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Abstract: In this study, the filling and solidification processes of squeeze-casting SiCzp /Al compos-
ites were analyzed by the ProCAST simulation software (ver. 2018.0). A practical squeeze-casting
experiment was conducted to verify the accuracy of the simulation results. A series of orthogonal
experiments were conducted on the initial preheating temperature of various components to identify
the optimal parameters in order to achieve better porosity and stress concentration values. Accord-
ing to the results and analyses, the preheating temperature of the mold was the most important
determining factor. Under a pouring temperature of 700 °C, mold preheating temperature of 200 °C,
and SiC skeleton preheating temperature of 600 °C, the maximum principal stress at the bottom of
the products was decreased by about 41.9%, and the shrinkage volume inside the composite was
decreased about by about 61.6%. Thus, by adjusting the initial preheating temperature of various
components, the squeeze-casting SiC3p /Al composites could achieve better performance and fewer
internal defects.

Keywords: SiC3p/Al; ProCAST; ceramic matrix composites; squeeze-casting; numerical simulation;
temperature parameters

1. Introduction

A co-continuous ceramic matrix composite is a new material structure that has been
attracting enormous interest in recent years. Its ceramic matrix phase and metal filler
exhibit a continuous 3D network structure in space [1,2]. Composites with this structure
have many advantages such as light weight, high modulus, excellent mechanical properties,
carrying capacity, and high impact resistance [3], showing broad application prospects in
aerospace, automotive, and mechanical manufacturing [4,5].

In situ reaction, melt infiltration, extrusion, and squeeze-casting methods have been
applied to produce ceramic matrix composites for decades [6,7]. Among these methods,
castings produced by squeeze-casting exhibit a good surface quality, a high dimensional
accuracy, and a high consistency, making it an economical and efficient method suitable
for producing large-size precision products. The mechanical properties of these castings
are usually superior to those produced by traditional methods, and they are even close to
forged pieces [8,9].

The process parameters of the squeeze-casting process are critical for producing defect-
free materials with good mechanical properties. Due to the large quantities and mutual
influence of the process parameters in actual production, numerical simulation technology
is considered a good method for optimizing the squeeze-casting process parameters [10-13].
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An accurate simulation can be used to predict defects and study the multiple thermophysi-
cal properties of materials and the influence of various parameters on the products, thus
effectively optimizing production processes and reducing costs [14].

Many studies have been conducted on the numerical simulation of conventional
squeeze-casting metal parts. Li et al. [15] simulated the squeeze-casting process of a gearbox
cover using the ProCAST software and accurately predicted the locations of casting defects,
improving the product’s mechanical properties and airtightness. Jiang et al. [16] simulated
the squeeze-casting process of ZL104 alloy flywheel housings with significant differences
in the wall thickness and with complex shapes through numerical simulation. The defects
and the maximum stress position of parts were identified accurately. The optimal process
parameters were determined through analyses of the simulation results and the verification
of practical experiments, finally achieving products with the expected performance.

However, further research on the squeeze-casting process parameters of ceramic
matrix composites manufactured through the pressure infiltration of the 3D network
structure of porous ceramic preforms is still needed. When compared with conventional
squeeze-casting products, the infiltration process of SiCsp /Al composites with varying
pore sizes and shapes is complex. The distribution and infiltration behaviors of the melt are
affected by various factors such as the infiltration rate, infiltration time, temperature, etc.,
showing more influencing factors and uncertainties. Therefore, it is necessary to optimize
the processing parameters through numerical simulation and conduct a comprehensive
analysis of the filling and solidification process of the structure.

In this paper, an approximate SiC skeleton model and mold model were created. The
squeeze-casting process of SiC3p /Al composites was studied through the finite element
method (FEM) casting software ProCAST (ver. 2018.0) to analyze the characteristics during
the filling and solidification process. Lg (3)* orthogonal tests were applied to investigate
the effects of the preheating temperature of the various components (melt, mold, SiC
skeleton) on the shrinkage porosity and stress distribution characteristics. The average
effects of various factors at each level were calculated and compared to identify the optimal
combination. Further numerical simulation was conducted to verify the optimization effect
of the selected orthogonal experimental results.

2. Experimental Method
2.1. Geometric Model

Silicon carbide ceramic materials are some of the best high-temperature strength
materials known among ceramic materials due to their excellent high-temperature strength,
wear resistance, corrosion resistance, and thermal shock resistance. Porous SiC ceramic
is a type of ceramic material that combines structural and functional properties. Due to
numerous through and non-through pores inside and on the surface, they not only possess
the properties of ordinary ceramics but also have many unique properties, such as a high
specific surface area, excellent permeability, and remarkable sound-absorption and noise-
reduction performance. The SiC ceramic skeleton used in this study had a complicated
pore structure.

It is difficult to build a complete 3D skeleton model with the actual size and pore
features directly using 3D design software because of its complex structure and microscopic
scale. To obtain a skeleton model with real pore structures, micro-CT scanning technology
was applied, and a mini scanning 3D model with a size of 2 mm x 1 mm x 0.2 mm was
obtained; the diameter of the micropores ranged from 30 um to 100 um, and the volume
fraction of SiC was around 80%. In the numerical simulation experiments, models with
extremely small dimensions could seriously affect the efficiency and stability of the pro-
gram. Considering the software function, the scanned mini model was proportionally
enlarged by 50 times and adjusted in the 3D design software Pro/Engineer (ver. 5.0),
obtaining the ‘scanning model” with the same macroscopic size as the actual porous ce-
ramic performance, and a half model with a size of 80 mm x 40 mm X 10 mm is shown
in Figure 1. After proportional amplification, the pore size became 1.5~5 mm, which was
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beneficial for the simulation process. In casting simulation, in order to improve simulation
efficiency and study specific laws, approximate simplified models with similar structural
features were widely adopted to substitute actual models [17]. As shown in Figure Ic,
the simplified SiC skeleton half model for simulation was a similar cuboid with a size of
80 mm x 40 mm x 10 mm, and the volume fraction of SiC was around 81%. The diameter
of the holes was 2 mm and they were distributed orthogonally on various surfaces of the
model. The porous ceramic models with enlarged pore size show smaller pressure differ-
ence, faster infiltration rate, and different fluid transport and diffusion behaviors compared
to actual porous ceramic samples, which could relatively affect the microscopic infiltration
characteristics of the melt, but it has less impact on the macroscopic flow characteristics.
Due to the fact that the focus of this study was not on the micro infiltration behavior of the
melt, it was considered that the proportionally enlarged “scanning models” and “simplified
models” established based on the same porosity were feasible in this study.

(a)

10mm
—

Figure 1. SiC3p /Al composite 3D half model, (a) scanning model of SiC skeleton, (b) scanning model
of infiltrated melt, (c) simplified model of SiC skeleton, (d) simplified model of infiltrated melt.

As shown in Figure 2, the models of various components were assembled by
Pro/Engineer software (ver. 5.0), the half models including SiC skeleton, casting, and
mold, etc., were created to reduce simulation time by the symmetrical surface.
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Figure 2. Three-dimensional model assembly 1. runner; 2. overflows system; 3. Moving mold;
4. Joint face; 5. Fixed mold; 6. SiC skeleton in the steel frame.

A steel frame colored in yellow in Figure 2 was used to fix the SiC skeleton, which was
in close contact with the outer surface of the perform. As shown in Figure 3, several holes
were set on the steel frame to exhaust internal gas during the unidirectional infiltration
process, and the diameter of the holes was 7 mm.
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Figure 3. Three-dimensional model of the steel frame (a) Al melt infiltrated from moving mold,
(b) view from moving mold, (c) view from fixed mold.

During the casting process, the melt was pushed by the piston from bottom to top
and entered the mold cavity through the runner, then entered porous preforms through
unidirectional infiltration from fixed mold to moving mold. The weight of melt used was
about 1.2 kg. In the MESH module of the software, the different element sizes were set
according to the shape, thickness, and importance of various components. The simplified
and scanning models were divided into 3,112,580 and 3,666,269 elements, respectively.
In order to obtain accurate simulation results, the thinnest part of micropores in the SiC
skeleton has at least three layers of mesh.

2.2. Simulation Process Parameters

The filling and solidification processes are complicated and affected by various factors
such as alloy properties, casting properties, pouring conditions, and casting structure,
etc. [18]. Regarding casting simulation, components’ material properties, boundary condi-
tions, initial preheating temperature, casting pressure, and ingate velocity were considered
as the main influencing factors. Among them, this research mainly focused on the influence
of initial preheating temperature of various components.

2.2.1. Components” Materials Properties

The material database of ProCAST software (ver. 2018.0) includes many industry-
proven materials, based on the chemical composition, and the material performances, such
as specific heat, enthalpy curve, density, viscosity, and thermal conductivity, could be
calculated automatically from the thermodynamic databases in the software [19]. In this
study, A356 aluminum and H13 mold steel were used as the infiltration and mold mate-
rials, respectively. Casting aluminum alloy A356 has good plasticity and wear resistance,
showing excellent casting performance. H13 has high strength and hardness and is widely
used in the mold manufacturing industry.

During the solidification process of Al melt, Al and other elements (such as Si, Mg, etc.)
transform from liquid to solid. In this process, the diffusion of elements is driven by
temperature and concentration gradients. When the temperature or concentration of the
solid phase is higher than that of the liquid phase, elements could diffuse from solid phase
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to liquid phase, namely, back diffusion. The back diffusion model in the software material
database was used to describe the diffusion characteristics of the Al melt.

2.2.2. Boundary Conditions

Boundary conditions have significant influences on the heat transfer behavior during
the filling and solidification processes [20]. In the metal mold casting, the thermal conduc-
tivity of solidified metal is usually much higher than ceramic, and the temperature gradient
of ceramics tends to be higher during the solidification heat transfer. In this simulation, two
types of heat transfer interfaces, A356/H13 and A356/5iC, were involved. The interface
heat transfer coefficients of 1500 W/(m?-K) and 500 W/(m?-K) were applied based on the
previous similar research. The cooling mode for the outer surface of the mold was air
cooling (in room temperature).

Heat exchange and relative grid motion are usually at the interface between two
different materials. The interface types of A356/H13 and A356/SiC were set as NCOINC
type, meaning the grid cells on both sides did not match, and there were no common
nodes at the interface, which was suitable for the finite elements calculation during the
melt filling process.

2.2.3. Initial Preheating Temperature

The preheating temperature was another critical factor in the casting process. By con-
trolling the initial temperature of various components, the internal stress generated during
the cooling process can be reduced, which is beneficial for reducing the risk of product
deformation and cracking. A better initial temperature could optimize the grain size and
microstructure, improve mechanical and heat resistance properties, thereby enhancing
service life and safety of the products. It could improve the plasticity of materials and
reduce the occurrence of defects such as pores and inclusions, thus, improving the quality
and reliability of the products. Correspondingly, an extremely lower initial temperature of
the melt, mold, and SiC skeleton could decrease the molten Al’s fluidity and infiltration
ability, harming the product’s quality. Before optimizing the initial temperature parameters,
in order to verify the accuracy of the simulation, the numerical simulation and practical
squeeze-casting experiments were conducted, the initial preheating temperature of various
components was recorded as the ‘initial simulation parameters’, including preheating
temperatures of 750 °C for pouring, 170 °C for mold, and 700 °C for SiC.

2.2.4. Casting Pressure and Ingate Velocity

During the filling process, the piston applied a casting pressure of 126 MPa to the
bottom of the Al melt and maintained it for 40 s, allowing the SiC skeleton to be completely
infiltrated and achieving continuous feeding under casting pressure, reducing internal
defects. The pressure chamber, gating system, and ingot constituted a system. According
to the principle of continuity, the velocity of injection plunger and ingate were related as
follows [21-23].

T

4
where D was the pressure chamber diameter (mm), vy was the injection plunger velocity
(mm/s), An was the feeding gate area (mmz), and v, was the ingate velocity (mm/s). Thus,
in the verification simulation, when the injection plunger velocity was set to 500 mm/s, the
ingate velocity was 1030 mm/s.

DZVy = Apvp 1)

2.3. Orthogonal Tests

An orthogonal test is an effective way to study the influence of various factors on the
casting simulation. Karthik et al. [24] used three different levels of Ly orthogonal arrays
to optimize process variables for squeeze-casting parameters, including casting pressure
and the initial temperature of the mold and melt. During the infiltration process, the
preheating temperature of various components (melt, mold, SiC skeleton) was important.



Metals 2024, 14,172

6 of 16

By adjusting appropriate parameters, the wetting effect between the melt and porous
ceramic surface could be improved, as well as the permeability and infiltration uniformity;
the thermal stress caused by temperature gradients during the pressure infiltration process
could be reduced, decreasing cracks and deformation; and the interfacial reaction between
the infiltrated Al and SiC skeleton could be promoted, enhancing the interfacial bonding
strength, toughness, and stress transfer ability of composites. As shown in Table 1, an
orthogonal Lg (3)* test design was applied in this study to select the optimum temperature
parameters, which include pouring temperature (Factor A), mold preheating temperature
(Factor B), and SiC preheating temperature (Factor C).

Table 1. Ly (3)* orthogonal test design.

Factor A Factor B Factor C
Test Pouring Temperature Mold Preheat Temperature  SiC Preheat Temperature
1 Al (650 °C) B1 (150 °C) C1 (600 °C)
2 A1 (650 °C) B2 (200 °C) C2 (650 °C)
3 A1 (650 °C) B3 (250 °C) C3 (700 °C)
4 A2 (700 °C) B2 (200 °C) C1 (600 °C)
5 A2 (700 °C) B3 (250 °C) C2 (650 °C)
6 A2 (700 °C) B1 (150 °C) C3 (700 °C)
7 A3 (750 °C) B3 (250 °C) C1 (600 °C)
8 A3 (750 °C) B1 (150 °C) C2 (650 °C)
9 A3 (750 °C) B2 (200 °C) C3 (700 °C)

3. Result and Discussion
3.1. Filling Process Analysis

As shown in Figure 4, the complete model was reconstructed through the symmetrical
surface in the post-processing module of ProCAST. The filling process could be divided
into several steps. Initially, the Al melt was squeezed into the runner from the bottom, the
moving mold cavity started filling first, and the liquid frontier rose quickly without obvious
air entrainment, which is detrimental to casting tensile properties and may induce blister
defects during high-temperature solution treatment [25]. Once the moving mold was filled,
melt entered overflow chambers. Due to buoyancy, many oxides and slag inclusions in the
melt floated on the surface. The overflow chambers could collect slag inclusions, oxides,
and the colder melt that firstly entered the chamber, discharge gas from the mold cavity,
and maintain temperature balance. After filling the moving mold cavity and overflow
chambers, the melt filled porous SiC ceramic through unidirectional infiltration under the
isostatic pressure. According to the movement of the melt frontier, the SiC skeleton in the
fixed mold was filled from top to bottom. When the plunger reached the limit position, the
melt-filling program could automatically switch to the cooling and solidification program
in the software.

The filling time in the simplified model was 0.1561 s and 0.1608 s for the scanning
model. The difference between them probably resulted from the irregular hole shape of the
actual skeleton structure. Generally, the filling process of the simplified model was close to
the real SiC skeleton, showing accurate simulation results.

3.2. Solidification Process Analysis

The temperature and stress distribution of Al melt in the solidification process could be
analyzed to predict and locate the potential defects such as hot spots, cold shuts, shrinkage
porosity, etc. By adjusting the processing parameters, the potential defects could be reduced or
eliminated, improving the composite quality and saving the cost of research and design [26].

As shown in Figure 5, there were always temperature differences between the melt,
SiC skeleton, and mold during solidification due to the material properties, different
initial temperatures, and interface heat transfer. The melt has come into close contact with
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other components under casting pressure during the previous filling process, showing an
apparent interface heat transmission behavior [27].
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Figure 4. Filling process (a) t = 0.0317 s, melt entered the cavity; (b) t = 0.0719 s, melt filled the moving
mold cavity; (c) t = 0.0983 s, melt started filling overflows; (d) t = 0.1136 s, melt filled the SiC skeleton;
(e) t=0.1416 s, melt filled the overflow chambers; (f) t = 0.1545 s, the end of filling process.
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Figure 5. Temperature distribution (a) t = 0.5713 s, (b) t = 8.4896 s, (c) t = 18.0605 s, (d) t = 56.9353 s.
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Due to the small volume and metal mold with lower temperature, the melt in overflow
chambers solidified first. The high preheating temperature of SiC skeletons led to a slower
cooling rate of Al melt near the SiC surface and inside the holes. However, even though
the thermal conductivity of ceramics was lower than that of A356 alloy, the temperature of
SiC was consistently lower than that of the melt due to close contact with the fixed mold
cavity (Figure 2). Therefore, there always existed a slow heat transfer from melt to ceramic
skeleton throughout the entire casting process.

The final solidification position in the casting process, namely the hot spot, which
originated from the uneven temperature gradient and uneven shrinkage during the so-
lidification process, was likely to form shrinkage porosity defects due to the insufficient
melt feeding [28,29]. In terms of the simulation results shown in Figure 6a, the hot spot
could appear in the center of the SiCzp/Al composite. Likewise, Figure 6b showed the
shrinkage porosity of the scanning model in the same position with slightly higher volume
fraction, which was a result of the uneven distribution of pores in the scanning model;
the volume of pores at the center of the symmetry plane was relatively higher than that
of the simplified model, as were the multiple shrinkage holes marked by circles in the
figure. Compared with the simulation results, the composites exhibit similar shrinkage
characteristics in the practical experiments in the same location (Figure 7), indicating the
accuracy of defect prediction.

(

Figure 6. The distribution of shrinkage porosity, (a) simplified composite model, (b) scanning

b)

..................

composite model.

@
]
2
®
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¢
(2]
®
@

Figure 7. Shrinkage porosity of SiC3p /Al composite using initial temperature parameters.

Von Mises stress, namely Mises equivalent stress, converts the stress state inside or
on the material’s surface into equivalent uniaxial stress and is widely used to describe the
strength and fatigue life of materials.

0= \/% [(01 — 03) + (02 — 03)* + (03 — 01)2} @
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where o is the Mises equivalent stress, 01, 07, 03 are the first, second, and third principal
stresses, respectively. Ceramic materials usually have high brittleness, low tensile strength,
and no obvious yield or plastic deformation during the tensile process. The maximum
principal stress value was usually utilized to analyze the fracture behavior of ceramics.

When the casting deformation is uneven or obstructed during the solidification process,
cracks could form in the shape distortion position. The thermal expansion coefficient (linear
expansion coefficient) of Al alloy is relatively high (22 x 107%/K~24 x 10~%/K). When
cooled from high temperatures, the external Al of composites exhibited significant volume
shrinkage and deformation, and the molten Al solidified in a sequence from top to bottom
and from outside to inside. When compared to the first solidified region on the top of the
product, the Al at the bottom region was more obstructed by surrounding solid components
and solidified Al, resulting in the uneven solidification shrinkage behavior and obvious
residual stress, which is marked in the red dotted circle in Figure 8c. Additionally, the
cracks could also result from the mold cavity structure. As shown in Figure 2, there was a
drastic shape change at the bottom of the product, which could form a stress concentration
region due to the notch effect, and was more prone to cracking. As shown in Figure 8c,d,
at a simulation time of 120 s, Region 2, the region near the interface between SiCsp /Al
composite and Al, exhibited the highest maximum principal stress of almost 500 MPa,
which was much higher than that in Region 1 (36.44 MPa) and Region 3 (57.55 MPa), and
the porous ceramic skeleton in this area was more prone to cracking. As shown in Figure 9,
the practical verification composite product showed obvious fracture defects at the same
position, indicating the accuracy of crack prediction.

Effective Stress (MPa)

- (a) (b)

4667
03
4000
3667
33
3000
2667
w3

region 1
cross region
die joint
region 3

region 2
Principle Stress 1 (MPa) (d)
I w67
ws
o
o
b
000
oo
=i
s
0

(c)

region 1

die joint
region 3

region 2

Figure 8. (a) Equivalent stress distribution in y-z section, (b) equivalent stress distribution in x—z
section, (c) maximum principle stress distribution in y—z section, (d) maximum principle stress
distribution in x—z section.

Composite Joint face

Al

Top 10mm

Figure 9. The crack in the bottom of the composite product.
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Figure 8a shows an x—z cross-section of the simplified model. From a micro perspective,
it could be observed that the equivalent stress of Al in the pore channels was higher than
that in the cross or corner regions. During the solidification process, as mentioned above,
the Al melt always transferred heat to the SiC skeleton, and the melt in pore channel regions
had more contact area with the SiC skeleton than in the cross or corner regions, showing
higher heat transmission efficiency and cooling rate. In addition, the melt in the pore
channel was more constrained by surrounding ceramics, while it had higher flexibility in
the cross region during the shrinkage process. Therefore, the melt in pore channels of the
porous structure usually has a higher stress value.

3.3. Orthogonal Test Analysis

Process parameters are the keys to squeeze-casting production and casting quality [30].
The verification experiment proves the reliability of casting simulation by ProCAST. An accu-
rate simulation can predict the thermophysical properties and potential defects of products
under the different given parameters, and the optimal parameters suitable for the process
could be found by comparing and analyzing. The initial preheating temperature was a critical
factor for reducing defects and improving mechanical properties of the products.

An orthogonal Lg (3)* test design was applied to optimize the initial temperature
parameters of the squeeze-casting process. The extrusion, infiltration, and solidification
were carried out almost simultaneously during the squeeze-casting. The melt near the
runner, plunger, and mold cavity surface could solidify earlier than the interior, obstructing
the plunger from further squeezing the final solidified position in the composite. Therefore,
the hot spot region could not obtain sufficient melt feeding, resulting in shrinkage poros-
ity defects, thereby reducing the strength, toughness, fatigue resistance, and processing
performance, meaning the products could be prone to fracture or plastic deformation
during subsequent processing or heat treatment. Adjusting the preheating temperature
of various components to control the solidification time difference in different casting’s
regions realized the so-called progressive solidification from top to bottom. It could im-
prove the feeding effect at the final solidification position, reducing or eliminating the
shrinkage porosity. Thus, the solidification time difference in the casting was proposed as
an orthogonal test indicator (Indicator I).

Stress concentration could lead to an increase in the stress values in localized areas
of products, promoting tendencies for cracking and fracturing, thereby affecting the sub-
sequent processing performance and reducing the service life of the composite. Mold
structure, mechanical loading, casting material properties, and temperature changes are
considered as the main factors causing stress concentration. On the basis of existing mold
structures and casting stress from the plunger, the initial temperature of various compo-
nents was a critical variable. The temperature-changing characteristics could make the
stress values in certain regions much higher than those in others, resulting in fatigue cracks
or static load fractures, seriously affecting the composite’s lifetime and performance. The
maximum equivalent stress was set as another orthogonal test indicator (Indicator II).

The Lg (3)* orthogonal test results in Table 2 indicate that test 1 and test 7 had a
minimum solidification time difference of 13 s and equivalent stress of 304 MPa, respectively.
Since optimum temperatures could not obtained directly, K and R values were employed to
evaluate the rationality of the selected temperature parameters. The K values in Figure 10
represented the average solidification time difference and maximum equivalent stress of
the casting at a specific temperature group. The R values listed in Table 3 was the range of
factors A, B, and C, representing pouring temperature, mold preheating temperature, and
SiC preheating temperature, respectively; the larger the R value, the greater the effect of
this factor on the corresponding indicators.

According to R values, the influence on the solidification time difference of indicator I
decreased in the order of B > C > A, mold preheating temperature with value of 5 was the
most significant determinant in the solidification time difference. The R value of factor C of
SiC preheating temperature was 3.125, playing the second critical role. The R value of factor



Metals 2024, 14,172

11 of 16

A was only 0.125, which was far lower than factors B and C. As seen from Figure 10a, to
reduce the solidification time difference, we could select the B1 (150 °C) or B2 (200 °C) and
C1 (600 °C) or C2 (650 °C) group. Although factor A was the least important one according
to the R value, the indicator I and II were relatively better at A2 (700 °C).

Table 2. Ly (3)* orthogonal test results.

Indicator I Indicator IT
Test
e Solidification Time Difference Maximum Equivalent Stress
1 13s 348 MPa
2 16s 338 MPa
3 22s 314 MPa
4 14s 334 MPa
5 19s 309 MPa
6 17s 338 MPa
7 19s 304 MPa
8 14s 345 MPa
9 18 s 335 MPa
22 =
(@) —a— pouring temperature

—e— mold preheating temperature
—a—SiC preheating temperature

19 -
N
16 |
15
Al A2 A3 B1 B2 B3 C

Factors

21
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@
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&
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Figure 10. K values influenced by temperature factors, (a) solidification time difference, (b) maximum
equivalent stress.

Table 3. R values for three factors.

Factor A Factor B Factor C
Indicator - . . .
Pouring Temperature Mold Preheating Temperature  SiC Preheating Temperature
I 0.125 5.000 3.125
I 6.607 31.000 2.400

As for the maximum equivalent stress of indicator II, the mold preheating temperature
was the primary factor due to the high R value of 31. The temperature difference between
the melt and mold decreased as the mold preheating temperature increased, improving
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the uniformity of the casting temperature and reducing the obstruction of alloy shrinkage
during the cooling process. Theoretically, B (250 °C) seemed the best choice, however,
regarding the conclusion of indicator I, a higher solidification time difference in the casting
and higher mold preheating temperature tended to cause worse shrinkage porosity. Thus,
B2 (200 °C) was considered to be better. When compared to the mold preheating tempera-
ture, the R value of pouring temperature and SiC preheating temperature were much lower,
which were 6.607 and 2.4, respectively. In Figure 10b, we could achieve a lower maximum
equivalent stress by using A2 (700 °C) and C1 (600 °C).

Based on the results of indicator I and indicator II, the optimum temperature param-
eters in orthogonal tests were A2, B2, and C1 of Test 4, shown in Table 1. In Figure 11,
10 nodes were selected from bottom to top at the interface between composite and Al on
the x—z section (symmetry plane) to study the distribution characteristics of the maximum
principal stress. As shown in the red bar charts in Figure 12, which represent the ‘initial
simulation parameters’, the maximum principal stress (146.2 MPa) appeared at the bottom
of the product (Node 1) and gradually decreased from bottom to the top. The obvious stress
concentration at this location could cause product cracking, which was verified by the
practical squeeze-casting experiments in Figure 9. The green bar charts show the maximum
principal stress using ‘improved simulation parameters’ in Test 4. When compared to the
initial simulation results, the value in Node 1 has decreased by about 41.9%. The overall
maximum principal stress values distribution from Node 1 to Node 10 were relatively
uniform without significant stress concentration.

Principle Stress 1 (MPa)
700.0
654.7
Tliq 613.7
I—ms.ﬂ'q

564.0
Tsol 554.4
518.7

473.3 Node 10
428.0 Node 9
382.7 Node 8
3373 J Node 7
292.0 + Node 6
2467 | . Node5
201.3 | Node4
156.0 . Node 3
110.7 . Node 2

65.3 ' Node 1
20.0

Figure 11. The selected nodes on the x—z section.

I nitial simulation parameters
- Improved simulation parameters

Maxium Principle Stress (MPa)

1 2 3 4 5 6 7 8 9 10
Node

Figure 12. The maximum principal stress of selected nodes of initial simulation parameters and
improved simulation parameters.



Metals 2024, 14,172

13 of 16

As shown in Figure 13, as analyzed by the simulation results above, no cracks were
found at the bottom of the SiCzp /Al composites produced by the practical squeeze-casting
experiment using optimized processing parameters of orthogonal tests. When compared
with the products fabricated by the initial processing parameters, it suggested that the
stress concentration and maximum principal stress at this location have been optimized,
which could lead to better mechanical and fatigue resistance performance in various
application fields.

Figure 13. The bottom of the composite product.

As shown in Figure 14, after simulation parameters optimization, the total shrinkage
porosity was decreased by about 11.6%, while the shrinkage volume inside the composite
highlighted in yellow was decreased by about 61.6%. When subjected to force, the shrinkage
region could form stress concentration, and is more prone to crack initiation. By optimizing
simulation parameters, although the volume fraction of total shrinkage porosity changed
little, the internal shrinkage defects of the composite had been effectively improved, thereby
enhancing the strength and durability of SiCzp /Al composites, extending the service life,
and improving the usage safety.

Figure 14. The distribution of shrinkage porosity using (a) initial simulation parameters, (b) improved
simulation parameters.
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As shown in Figure 15, the numerical simulation predicted the shrinkage porosity
location on the composite/Al interface accurately. Compared to the shrinkage character-
istics at the same position shown in Figure 7, the product using optimized processing
parameters had fewer shrinkage holes, but rather exhibited small and dispersed shrinkage
characteristics, which is beneficial for the strength, toughness, and fatigue resistance of
the composites.

AT W e |

J rinkae
Porosity

W

10 mm
—

Figure 15. Shrinkage porosity of SiC3p /Al composite.

4. Conclusions

The numerical simulation of squeeze-casting SiCzp /Al composite was carried out
using ProCAST software (ver. 2018.0). The initial temperature parameters of various
components were optimized to eliminate casting defects and enhance the quality of the
materials. The conclusions are as follows.

(1) (1) During the filling process, after the Al melt filled the entire moving mold cavity
with a velocity of 1030 mm /s, the porous SiC skeleton in the fixed mold was infiltrated
from top to bottom with a constant casting pressure of 126 MPa, producing desired
S5iCsp/ Al composite. The filling time was almost the same in both scanning and
simplified models.

(2) During the solidification process, the shrinkage porosity emerged at the center of com-
posites, which was the final solidification position. The highest stress concentration
of 450 MPa was located near the runner at the bottom of the composites, coinciding
with the crack defect in the SiC3p /Al composite produced in the practical squeeze
cast experiment.

(3) The orthogonal test showed that the mold preheating temperature was the most
crucial determinant of the solidification time difference and maximum equivalent
stress. Under a pouring temperature of 700 °C, mold preheating temperature of
200 °C, and SiC skeleton preheating temperature of 600 °C, the maximum principal
stress at the bottom of the products was decreased by about 41.9%, and the shrinkage
volume inside the composite was decreased about by about 61.6%. By adjusting the
initial preheating temperature of various components, the squeeze-casting SiCsp /Al
composites could achieve better performance and fewer internal defects, which have
been proven through practical experiments.
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