feed per tooth is less than 6 μm, the thickness of 
subsurface damage increases slowly. When the feed per 
tooth is higher than 6 μm, the thickness of subsurface 
damage increases rapidly with the increase of the feed 
per tooth. 

This is because with the increase of feed per tooth, the 
milling force increases, and the SiC particles are more 
easily broken. This phenomenon can indicate the 
transition from ductile to brittle grinding with a feed of 
6μm per tooth. It can be seen from Fig. 16 (b). With the 
increase of feed rate per tooth, the thickness of damage 
layer increases, and the subsurface crack and pit become 
deeper. This is the transition from ductile to brittle 
removal. As the feed rate of each tooth continues to 
increase, the thickness of the damaged layer increases 
again, and cracks and crack pits also increase, as shown 
in Fig. 16 (c). At this time, the material is mainly 
removed through the brittle mode. The condition of 
subsurface defects also has a great influence on the 
surface quality. 
7. Conclusion 

In this paper, the removal mechanism of milling 
SiCp/Al composites and the influence of various cutting 
parameters on surface roughness are studied by the 
method of simulation and experiment. The following 
conclusions are drawn through analysis. 

In the micro milling process of high volume fraction 
SiC based composite materials, the removal forms of 
particles are pulling out, crushing and pressing, but 
because the blade diameter of the tool is relatively large 
to the particles, the removal form of particles is mainly 
crushing. 

There are many pits on the surface of the workpiece 
when the particles are peeled off the matrix. Some SiC 

particles are pressed by the cutting tool, such as the 
aluminum alloy matrix, and some residual broken 
particles are found in the pits.These defects have been 
clearly demonstrated in the heterogeneous finite element 
simulation model, and the correctness of the simulation 
model has been further verified by experiments. 

Through simulation and experimental analysis, it is 
concluded that the cutting thickness increases, and the 
material surface quality becomes worse;With the 
increase of milling depth, the surface quality of material 
becomes better.With the increase of feed rate per tooth, 
the material surface defects increase and the surface 
quality becomes worse. At the same time, the thickness 
of subsurface damage layer increases, and the cracks and 
pits become deeper. 

In the milling process of SiCp/Al composites with 
meso-scale tool, the surface defects mainly include 
cavity, crack and delamination caused by extrusion of 
aluminum matrix.The minimum cutting thickness of 
SiCp/Al composites is less than or equal to 4μm, and its 
ratio to the radius of the cutting edge circle should be 
less than or equal to 4%. 
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Figures

Figure 1

Schematic diagram of the milling model

Figure 2

Mesh division in the simulation model



Figure 3

(a) Two-dimensional milling process diagram when the tool rotates 180°; (b) Relationship between 2D
milling process and orthogonal machining process.

Figure 4

Particle removal mode and stress distribution



Figure 5

Microstructure and stress distribution of workpiece surface (a) N=18000 r/min, Vc=2826 mm/s, h=25
µm,; (b) N=18000 r/min, Vc=2826 mm/s, h=45 µm; (c) N=18000 r/min, Vc=2826 mm/s, h=65 µm

Figure 6



Equivalent plastic strain distribution (a) N=18000 r/min, Vc=2826 mm/s, h=25 µm,; (b) N=18000 r/min,
Vc=2826 mm/s, h=45 µm; (c) N=18000 r/min, Vc=2826 mm/s, h=65 µm

Figure 7

Experimental site

Figure 8

Detection equipment (a) true color confocal microscope; (b)Zeiss Sigma 500 �eld emission scanning
electron microscope



Figure 9

Machined surface topography of SiCp/2024Al composites (a) N=18000 r/min, Vf=0.072 m/min, ap=25
µm; (b) N=18000 r/min, Vc=0.072 m/min, ap=45µm; (c) N=18000 r/min, Vf=0.072 m/min, ap=65 µm;



Figure 10

Surface roughness variation trend



Figure 11

Surface defect detection of machined materials (a) N=18000 r/minVf=0.072 m/minap=25 µm; (b)
N=18000 r/minVf=0.072 m/minap=45 µm; (c) N=18000 r/minVf=0.072 m/minap=65 µm;



Figure 12

Micromachined surface topography of SiCp/2024Al composites (a) N=18000 r/min, Vf=0.072 m/min,
ap=65 µm, (fz=4 µm); (b) N=18000 r/min, Vf=0.108 m/min, ap=65 µm, (fz=6 µm); (c) N=18000 r/min,
Vf=0.144 m/min, ap=65 µm, (fz=8 µm)



Figure 13

Micromachined surface defect detection of SiCp/2024Al composites (a) N=18000 r/min, Vf=0.072
m/min, ap=65 µm, (fz=4 µm/z); (b) N=18000 r/min, Vf=0.108 m/min, ap=65 µm, (fz=6 µm/z); (c)
N=18000 r/min, Vf=0.144 m/min, ap=65 µm, (fz=8 µm/z)



Figure 14

Surface material detection diagram of composite materials



Figure 15

Surface roughness variation trend



Figure 16

Detection of subsurface damage of composite materials (a) N=18000 r/min, Vf=0.072 m/min, ap=65 µm,
(fz=4 µm/z); (b) N=18000 r/min, Vf=0.108 m/min, ap=65 µm, (fz=6 µm/z); (c) N=18000 r/min, Vf=0.144
m/min, ap=65 µm, (fz=8 µm/z)



Figure 17

Thickness variation trend of subsurface damage layer


