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Abstract: In order to study surface roughness, surface morphology, surface microhardness, and
surface residual stress, single-factor and central combination high-speed milling testing of SiCp/Al
composites was carried out using a PCD tool under cryogenic liquid nitrogen cooling conditions.
The test results show that the surface roughness value gradually increases with an increase in feed or
milling depth, and the interaction between the two can make this phenomenon more serious. When
the milling speed changes at 200~360 m/min, the surface microhardness and surface residual stress
first increase, and then, become smaller, so it is recommended to use a speed above 240 m/min for
milling under cryogenic liquid nitrogen cooling conditions. With an increase in milling depth and
feed, the degree of surface microhardness is significantly improved, and the residual compressive
stress also has a tendency to convert to residual tensile stress. In addition, it can be seen from the
simulation results that as the milling depth and feed per tooth increase, the interference effect of the
SiC particles on internal residual stress transfer also increases. Therefore, it is not recommended to
use both high milling depths and high feed per tooth.

Keywords: SiCp/Al composites; cryogenic liquid nitrogen cooling; surface integrity; finite element
simulation; milling; surface roughness

1. Introduction

SiCp/Al composites have high specific strength, high specific stiffness, and other ex-
cellent comprehensive properties, and are widely used in aerospace, advanced weapon sys-
tems, precision instruments, automobile manufacturing, electronics, and other fields [1–5].
However, the two constituent materials contained in SiCp/Al composites are typically
difficult-to-machine materials that show high cutting temperatures, large cutting forces,
difficult chip control, and easy work hardening during the cutting process [6–9]. By milling
SiCp/Al composites, Bian et al. observed that dislodged SiC particles, if they do not leave
the workpiece surface in time, will form scratches on the surface whether they are pressed
into the surface or pushed against it by the tool [10]. Zhou Li and other scholars carried out
residual stress simulation of SiCp/Al composites under dry conditions, and established a
microplane strain model, which made the simulated process closer to real cutting [11].

In recent years, a lot of research on the surface integrity of SiCp/Al composites has
been conducted by scholars around the world. Xiang J and other scholars have found
that a better surface can be obtained by using a larger arc radius of the tool tip [12].
Muthukrishnan used PCD tools to cut SiCp/Al composites, and concluded that when
the cutting speed is high, an increase in tool flank wear has little effect on the surface
roughness [13]. Huang Shutao et al. of Shenyang University of Technology used PCD tools
with different particle sizes for the high-speed milling of SiCp/Al composites, and found
that the larger the diamond particle size, the better the wear resistance of the PCD tools
and the smaller the corresponding cutting forces and surface roughness [14,15]. Mengfei Li

Machines 2023, 11, 608. https://doi.org/10.3390/machines11060608 https://www.mdpi.com/journal/machines

https://doi.org/10.3390/machines11060608
https://doi.org/10.3390/machines11060608
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/machines
https://www.mdpi.com
https://doi.org/10.3390/machines11060608
https://www.mdpi.com/journal/machines
https://www.mdpi.com/article/10.3390/machines11060608?type=check_update&version=1


Machines 2023, 11, 608 2 of 18

and other scholars found, through SiCp/A356Al end milling tests, that under dry cutting
conditions, because broken SiC particles cannot be eliminated in time, serious scratches
will appear on the surface [16]. Kaynak et al. compared the effects of liquid nitrogen, dry
and micro lubrication, and conventional wet and cold conditions on a series of indicators
of surface integrity, and the results showed that liquid nitrogen low-temperature auxiliary
cooling had a good effect on cutting force, heat, and surface roughness [17]. Zhou et al.
found that a stable low temperature of liquid nitrogen greatly inhibited the occurrence
of brittle particle fracture during processing when grinding SiCp/Al composites under
low-temperature auxiliary cooling of liquid nitrogen [18]. Ruxin Shi carried out end milling
tests on SiCp/6063Al under low-temperature minimum lubrication and dry conditions,
and the results showed that low-temperature minimum lubrication technology had a good
lubrication effect, and at the same time, reduced the influence of cutting heat and cutting
force on surface microhardness [19]. Xiaohui Jiang et al. verified experimental data on
residual stress in the feed direction and vertical feed direction through finite element
simulation, and found that the residual stress distribution in different circular processing
areas was uneven [20]. Masmiati N et al. optimized their cutting data during inclined
end milling, and concluded that the inclination angle of the machined surface increased,
the microhardness increased, and the residual stress became more tensile [21]. Shuang Li
and other scholars compared the surface and chip morphology of a SiCp/Al composite
after end milling under low-temperature dry and liquid nitrogen conditions. The results
show that the low-temperature effect of liquid nitrogen effectively suppresses the high
temperature of the cutting zone, and a better machining surface can be obtained. However,
this paper does not further explore the influence of changes in milling parameters on the
three-dimensional topography of the surface under the low-temperature auxiliary cooling
of liquid nitrogen [22].

Based on the existing research, in the current paper, the surface roughness, surface
microhardness, and residual stress of SiCp/Al composites after milling are studied by
changing the milling parameters under the low-temperature assisted cooling of liquid
nitrogen, and a surface roughness regression model is established. In addition, a simplified
two-dimensional milling model, defined separately for the matrix material and the granular
material, is established; a low-temperature heat transfer coefficient is assigned to the model,
the residual stress generated by the low-temperature end milling process of liquid nitrogen
is numerically simulated, and the influence of SiC particles and different milling parameters
on the residual stress distribution law is explored. This paper provides a theoretical basis
for subsequent research on the liquid nitrogen milling of SiCp/Al composites.

2. Test Conditions and Scheme
2.1. Test Conditions

The test material was a SiCp/Al composite material with a volume fraction of 45%,
and its specific size was 200 × 150 × 90 mm3. Its main components were C, Mg, Al, Si, and
Cu, and its chemical composition is shown in Table 1.

Table 1. Chemical compositions of SiCp/Al composite material.

The Element Type C Mg Al Si Cu

Weight ratio (%) 9.43 0.51 43.13 45.13 1.80
Proportion of atomic number (%) 19.59 0.47 34.7 44.34 0.9

The machine tool used in this test was a VDL-1000E three-axis vertical machining
center from the Dalian Machine Tool Group, and the liquid nitrogen storage equipment
was a YDZ-100G self-pressurized liquid nitrogen tank with a “built-in heat insulation
layer”, and the tank body was equipped with a pressure gauge, booster valve, and relief
valve. A liquid nitrogen nozzle with a diameter of 3.0 mm enabled the stable injection
of liquid nitrogen; the injection pressure was 0.04 Mpa, and the liquid nitrogen injection
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angle was 30◦, as shown in Figure 1a. A clearer picture of the processing site is shown in
Figure 1b. In this test, a BAP400R 80-27-6T model indexable milling cutterhead produced by
Sweden’s SANDVIK company was selected; the diameter of the cutterhead was D = 80 mm
and up to six inserts could be installed. With the cutterhead selected, a SANDVIK PCD
polycrystalline diamond milling insert was applied, and the front and back angles of the
blade were 2◦ and 10◦, respectively.
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2.2. Test Scheme

The first test was to perform face milling of the SiCp/Al composites through a single-
factor test with three main milling parameters as test variables [12]. The variables that
needed to be fixed during the experiment were vc = 280 (m/min), fz = 0.16 (mm/tooth),
and ap = 0.6 (mm), as shown in Table 2.

Table 2. Test factors and levels.

Factors Horizontal Parameters Processing Environment

Milling speed vc (m/min) 200, 240, 280, 320, 360

Cryogenic liquid nitrogen
Feed per tooth fz (mm/tooth) 0.1, 0.13, 0.16, 0.19, 0.22

Milling depth ap (mm) 0.2, 0.4, 0.6, 0.8, 1
Milling width ae (mm) 8

Liquid nitrogen flow rate (g/s) 6
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Test 2 adopted the Box–Behnken experimental design, for which the levels of the
milling parameters selected for the test and their factor coding are shown in Table 3.

Table 3. The cutting parameters and their levels.

Factor Unit Symbol
Level

−1 0 1

Milling speed m/min vc 250 300 350
Feed per tooth mm/tooth fz 0.14 0.17 0.2
Milling depth mm ap 0.4 0.6 0.8
Milling width mm ae 8

The surface roughness and surface topography were measured using the SuperView
W1 model white light interferometer, five surface roughness parameters at different posi-
tions on the surface of the sample were taken, and the average value was taken to calculate
the surface roughness value and obtain the three-dimensional morphology, as shown in
Figure 1c. The selected detection method for microhardness was the more commonly
used indentation method, and the selected testing equipment was the HDV-1000A Vickers
microhardness tester, as shown in Figure 1d. We selected five microhardness values at
different positions on the surface of the sample, and took the average. The surface of
the specimen did not undergo any treatment. The applied load was set at F = 2.942 N,
and the time was 15 s. An X-350A X-ray stress tester was used for residual stress detec-
tion. The Bragg angle was 2θ = 139 crystal faces (311), and the counting time was 0.50 s
(Figure 1e). For the measurement of milling force, we choose a Kistier 9253B23 three-way
piezoelectric dynamometer, a Kistier5070A charge amplifier, and a PCIMDAS1602/16 data
acquisition card.

3. Analysis of Surface Roughness and Surface Morphology
3.1. Effects of Milling Speed, Feed Rate, and Milling Depth on Surface Roughness and
Surface Morphology

Figure 2 shows a graph of surface roughness variation with milling speed vc, feed rate
fz, and milling depth ap. Figures 2a and 3 show the surface roughness and microscopic
morphology of the specimen after milling with cryogenic liquid nitrogen-assisted cooling
when the milling speed vc was varied from 200 to 360 m/min. From the results, it can be
seen that when the vc increases in the range of 200~240 m/min, the peak–valley spacing
on the surface of the machined specimen tends to be obvious, and the height difference
between the peaks and valleys in some areas becomes extremely large. Additionally, micro-
cracks, or even a cracking phenomenon, occur on the surface of the workpiece; this is due
to the increase in milling speed and the increase in the number of broken and fractured SiC
particles, prompting an increase in milling force, which makes the plastic aluminum matrix
flow and causes the peak–valley spacing to increase. In addition, when the milling speed
is low, the machining tool is prone to generating irregularly shaped chyloma, resulting in
higher surface roughness values. When the milling speed vc is increased from 240 m/min
to 360 m/min, the surface roughness shows a decreasing trend and the surface peak–valley
spacing tends to level off. This is mainly due to the increased milling speed, through which
the strain hardening of the plastic aluminum matrix reduces its mobility, cutting off the
main form of removal of surface particles, while the reduced mobility of the aluminum
matrix has an inhibitory effect on the expansion of cracks.
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Figures 2b and 4 show the surface roughness variation curves and microscopic mor-
phology of the specimen after milling with cryogenic liquid nitrogen-assisted cooling when
the feed rate fz was varied from 0.1 to 0.22 mm/tooth. As shown in the results, when the
feed amount fz = 0.1 mm/tooth, the surface is relatively smooth and the roughness is low,
which is due to the narrow overlapping trajectory when the two adjacent blades are crossed,
so that the residual height is small. Yanling Tang [23] also found a similar phenomenon.
When the feed amount fz = 0.22 mm/tooth, the surface peak–valley spacing increases, and
the surface roughness also becomes higher. This is due to the fact that the overlapping
trajectory distance between the two cutting edges becomes larger, which makes the residual
height gradually increase. At the same time, as the feed rate increases, the disc milling
cutter undergoes serious contact friction with more particles in a single feed rate, especially
when the dislodged and broken particles are difficult to exclude between the cutter and the
work; this will cause boundary wear on the tool, and then, cause the defect of a “serrated
tip” on the machined workpiece, as shown in Figure 4d,e.
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Figures 2c and 5 show the surface roughness and micromorphology of the specimen
after milling with cryogenic liquid nitrogen-assisted cooling when the milling depth ap
was varied from 0.2 to 1 mm. As seen in the results, when the milling depth increases in
the range of 0.2~0.6 mm, the surface roughness value increases sharply, while the surface
roughness value increases relative to the slowdown when the milling depth is greater than
0.6 mm. It can be seen that when ap increases in the range of 0.2~1 mm, the material
removal rate also increases, prompting a rise in resistance between the disc milling cutter
and the workpiece and resulting in plastic flow of the aluminum substrate. This makes
the number of surface cracks larger or even triggers cracking, leading to an increase in the
roughness value and an increase in the surface peak–valley height difference. In addition,
when the ap increases in the range of 0.2 to 1 mm, the contact area between the tool and the
particles is raised, leading to a large number of dislodged SiC particles and the occurrence
of contact friction between the sub-rear tool surface and prompting an increase in their
boundary wear. This eventually leads to the appearance of a large area of defects with
serrated tips, as shown in Figure 5d,e.
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3.2. Construction of Response Surface Method-Based Surface Roughness Prediction Model

In this test, the milling speed, feed and milling depth were used as independent
variables, and the Box–Behnken test was designed using the Design Expert software; the
levels of the milling parameters selected and their factor codes are shown in Table 3. The
test results are shown in Table 4.

Table 4. Test design and results.

Trial
Serial

Number

Canonical Variables Actual Parameters
Ra

(µm)×1 ×2 ×3 Milling
SPEED

Feed Per
Tooth

Milling
Depth

1 −1 −1 0 250.00 0.14 0.60 0.222
2 0 0 0 300.00 0.17 0.60 0.252
3 1 −1 0 350.00 0.14 0.60 0.188
4 −1 1 0 250.00 0.2 0.60 0.299
5 1 1 0 350.00 0.2 0.60 0.239
6 0 0 0 300.00 0.17 0.60 0.253
7 −1 0 −1 250.00 0.17 0.40 0.218
8 1 0 −1 350.00 0.17 0.40 0.184
9 −1 0 1 250.00 0.17 0.80 0.269
10 0 0 0 300.00 0.17 0.60 0.263
11 1 0 1 350.00 0.17 0.80 0.248
12 0 −1 −1 300.00 0.14 0.40 0.178
13 0 1 −1 300.00 0.2 0.40 0.221
14 0 −1 1 300.00 0.14 0.80 0.203
15 0 1 1 300.00 0.2 0.80 0.298
16 0 0 0 300.00 0.17 0.60 0.261
17 0 0 0 300.00 0.14 0.60 0.250

The formula for predicting surface roughness fitted by the Design Expert software is
as follows:

Ra = −0.64598 + 0.00186 · vc + 5.55667 · fz + 0.24052 · ap−
0.00433 · vc · fz + 0.00033 · vc · ap + 2.16667 · fz · ap−

0.000003 · v2
c − 13.08333 · f 2

z − 0.47563 · a2
p

The Design Expert software obtained a model F value of 45.33, indicating that this
equation is significant, indicating that the experimental design is reliable. The model
correlation coefficient R2 is 0.9832, R2-adj is 0.9615, and R2-predicted is 0.8219. The model
can explain the surface roughness values obtained by 98.31% of the experiments. It was
tested using a normal distribution plot of the residuals, as shown in Figure 6. It can be
observed from the picture that the residuals are roughly distributed along the diagonal line,
the residuals of some data points tend to be close to zero, and the overall distribution is
normal, so the mathematical model established has a high degree of fit.

The degree of influence of the milling parameters and their interaction on surface
roughness was obtained using the Design Expert software, and the specific order of influ-
ence of each factor, from largest to smallest, is:

(1) Single-factor effect: fz, ap, vc;
(2) Interaction: fz . . . ap interaction, vc . . . fz interaction, vc . . . ap interaction;
(3) Secondary effects: ap

2, fz2, vc
2.

3.3. Effect of the Interaction of Feed Rate, Milling Speed, and Milling Depth on Surface Roughness
3.3.1. Effect of Feed Rate fz and Milling Speed vc on Surface Roughness

From the response surface plot in Figure 7a, when vc = 250 m/min, the number of
contours of the surface roughness value is 5; when vc = 350 m/min, the number of contours
is 3, which is relatively sparse. Since the density of the contour line when a certain factor
changes indicates the rate of change of surface roughness with this factor, when the milling
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speed increases from 250 m/min to 350 m/min, the degree of surface roughness affected
by the milling speed decreases significantly. If finishing is the goal, the preferred value
areas are “higher milling speed vc” and “lower feed per tooth fz”.
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3.3.2. Effect of Feed Rate fz and Milling Depth ap on Surface Roughness

From Figure 7b, it can be seen that when the feed per tooth increases from 0.14 mm/z
to 0.2 mm/z, the rate of change of the surface roughness value with feed increases abruptly,
and when the milling depth increases from 0.4 mm to 0.8 mm, the rate of change of the
surface roughness value with milling depth also shows an increasing trend. If finishing is
the goal, the optimal value areas for both are “small feed per tooth fz” and “low milling
depth ap”.
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3.3.3. Effect of Milling Speed vc and Milling Depth ap on Surface Roughness

From the response surface plot in Figure 7c, it can be observed that the density of
contours varies less at different levels of ap or vc, which means that even though the milling
depth parameter level is constantly changing, the surface roughness value changes very
little with vc, and similarly, when the milling speed parameter level is constantly changing,
the surface roughness has a similar rate of change. If finishing is the goal, the preferred
values are “higher milling speed vc” and “lower milling depth ap”.

4. Analysis of Surface Microhardness
4.1. Effects of Milling Speed, Feed Rate, and Milling Depth on Surface Microhardness

Figure 8 shows graphs of the changes in surface microhardness and milling force with
milling speed vc, feed rate fz,, and milling depth ap.
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4.1.1. Effect of Milling Speed vc on Surface Microhardness

As shown in Figure 8a,d, according to the results, the milling speed vc increases in
the range of 200~240 m/min. Due to the low milling speed in this range, the increase in
speed makes the milling force rise, resulting in the dominance of plastic deformation of the
material, while the weakening effect caused by the rise in temperature does not play a full
role, ultimately leading to an increase in microhardness. When the milling speed increases
in the range of 240~360 m/min, the surface microhardness gradually decreases. Due to the
high milling speed, the disc milling cutter passes through the workpiece surface at high
speed, plastic deformation of the material occurs in a very short time, and thus, the degree
of plastic deformation is small. In addition, the sharp increase in milling temperature
accompanied by the increase in milling speed has a significant weakening effect on the
surface microhardness of the machined specimen.
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4.1.2. Effect of Feed Rate fz on Surface Microhardness

As shown in Figure 8b,e, according to the results, it can be observed that the surface
microhardness values of the specimen show an increasing trend with the increase in
the feed rate amount, and the feed rate amount is increased from fz = 0.1 mm/tooth to
fz = 0.22 mm/tooth. This is because the milling force shows a linear increasing trend with
the increase in feed rate, and the large milling force causes the specimen to undergo serious
plastic deformation, so the degree of surface microhardness of the specimen also becomes
more and more serious.

4.1.3. Effect of Milling Depth ap on Surface Microhardness

As shown in Figure 8c,f, according to the results, it can be observed that the effect of
milling depth ap on the degree of surface microhardness is also more significant. When
the milling depth ap increases from 0.2 mm to 1 mm, the removal rate of the material
increases significantly, leading to an increase in milling force during machining and serious
plastic deformation of the material, so the surface microhardness value also becomes larger
and larger.

5. Analysis of Surface Residual Stresses
5.1. Building of a Residual Stress model Based on Finite Element Simulation
5.1.1. Equal Cutting Thickness Model

In this end cutting process, because the thickness of the cutting layer is much smaller
than the cutting width (less than five times), the plastic deformation of the material in the
direction perpendicular to the cutting edge can be regarded as a plane of plastic flow, so the
end milling process with variable cutting thickness can be simplified, as shown in Figure 9.
In this paper, the end milling process is simplified to a right-angle cutting process with
equal cutting thickness, which not only ensures simulation accuracy, but also avoids the
phenomenon whereby the results caused by meshing cannot converge and the residual
stress is difficult to extract during 3D modeling. The following equation is the formula
for calculating the equivalent chip thickness for continuous milling; r is the radius of the
milling cutter, and fz is the feed per tooth.

hc = R − R

cos−1
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fs
2R

)
− sin

[
2 cos−1
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5.1.2. Equal Cutting Thickness Model

In this paper, a microscopic two-phase model is established and Abaqus software
is used to model the particles and substrates separately. The enhanced phase particles
are simplified to spherical particles, and in order to reduce the discrete distribution effect
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of the particles, a Python language is written to achieve random distribution of the SiC
particles, as shown in Figure 10a. The CPE4RT grid cell type is used for meshing tools and
workpieces, and hourglass control is introduced. The stress in the machining process is
mainly concentrated at the point of contact between the tool and the workpiece, so the
meshing of the chip and of the machining surface part of the simulation model is dense,
and the meshing of the part where the material does not participate in cutting is sparse, to
improve the simulation efficiency and accuracy (Figure 10b).
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Since the Johnson–Cook constitutive equation has good nonlinear problem han-
dling ability and can accurately map the plastic deformation of the aluminum matrix
at high temperatures and under high strain, this simulation adopts the constitutive model
and its function expression for the aluminum matrix. The parameters are shown in
Table 5 [24]. When setting the heat transfer boundary, the heat transfer coefficient is set as
hcryo = 50,000 W/(m2K), and the liquid nitrogen temperature is set to −196 ◦C [25].

σ = [A + Bεn]

[
1 + c ln

( •
ε
•
ε0

)][
1 −

(
T − Tr

Tm − Tr

)]m

Table 5. 6063 Aluminum J-C model parameters.

Aluminum A (Mpa) B (Mpa) C m n

Parameters 176.5 63.99 0.0036 0.859 0.183

The average size of the reinforced phase SiC particles in this test material is 5 µm,
and the material property parameters of SiC particles are shown in Table 6 [26]. The tool
adopted is a polycrystalline diamond (PCD) tool. The tool is set to analyze the rigid body,
and its front angle and rear angle are consistent with the test tool (2◦ and 10◦, respectively),
and the tool material parameters are shown in the following table.

Table 6. The physical property parameters of workpieces and tools.

Material Properties Aluminum Alloy SiC Particles PCD Cutter

Density (g/cm3) 2.7 3.13 4.25
Young’s modulus (Gpa) 71.9 420 1147

Poisson’s ratio 0.34 0.14 0.07
Thermal conductivity (W/m/◦C) 180 81 2100
Specific heat capacity (J/kg/◦C) 880 427 525

Coefficient of thermal expansion (10−6◦C−1) 23.5 21.8 4
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In machining, the workpiece material is continuously destroyed and removed, turned
into chips, and separated from the workpiece, so it is necessary to select reasonable chip
separation criteria to ensure finite element simulation accuracy. This paper adopts the
physical fracture criterion in line with the real cutting situation. Element damage in the J-C
model is defined as:

D = ∑
∆εpl

ε0
pl

where D—the stiffness degradation factor; ∆εpl—the material strain increment; and ε0
pl—

the equivalent effect change when the material fails, which can be expressed as:

ε0
pl =

[
d1 + d2 exp

(
d3

σm

σ

)]
×

1 + d4 ln

 •
ε
•
ε

(1 + d5
T − TR

Tmelt − TR

)
σm
σ is the stress triaxiality d1~d5-material constant, as shown in Table 7

Table 7. J-C model material failure parameters.

d1 d2 d3 d4 d5

0.074 0.089 −2.441 −4.76 0

5.1.3. Boundary Conditions and Friction Models

For the boundary conditions, this model aims to fix the workpiece and move the tool
to achieve cutting, so the left and bottom edges of the workpiece part are completely fixed
(x = y = 0), the tool is constrained (y = 0) in the vertical direction (Y direction), and the
horizontal direction has a cutting speed of Vc. For the heat transfer boundary, this test
is carried out under low-temperature liquid nitrogen conditions, and the core difference
between this method and dry cutting is the low-temperature processing environment.
Therefore, when simulating the milling process with the low-temperature auxiliary cooling
of liquid nitrogen, the machined surface needs to be set to transfer heat with liquid nitrogen,
the thermal boundary coefficient is set as hcryo = 50,000 W/(m2K), and the liquid nitrogen
temperature is −196 ◦C. Under the low-temperature auxiliary cooling of liquid nitrogen,
the machined surface gradually comes into contact with the low-temperature medium
when milling, so the thermal boundary conditions should be gradually added when setting
the machined surface; otherwise, it will cause a certain degree of adverse effects on the
stress release process of the surface stress field (This is shown in Figure 11).
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Figure 11. Boundary conditions.

The contact friction of the knife–chip contact surface is a key factor that cannot be
ignored, and a reasonable friction model needs to be set to ensure the accuracy of the output
result. According to actual machining, most SiCp/Al composite chips are agglomerated
chips and jagged chips, so this simulation model uses Coulomb’s friction law to define the
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friction between the tool and the workpiece. As shown below, the Coulomb coefficient of
friction µ in this paper is 0.5.

τf = µ>σn

5.2. Analysis of Residual Stress Simulation Results
5.2.1. Chip Forming Process and Analysis

Figure 12 shows the simulation results of the temperature of the cutting zone and chip
forming in the whole process of the workpiece, from the contact load with the tool to the
separation and unloading with the tool (Vc = 360 mm/s, fz = 0.1 mm/tooth).
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Figure 12. Chip forming process.

In Figure 12a–e, as the tool continues to rub and extrude with the cutting layer, the
material in the deformation zone produces drastic thermal changes inside and outside,
the bearing capacity of the material and the deformation zone decreases. Additionally,
shear-slip deformation occurs under the action of cutting force, and gradually produces
damage cracks. With the progress of cutting, the cracks also continue to expand, and the
material finally develops brittle fractures, which form chips. In Figure 12d, which shows
the cutting process, shear-slip deformation of the first deformation zone occurs, followed
by brittle fracture. It is only when this happens that granular chips continue to form.

5.2.2. Effects of Milling Speed and Feed per Tooth on Residual Stress

Figure 13a shows the residual stress region extracted at fz = 0.1 mm/tooth and
vc = 240 m/min, and Figure 13b shows the residual stress region extracted at vc = 280 m/min
and fz = 0.16 mm/tooth.

Figure 13c shows the distribution of surface residual stresses in the surface layer at dif-
ferent milling speeds. The parameters selected for the simulation were: fz = 0.1 mm/tooth,
and vc = 200, 240, 280, 320, and 360 m/min. After the simulation was completed, 20 sets of
surface residual stress values were extracted along the surface layer of the workpiece. The
results show that the surface residual stresses in the range of 0~0.06 mm from the machined
surface are presented as compressive stresses, and gradually change to surface residual
tensile stresses with an increase in h (extraction depth); the value of surface residual tensile
stresses is smaller and finally returns to nearly 0 MPa, which is due to the high tempera-
ture of the subsurface layer of the workpiece during the cutting process, and cannot be
transferred out in time; and the effect of thermal stresses is obviously enhanced. Pengfei
Zhang also found this phenomenon through a simulation analysis of milling residual stress
in SiCp/Al composites [27]. At the same time, in the current paper, it is observed that as
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the milling speed increases, the residual stress distribution inside the workpiece becomes
very uneven. The reason is that the cutting process becomes unstable due to the increase in
milling speed, coupled with the discrete distribution of a large number of SiC particles in
SiCp/Al composites, which obviously interferes with the transfer of residual stress.
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Figure 13. Simulation curve of surface residual stresses with different milling speeds and different
feed rates.

Figure 13d shows the distribution of surface residual stresses in the surface layer at
different feed rates. The parameters selected for the simulation were: vc = 280 m/min,
and fz = 0.1, 0.13, 0.16, 0.19, and 0.22 mm/tooth. After the simulation was completed, the
data set was extracted using the same method. The results show that the surface residual
compressive stresses on the workpiece surface at different feed rates gradually change to
surface residual tensile stresses with an increase in h (extraction depth), and finally return
to around 0 MPa. When the feed rate increases from 0.1 mm/tooth to 0.22 mm/tooth, the
surface residual compressive stress and the maximum compressive stress in the surface
layer show a gradual decrease, and both values change very obviously at different feed
rates. At the same time, the maximum surface residual tensile stress value of the surface
layer increases more obviously when the feed rate increases, which is due to the increase in
the equivalent cutting thickness with the increase in the feed rate, resulting in an increase
in the tool–workpiece contact area and an increase in the frictional heat between the two.

5.3. Effects of Milling Speed, Feed Rate, and Milling Depth on Surface Residual Stress

SiCp/Al composites have opposite two−phase characteristics, and if they are modeled
in 3D milling, it is difficult to guarantee good meshing due to the irregular shape of SiC
particles. Therefore, a two-dimensional orthogonal model was established to estimate the
residual stress. This inevitably leads to deviations from the actual residual stress detection
data, and the influence of different milling depths on residual stress cannot be obtained
through this model, so this section presents the results of a liquid nitrogen low-temperature
milling test to verify and supplement it.
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Figure 14 shows graphs of the variation in surface residual stress with milling speed
vc, feed rate fz, and milling depth ap.
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Figure 14. Surface residual stress changes with cutting parameters.

5.3.1. Effect of Milling Speed vc on Surface Residual Stress

The plotted surface residual stress versus milling speed vc with fixed test parameters
of fz = 0.16 mm/tooth and ap = 0.6 mm are shown in Figure 14a. The test results show
that the surface of the machined specimen shows surface residual compressive stresses
in both the vertical and parallel feed rate directions, and both have similar trends of
change, but the latter has somewhat smaller stress values overall. When the milling
speed increases from 200 m/min to 240 m/min, the residual compressive stress reaches its
maximum value, which is due to the increase in milling force causing the surface material
to undergo serious plastic deformation, causing the compressive stress to rise. When
the milling speed increases in the range of 240~360 m/min, the thermal effect dominates
due to the rise in cutting heat, while the excessive temperature causes softening of the
aluminum substrate, which makes the milling force decrease, leading to a gradual decrease
in residual compressive stress under the combined effect of both. However, under liquid
low-temperature nitrogen-assisted cooling conditions, −196 ◦C liquid nitrogen is injected
steadily into the processing area, which can have a suppressing effect on the temperature
rise, resulting in a more moderate rising trend of compressive stress.

5.3.2. Effect of Feed Rate fz on Surface Residual Stress

A relationship curve of surface residual stress plotted against feed rate fz for the fixed
test parameters of vc = 280 m/min and ap = 0.6 mm is shown in Figure 14b. An analysis of
the test results show that the residual compressive stress on the surface of the machined
specimen varies more significantly at different feed rates fz, and the residual compressive
stress is smaller in the parallel feed rate direction compared to the perpendicular feed rate
direction, but both have a similar variation patterns. When the feed rate increases in the
range of 0.1~0.22 mm/tooth, the residual compressive stress gradually decreases. This
is due to the increase in the material removal rate with the increase in feed rate, which
leads to an obvious increase in contact friction between the disc milling cutter and the
workpiece; this causes a large amount of cutting heat generation and the dominance of the
thermal effect, which eventually causes the conversion of residual compressive stress to
tensile stress.

5.3.3. Effect of Depth ap on Surface Residual Stress

The fixed test parameters are vc = 280 m/min and fz = 0.16 mm/tooth. The plotted
surface residual stresses versus milling depth ap are shown in Figure 14c. An analysis
of the test results shows that the change in milling depth also has a significant effect on
the surface residual stress. With in increase in milling depth ap, the stress value in both
directions shows a decreasing trend. When ap increases from 0.2 mm to 1 mm, the material
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removal area increases, which increases the frictional resistance between the disc milling
cutter and the machined specimen and generates a large amount of cutting heat, making
the residual compressive stress gradually decrease.

5.4. Simulation vs. Experiment

Looking at Figure 15, it can be seen that although the simulated values at a few points
show large deviation from the experimental values, the overall trend is close. Under
different milling parameters, the simulation value is generally small compared to the
inspection data, which is mainly due to uncontrollable factors that occur in the milling
process; for example, the wear belt of the tool face after the insert is applied will increase
with an increase in milling distance, as will the tremor of the machine tool. However, our
comparative analysis of the two still ensures that the simulation is reliable.
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6. Conclusions

1. The surface roughness end milling test was carried out under the low-temperature
auxiliary cooling of liquid nitrogen, and the three-dimensional topography of the
machined surface was observed. It was found that the number of surface pits could
be significantly reduced with an increase in milling speed. Moreover, higher milling
depths can cause defects with large areas of jagged tips on the surface.

2. By conducting a central combination test, a second-order surface roughness prediction
model was established and tested based on the test data, in which the model and
coefficients were significant, the maximum error was 7.91%, the average error was
3.25%, and the model was more reliable. The results of the interaction analysis show
that a high level of both feed rate and milling depth is not recommended for cryogenic
liquid nitrogen-assisted cooling conditions.

3. Surface microhardness measurements were performed on the specimens, and the
results show that as the milling speed increased, the surface microhardness value
first increased, and then, became smaller, and its maximum value was obtained
at 240m/min. Therefore, under low-temperature liquid nitrogen conditions, it is
recommended to use a speed of more than 240 m/min for milling. When the milling
depth increases in the range of 0.2~1 mm, the degree of work hardening will increase,
and the feed rate will be the same as the trend.

4. By simulating the surface residual stresses, it was found that when a larger feed rate
or higher milling speed is used, higher surface residual tensile stresses appear in
the surface layer. The surface of the specimen after end milling undergoes surface
residual compressive stresses, and when the milling speed increases in the range
of 240 mm/tooth~360 mm/tooth, the surface residual compressive stresses show a
trend of first increasing, and then, decreasing. There is a tendency for surface residual
compressive stresses to convert to tensile stresses as a result of increased milling depth
or feed rates. In addition, as the milling depth and the feed per tooth increase, the
interference effect of the SiC particles on internal residual stress transfer also increases.
Therefore, it is not recommended to use both a high depth of cutting and high feed
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per tooth. Upon using test data to verify the simulation values, we found that the
trends of the two are basically the same, and that they have high reliability.
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