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Milling characteristics of SiCp/2024Al composites thin-

walled part based on movable auxiliary support

Zhijie Gao' - Peng Zhu! - Shu Yang' - Zuoshan Wei? - Qitong Wang? - Li Zhou!

Abstract Due to milling force and milling heat, thin-walled parts are highly susceptible
to deformation and even scrap. In this paper, a method of milling thin-walled part based
on the movable auxiliary support was proposed, and the second developed VDLOAD
subroutine was used to simulate the movement of auxiliary support. The influences of
the magnitude and area of the movable auxiliary support on the surface temperature,
deformation and residual stress of the workpiece were investigated. The results showed
that, with the increasing of the magnitude and area of the movable auxiliary support,
both surface temperature and deformation of the workpiece decrease. The tensile
residual stress decreases and gradually changes to compressive residual stress.
Interestingly, when the magnitude of the movable auxiliary support exceeds 20 MPa or
the area exceeds 100 mm?, the deformation of the workpiece continues to decrease, but
the middle of the workpiece is concave towards the milling cutter. It is worth noting
that the effect of movable auxiliary support area on the residual stress does not show a
clear regularity. Thus, the reasonable auxiliary support can reduce deformation and
stability in the milling of thin-walled parts and the results of the study can provide a
theoretical basis for optimizing the milling process of thin-walled parts.

Keywords SiCp/Al composite - Milling processing - Auxiliary support - Finite element
simulation - Residual stress

1. Introduction

SiCp/Al composite possesses excellent physical and mechanical properties, such
as low density and thermal expansion coefficient, high specific stiffness, superior
corrosion resistance, and therefore is widely used in aerospace and military fields.
Recently, SiCp/Al composite thin-walled parts are becoming increasingly common in
high-tech applications such as precision optics and electronic packaging [1-3]. However,
SiCp/Al composite is a typical difficult-to-machine material with high hardness,
brittleness and good wear resistance, which is susceptible to deformation during
machining, resulting in low machining accuracy and unstable surface quality [4].
Especially, during milling of thin-walled parts, it is difficult to control the machining
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accuracy because of its weak stiffness and easy deformation under the action of milling
force and residual stress [5,6].

To ensure machining accuracy, deformation control is required during the milling
process. Zhang et al. [7] proposed an active control method to reduce the deformation
of thin-walled part by adjusting the fixture, and avoid the redistribution of residual
stress. Wang et al. [8] found that deformation could be effectively reduced and the
accuracy could be improved through the reasonable selection of clamping scheme and
tool path during milling of Al6061 thin-walled part. Scippa et al. [9] considered the
influences of fixturing, tool tip dynamics and material removal to reduce deflections of
Aluminum 6082-T4 alloy thin-walled part by optimizing cutting speed. Chen et al. [10]
used a finite element method (FEM) to analyse the influence of tool inclination on the
elastic deformation of stainless steel ICr11Ni2W2MoV thin-walled part, and the results
showed that both the milling force and the workpiece deformation were the smallest
when the tool inclination was 4 ° or 15 ° . Zhang et al. [11] used the ABAQUS
thermo-mechanical coupling analysis module to simulate the milling of SiCp/Al
composites thin-walled part, and the results indicated that the deformation of the thin-
walled part increased with increasing feed per tooth and cutting width. Jia et al. [12]
proposed a method for predicting the deflection of micro-milling thin-walled parts, and
verified the accuracy of the results by experiments. Fan et al. [13] analyzed the effects
of stress, temperature, cutting force, strain gradient and their dimensions on the cutting
deformation during machining SiCp/Al composites from the perspective of material
microplasticity mechanics and material dislocation theory.

Residual stress has a significant effect on the service life of parts, including the
effects on fatigue strength and corrosion resistance. The milling process causes
mechanical and thermal stress on the material, leading to the formation of residual stress
on the surface of the workpiece. Therefore, the study of residual stress in milling
operations is crucial [14]. Zhang et al. [15] developed a two-dimensional orthogonal
cutting finite element model by ABAQUS/Explicit, they found that SiCp/Al composite
was machined with surface defects, and the surface residual stress changed from
compressive stress to tensile stress. Cui et al. [16] simulated the milling process of
SiCp/Al composite and investigated the effects of tool angle, milling depth and milling
speed on milling force, temperature, stress and chip. Wu et al. [17] carried out
simulation analysis and experimental verification of residual stress on the milled
surface of Ti-10V-2Fe-3Al, and proposed a machining process with high feed, high
cutting speed and small cutting depth. Kong et al. [18] investigated the effect of milling
parameters on the residual stress in Al2024 curved thin-walled part, and the results
showed that, within a reasonable range, increasing the milling speed and tool radius can
reduce the residual stress. Wang et al. [19] used the finite element analysis software
MSC. Marc to simulate the effect of material removal on machining deformation of
aluminium alloy pre-stretched plates and found that the release and redistribution of
residual stress were the main cause of machining deformation in thin-walled part. Wu
et al. [20] conducted finite element simulations and experiments on 7075 aluminium
alloy aerospace part using single-sided machining methods and quasi-symmetric
machining methods to investigate the mechanism of milling deformation caused by



residual stress, and the result showed the quasi-symmetric machining method could
reduce the deformation caused by residual stress.

Most of the current researches on machining of SiCp/Al composites thin-walled
part have focused on the effects of milling parameters such as milling speed, feed per
tooth and milling depth on deformation and residual stress. In this paper, we proposed
a method for milling thin-walled parts based on the movable auxiliary support, which
is developed by using Fortran language for secondary development of the ABAQUS
software. The influences of moving load magnitude and area on the surface temperature,
deformation and residual stress of the workpiece were investigated.

2. FEM simulation

2.1 Modeling processing

First, the VDLOAD user subroutine is developed, which can be used to define the
variation of the distributed load magnitude and area as a function of position, time,
velocity, etc. For a set of points, each of which appears in an element-based or surface-
based of a nonuniform load definition. In the subroutine, the simulation of the movable
auxiliary support is written in Fortran language. Then a thermo-mechanical coupling
finite element model is used to simulate the regulations of deformation and residual
stress in the milling of SiCp/2024Al composites thin-walled part under varying
auxiliary support conditions. The overall flow of the finite element simulation is shown
in Fig. 1.

Fig. 1 Milling flow chart of SiCp/2024Al composites thin-walled part
The milling tool model and the thin-walled part model are built by ABAQUS, and
the overall milling cutter is a high hardness PCD four-edge end mill. In order to improve
the calculation efficiency and study the deformation characteristics of the workpiece,
the milling cutter is set as a rigid body without deformation in the simulation analysis.
This paper adopts a single factor analysis, and the specific conditions of milling
simulation are listed in Table 1.



Table 1 Milling parameters of 45 vol% SiCp/2024Al composite

Splndle. Milling Feed per Rake angle(°) Relief angle(®)
speed(r/min) depth(mm) tooth(mm/z)
3600 8 1.5 10 8

Fig. 2a and b show the front and back of the milled workpiece, respectively. In
addition, due to the small machining area, transition mesh is used to ensure efficient
and accurate, and the "4 to 2" transition method is used, as shown in the local amplified
view of Fig. 2a. The schematic diagram of the movable auxiliary support is shown in
Fig. 2.
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Fig. 2 Schematic diagram of milling SiCp/Al composites thin-walled part :(a) finite element

model and transition mesh, (b) movable auxiliary support.

2.2 Material constitutive equation

The milling process involves high strain rates, and large temperature gradients.
The relationship between stress, temperature and strain rate can be established in the
case of high strain rate in order to accurately describe the deformation characteristics.
In this paper, the workpiece material is 45 vol% SiCp/2024Al composite, which is
assumed to be isotropic homogeneous. The Johnson—Cook constitutive equation is
implemented to model the flow behavior of SiCp/Al composite, which takes into
account the influences of thermal softening, strain and strain rate. The equation can be

expressed as [21]:
0':(A+B5“) 1+Cln‘i 1- -1, (1)
80 Tm_];

where o is the flow stress, A is the yield stress at the reference temperature
and strain rate, B is the strain hardening coefficient, n is the strain hardening
exponent, &£"is the plastic strain, C is the strain rate sensitivity coefficient, & is the

strain rate, &, is the reference plastic strain rate, 7T is the workpiece temperature, 7T,

and T are the material melting and room temperature coefficient, respectively. The

relevant exponents are defined as shown below:
Table 2 Material constants of Johnson—Cook model of 45 vol% SiCp/2024 Al composite [22]

A(MPa)  B(MPa) C m n Tm (°C) To (°C)




300 470.6 0.00952 3.954 0.2558 635 20

Table 3 Material properties of 45 vol% SiCp/2024 Al composite [22]

Material properties SiCp/Al
Young ' s modulus(MPa) 158000
Poisson ' s ratio 0.21
Density(kg/m?) 2.9x10°
Thermal conductivity(W/m/°C) 189
Coefficient of thermal expansion(°C-!) 1.4 x107
Specific heat (J/kg/°C) 850

2.3 Fracture model

For milling simulation, whether the chip separation criterion is reasonable or not
is the key factor to ensure the correct milling process. Similarly, the Johnson-Cook
damage criterion is used to define chip separation, when the damage parameter D = 1,
the material starts to fail. The specific expression is [23]:
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e =|d +d,exp(—d I+d,In| — ||| 1+d, | ——anition— 3
[ 1 ’ p( 377):I|: ) ( g() j:||: ’ [Tmelr " Ltransition j:| ( )
where Ag”is the change in equivalent plastic strain, &, is the fracture strain,
d,—d, is the failure parameters, 7= ~P s the stress triaxiality, p is the
q

compressive stress, ¢ isthe von Mises equivalent stress, &, 1is the plastic strain rate,

p

T

transition

is the transition temperature, it does not undergo any deformation at this

temperature or below the change temperature. The failure parameters of the material
are listed in Table 4.
Table 4 Johnson—Cook damage parameters of 45 vol% SiCp/2024Al composite [22]

di d> ds ds ds

0.09212 0.3647 -2312 0.04424 0.26

3. Results and discussion

3.1 Temperature field analysis
3.1.1 Effect of movable auxiliary support magnitude

Milling heat is mainly caused by the plastic deformation of the workpiece in the
primary shear zone and the tool-chip contact zone, as well as by the friction generated
between the tool, chip and workpiece. Milling heat has a great influence on the



machining accuracy and surface quality [24].

Fig.3 shows the surface temperature distributions after milling. It is worth nothing
that the highest temperatures about 300 °C during machining are in the contact area
between the tool and the workpiece and on the flying chips. It is clear from Fig. 3 that
the temperature distribution follows the same pattern at different magnitudes, with the
highest temperatures at the end of the thin-walled part and then gradually decreasing
towards the start, with a slight tendency to increase at the start. As the magnitude of the
movable auxiliary support increases, the high temperature region on the machined
surface decreases.
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Fig. 3 Temperature distributions for movable auxiliary support magnitudes of (a) 0 MPa, (b) 10
MPa, (c) 20 MPa, (d) 30 MPa.

In order to obtain the effect of movable auxiliary support magnitude on the
temperature, 10 points were extracted along the machined surface, each 10 mm apart,
as shown in Fig. 3a. Fig. 4 depicts the curve of the surface temperature of the workpiece
with the movable auxiliary support magnitude for an auxiliary support area of 100 mm?.
The maximum temperatures for movable auxiliary support magnitudes of 0 MPa, 10
MPa, 20 MPa and 30 MPa are 64.7 °C, 63.4 °C, 59.4 °C and 57.9 °C, respectively. It
can be seen the machined surface temperature decreases as the magnitude of the
movable auxiliary support increases. The surface temperature is highest at a movable
auxiliary support of 0 MPa and lowest at 30 MPa. The reason for this phenomenon is
that increasing the movable auxiliary support magnitude causes the thin-walled part to
be squeezed, reducing the angle between the milling cutter and the workpiece and
facilitating the flow of chips. High chips evacuation then removes a large amount of
heat, reducing the temperature of the machined surface.
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Fig. 4 Temperature along path 1 for movable auxiliary support magnitudes

3.1.2 Effect of movable auxiliary support area

As shown in Fig. 5, the temperature distribution is similar as the area of the
movable auxiliary support increases, with high temperatures concentrated at the end of
the workpiece. And as the area of the movable support increases, the area of the high

temperature region on the machined surface decreases.
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Fig. 5 Temperature distributions for movable auxiliary support areas of (a)25mm?, (b)100 mm?,
(¢)225 mm?, (d) 400 mm?.

Fig. 6 shows the curve of machined surface temperature under movable auxiliary
support areas when the support magnitude is 20 MPa. The extraction path is also path
1. The maximum temperatures for movable auxiliary support areas of 25mm?, 100 mm?,
225 mm? and 400 mm? are 67.3 °C, 59.4 °C, 58.9 °C and 57.6 °C, respectively. It can
be seen from the Fig.6 that as the area increases, the temperature of the machined
surface decreases. This is because as the movable auxiliary support area increases, the



cutter edge becomes more streamlined in the area of contact with the workpiece,
facilitating chip removal. The rapid flow of chips carries away a large amount of milling

heat, accelerating heat dissipation and therefore decreasing surface temperature.
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Fig. 6 Temperature along path 1 for movable auxiliary support areas

3.2 Deformation analysis
3.2.1 Effect of movable auxiliary support magnitude

Fig. 7 shows the deep direction deformation (U3) distributions of thin-walled part
under movable auxiliary support magnitudes when the support is 100 mm?. Since the
change in chip displacement is also shown in the distribution graphs, and the
deformation of the workpiece is relatively small, the upper and lower limits of the
graphs are changed to ensure that the deformation is clearly represented. It can be seen
from the figure that without the movable auxiliary support (0 MPa), the deformation of
the workpiece shows a tendency to be larger at both ends and smaller in the middle.
The deformation law remains essentially the same after the application of a movable
auxiliary support. It is worth noting that when the movable auxiliary support increases
to 30 MPa, the deformation of the middle part of the thin-walled part changes from
negative to positive, when the movable auxiliary support is too large and causes the

workpiece to concave towards the direction of the cutter.
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Fig. 7 Deformation distributions for movable auxiliary support magnitudes of (a) 0 MPa, (b) 10
MPa, (c), 20 MPa, (d) 30 MPa.

The back of the workpiece is an important criterion for judging the flatness of the
machining, so 10 points were selected on the back of the workpiece to study the
deformation law under movable auxiliary support magnitudes, each 10 mm apart, as
shown in path 2 of Fig. 7a. Fig. 8 displays the curve of deformation (U3) under movable
auxiliary support magnitudes when the support area is 100 mm?. The comparison shows
that in the absence of movable auxiliary support (0 MPa), the deformation of the thin-
walled part is greatest at the ends and less in the middle, which is consistent with the
variation in distribution graph. However, there are small fluctuations in deformation in
the middle of thin-walled part, showing a tendency to increase and then decrease. After
the application of the movable auxiliary support, the deformation gradually decreases
as the magnitude of the movable auxiliary support increases, without a tendency to
increase and then decrease in the middle part of the workpiece. The reasons for this
phenomenon are as follows, in the absence of movable auxiliary support, the stiffness
of thin-walled part decreases continuously as the material is removed. The stiffness of
the milling area is increased with the support of the movable auxiliary support and
therefore the deformation of the workpiece is reduced. It is noteworthy that the
minimum deformation of the middle part of the thin-walled part is close to zero at a
movable auxiliary support of 20 MPa. At a movable auxiliary support of 30 MPa, the
deformation in the middle region of the thin-walled part changes from negative to
positive and concaves towards the direction of the milling. At this moment the auxiliary
support magnitude is too high, resulting in a change of direction of deformation in the
middle region where the stiffness is low.
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3.2.2 Effect of movable auxiliary support area

Fig. 9 shows the deformation (U3) distributions of under movable auxiliary
support areas when support magnitude is 20 MPa. It can be seen that the deformation
of the thin-walled part gradually decreases as the movable auxiliary support area
increases. When the movable auxiliary support area reaches 225 mm?, the deformation
of the middle of the thin-walled part changes from negative to positive and concaves
towards the direction of the milling cutter. When the area is 400 mm?, the deformation
in the middle and end of the part turns from negative to positive and depresses in the
direction of the cutter.
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Fig.9 Deformation distributions for movable auxiliary support areas of (2)25 mm?, (b)100 mm?,
(¢)225 mm?, (d) 400 mm?.
Fig. 10 shows that when the movable auxiliary support is 20 MPa, the radial depth
deformation (U3) of thin-walled part is extracted, and the extraction path is also path 2.



The deformation curve of the workpiece under movable auxiliary support areas can be
found that, in the case of small movable auxiliary support area, the deformation at the
two ends of the thin-walled part is large and the deformation in the middle is small, and
there is a small increasing trend in the middle part. When a movable auxiliary support
is applied, the deformation of the workpiece decreases. It is worth noting that when the
movable auxiliary support exceeds 225 mm?, both the middle part of the thin-walled
part and the end of the mill change from negative to positive and depress towards the
cutter.
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Fig. 10 Deformation along path 2 for movable auxiliary support magnitudes

3.3 Residual stress field analysis
3.3.1 Effect of movable auxiliary support magnitude

Residual stress tends to have a greater effect on thin-walled parts with low stiffness
than on conventional parts. Moderate or low residual stress can also cause large
secondary deformation in the part [25]. Reducing residual stress in thin-walled parts is
important for improving serviceability. In general, tensile residual stress causes large
secondary deformation of the thin-walled parts, whereas compressive residual stress
significantly improves the fatigue life of the parts [26].

Fig. 11 shows the residual stress (S11) distributions for movable auxiliary support
magnitudes. Both residual tensile and residual compressive stresses are present on the
machined surface. In the absence of movable auxiliary support (0 MPA), the
distribution of tensile stresses is much more extensive than that of compressive stresses.
With the magnitude of the movable auxiliary support increases, the tensile residual
stresses decrease and partly become compressive residual stress. And at 30 MPa, the
compressive residual stresses on the machined surface have the widest distribution. The
reason for this is that as the movable auxiliary support increases, the mechanical effect
increases the compression of the work piece and thus creates more compressive stresses.
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Fig. 11 Stress distributions for movable auxiliary support magnitudes of (a) 0 MPa, (b) 10 MPa,
(c) 20 MPa, (d) 30 MPa.

As shown in Fig. 11a, a path with a smooth machined surface was selected to
extract the residual stress (S11), with a total of 19 points, each at 5 mm intervals.
Maximum residual stresses, minimum residual stresses and average residual stresses
were calculated. From the Fig. 12, it can be found that the maximum residual stresses
are tensile residual stresses for all four magnitudes and decrease with increasing
movable auxiliary support magnitude. The average residual stresses are tensile in the
absence of a movable auxiliary support, but when a movable auxiliary support is
applied, the average residual stresses become compressive and increase with the
movable auxiliary support magnitude. The minimum residual stresses are all
compressive and increase as the movable auxiliary support increases. With the movable
auxiliary support magnitude increases, this leads to an increase in mechanical stresses
causing the workpiece to be squeezed and generating compressive residual stresses,
which explains why tensile stresses are converted to compressive stresses. In addition,
the greater the magnitude of the support, the lower the surface temperature after
machining and the lower the tensile stresses generated by thermal stress. Therefore, by
increasing the magnitude of the movable auxiliary support the residual tensile stress
can be reduced and the compressive residual stress correspondingly increased.
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3.3.2 Effect of movable auxiliary support area
Fig. 13 shows the residual stress (S11) distributions for movable auxiliary support
areas. It can be found that the distribution of residual compressive stresses on the
machined surface is very small in the area of 25 mm?. As the area of the movable
auxiliary support increases, some of the tensile residual stresses decrease and become
compressive residual stresses, and the range of compressive stresses increases. Between
225 mm? and 400 mm?, the range of increase in compressive residual stresses is not
significant, indicating that the movable auxiliary support area is best between 100 mm?
and 225 mm?.
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Fig. 13 Stress distributions for movable auxiliary support areas of (a)25 mm?, (b)100 mm?, (¢)225
mm?, (d) 400 mm?,
Similarly, the residual stresses (S11) on the surface of the workpiece were



extracted along path 3. Maximum residual stresses, minimum residual stresses and
average residual stresses were also calculated. From Fig. 14, the magnitude of the
movable auxiliary support at this moment is 20 MPa and the movable auxiliary support
areas are 25 mm?, 100 mm?, 225 mm?and 400 mm?. The maximum residual stresses are
all in the form of residual tensile stresses, which tend to decrease and then increase. The
average and minimum residual stresses are both compressive and show a tendency to
first increase and then slowly decrease. Therefore, the effect of movable auxiliary
support area on residual stress demonstrates no obvious regularity. This is probably due
to the fact that the movable auxiliary support area exceeds the milling area and further
increasing the support area has little effect.
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Fig. 14 Residual stress along path 3 for movable auxiliary support areas

4. Conclusions

In the present study, finite element simulation of milling 45 vol% SiCp/2024Al
composites thin-walled part was carried out using thermo-mechanical coupling method,
and the laws of surface temperature, deformation and residual stress were investigated
for magnitudes and areas of movable auxiliary support on the backside of thin-walled
part. The following conclusions can be summarized:

(1) The magnitude and area of the movable auxiliary support has a slight influence on
the temperature distribution. With the increasing of magnitude and area of the
movable auxiliary support, the temperature of the machined surface of thin-walled
part reduces.

(2) Appropriate application of movable auxiliary support will reduce the deformation
of thin-walled part, and the overall deformation of thin-walled part decreases as the
movable auxiliary support magnitude and area increase. However, when the
movable auxiliary support magnitude and area exceed 20 MPa or 100 mm?,
respectively, the middle of the workpiece will be concaved towards the milling
cutter. Therefore, the deformation is best at a movable auxiliary support magnitude
of 20 MPa and area of 100 mm?.

(3) With the movable auxiliary support magnitude increases, the tensile residual



stresses on the surface of thin-walled part gradually decrease, changing to an
increasing trend of compressive residual stresses. While the movable auxiliary
support areas demonstrate no obvious regularity on the residual stress. Therefore,
the compressive residual stress can be generated by increasing the auxiliary support
magnitude to improve the fatigue life of the workpiece.
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