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Abstract: SiCp/6061Al composites with volume fractions of 5%, 10%, and 15% were prepared by
the vacuum hot pressing sintering. Their microstructure and fracture morphology were observed
and analyzed with an optical microscope and a scanning electron microscope. The elastic–plastic
behavior of the 6061Al matrix in the composites was studied by using the load–displacement curve
obtained by the nanoindentation test, and the plastic constitutive equation was established. The
representative volume element (RVE) model was established based on the geometric characteristics of
the SiC particles identified by using image processing technology from the metallographic structure.
The deformation and fracture process of the SiCp/6061Al composites under the uniaxial tensile load
was simulated microscopically, and the microscopic deformation and fracture characteristics and
mechanical properties of SiCp/6061Al composites under different interface strengths and different
SiCp volume fractions were revealed.

Keywords: metal matrix composites (MMCs); mechanical properties; finite element analysis (FEA);
microstructural analysis

1. Introduction

Compared with traditional metal materials, particle-reinforced metal matrix com-
posites (PRAMCs) have more prominent advantages in specific strength, specific stiff-
ness, hardness, high temperature strength, and fatigue strength [1–4]. In addition, the
performance of metal matrix composites can be adjusted according to the performance
requirements of products, which is impossible for traditional metal materials [5–7]. At
present, low-volume-fraction SiCp/6061Al composites have gradually replaced traditional
materials and are widely used in the aerospace, automotive, and satellite communications
industries [8–10]. It is of great theoretical significance and engineering value to study the
fracture failure behavior of SiCp/6061Al composites with a low volume fraction.

The strength, stiffness, strengthening mechanism, deformation, and fracture behavior
of particle-reinforced metal matrix composites are of great significance to meet the harsh
service requirements. The finite element method (FEM) based on the RVE model has become
a powerful and effective tool to study the deformation and fracture behavior of PRAMCs
and to reveal the deformation mechanism and microscopic fracture characteristics [11].
Most research on PRAMCs by finite element simulations has used a simple structural
model, in which the particles in the model are treated as spheres, ellipsoids, or regular
polyhedrons [12–14]. However, in practice, the geometry of most PRAMC reinforcement
particles is complex, mainly presenting as irregular polyhedrons. Chawla et al. [15] pointed
out that the simplified particle shape cannot present the angular characteristics of the
particles. They proposed a method for establishing a finite element model based on the 2D
microstructure observed by a scanning electron microscope (SEM). In this paper, the real
microstructure of SiCp/6061Al composites is integrated into the RVE model, which can
further improve the prediction accuracy of the model.
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At present, the constitutive model of the matrix material in the RVE model is mostly
obtained directly from the PRAMC matrix raw material [16–20], ignoring the influence of
the addition of particles on the microstructure and mechanical properties of the matrix
(such as the increase in the dislocation density, the decrease in the grain size, etc.), resulting
in the deviation of the prediction results of the RVE model. In order to characterize
the mechanical properties of the PRAMC matrix more accurately, the nanoindentation
technology was introduced to characterize the mechanical properties of the PRAMC matrix.
The indenter of the nanoindentation instrument is in the order of nanometers. When
the load is applied to the matrix region of the particle-reinforced composite sample, the
influence of the reinforcing particles can be eliminated, so as to accurately characterize the
elastoplastic mechanical behavior of the matrix material. Ma et al. [21] tested the mechanical
properties of Ti-Al3Ti core-shell particle-reinforced A356 composites Ti-Al2Ti/A356 by the
nanoindentation technique and carried out an FEM simulation based on the microstructure.
Tran et al. used the nanoindentation technique to determine the elastic–plastic properties of
the matrix and demonstrated the effect of the particles on the nanoindentation response [22].
Dao et al. [23]. proposed forward and reverse analysis algorithms for nanoindentation
technology and obtained the elastoplastic constitutive model of the tested material. In this
paper, the elastoplastic properties of the matrix region of SiCp/6061Al composites were
characterized by the method proposed by Dao.

In this paper, the elastic–plastic mechanical properties of SiCp/6061Al composites
prepared by powder metallurgy were evaluated by nanoindentation experiments. Based on
this, combined with the actual microstructure obtained by microstructure observation (SEM
and OM), the finite element model was established to analyze the deformation and fracture
process of the SiCp/6061Al composites. The effects of the SiCp volume fractions (5%, 10%,
and 15%) and the reinforcement–matrix interfaces’ strength on the tensile deformation
and fracture behavior of SiCp/6061Al composites prepared by powder metallurgy process
are discussed.

2. Materials and Methods

SiCp/6061Al composites with SiCp volume fractions of 5%, 10%, and 15% were
prepared by the vacuum hot pressing sintering method using micron-sized 6061Al powder
and SiC particles as the raw materials. The chemical composition of the matrix 6061Al
alloy was (wt%) Mg 0.8–1.2, Si 0.4–0.8, Cu 0.15–0.4, Fe 0.7, and Al. The 6061Al powder
was microscopically spherical, the average particle size was 30 µm, the yield strength was
199 MPa, and the elastic modulus was 69 GPa. The particle size of the SiC ceramic particles
(SiCp) was about 14 µm. For uniform mixing of the powders, the mechanical milling
process was employed by a high-energy ball mill (QM-3SP2, Nanjing Chishun Technology
Development Co., Ltd., Nanjing, China). Powder mixtures with different reinforcement
contents (5, 10, and 15 vol%) were milled at 300 rpm for 2 h. For all experiments, a stainless
steel ball with a diameter of 10 mm was used as the ball-milling medium, and the ball-
to-powder weight ratio of 10:1 was utilized. Argon gas (99.99% pure, Wuhan Newred
Trading Co., Ltd., Wuhan, China) was used as the milling atmosphere. The hot pressing
sintering process had a sintering temperature of 490 ◦C, a sintering pressure of 25 MPa,
and a holding time of 1 h. The vacuum degree in the furnace was 10−1 Pa. The green body
obtained by hot pressing sintering was a small cylinder with a diameter of 30 mm and a
height of about 10 mm.

The microstructure and fracture morphology of the samples were observed by an
OLYMPUS GX-51 optical microscope (Olympus Corporation, Tokyo, Japan) and a Merlin
Compact scanning electron microscope (Carl Zeiss NTS GmbH, Oberkochen, Germany).
The quasi-static tensile test was carried out on the CMT5105 electronic universal testing
machine (New Sansi (Shanghai) Enterprise Development Co., Ltd., Shanghai, China). The
tensile specimen was cut from the center of the billet, with a cross section of 1.4 mm × 1 mm
and a gauge length of 2.5 mm. The center of the billet was used to make the samples. The
specimen surface was wet ground and polished with diamond sandpaper. The etchant
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was Kaller reagent (composition: 1% HF + 1.5% HCl + 2.5% HNO3 + 95% water). The
indentation depth–load curve of the SiCp/6061Al composite matrix was obtained by a TP-
Premier nanoindentation system with a Berkovich diamond indenter (Bruker Corporation,
Billerica, MA, USA). The maximum indentation depth of the nanoindentation test was 2 µm,
and the loading/unloading rate was 0.02 µm/s. A metallographic specimen can also be
used in a nanoindentation test. However, in order to avoid the influence of the oxide layer
on the surface of the aluminum alloy in a nanoindentation test, the metallographic specimen
should be immediately put into a volume fraction of 10% NaOH solution to prevent
the formation of the oxide layer after grinding and polishing, and the nanoindentation
experiment should be carried out as soon as possible. Each test was repeated 4 times to
avoid the contingency of the test data.

The finite element software used in this work is Abaqus2012 (Dassault Systèmes,
Aachen, Germany).

3. The Plastic Constitutive Equation of 6061Al
3.1. Constitutive Model of 6061Al Matrix

Particle reinforced SiCp/6061Al composites are not homogeneous materials from a
microscopic point of view. Due to the introduction of the particle-reinforced phase, the
microstructure and mechanical properties of the 6061Al matrix material change greatly. The
strengthening mechanism mainly includes fine grain strengthening, dislocation strengthen-
ing, and dispersion strengthening. Therefore, it is of great significance to study the defor-
mation and fracture process of the SiC/6061Al composites by the finite element method.

Dao et al. [23] proposed a reverse analysis algorithm for obtaining the elasticity and
plasticity from the load–displacement curve obtained from the nanoindentation experi-
ments. The inverse analysis algorithm assumes that the plastic behavior of the metal can be
described by Equation (1):

σ = σy

(
1 +

E
σy

εp

)n
, (1)

where σy is the yield stress, εp is the plastic strain, and n is the strain hardening exponent.
E is the Young’s modulus.

The load–depth (P-h) response of elastoplastic materials to sharp indentations follows
Kick’s law:

Pave =
Pm

Am
, (2)

where Am is the indentation projection area corresponding to the maximum load, and Pm is
the maximum pressure applied by the indenter.

The hardness is defined as the average contact pressure:

P = Ch2 (3)

where C is the loading curvature, that is, the slope of the depth load curve in the loading
stage in Figure 1a. h is the indentation depth, and P is the pressure.

The characteristic Young’s modulus E∗ used in the calculation of the mechanical
properties of the tested sample is defined as:

E∗ =

[
1− v2

E
+

1− v2
i

Ei

]−1

, (4)

where Ei is the Young’s modulus of the indenter, and vi is the Poisson’s ratio of the indenter.
For the diamond indenter, Ei = 1000 GPa, and vi = 0.07 [23]. E and v are the Young’s
modulus and Poisson’s ratio of the measured material, respectively.
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depth to maximum indentation depth), Pave (hardness), hm (Maximum depth of indenta-
tion), and other parameters were obtained from the loading–displacement curves of dif-
ferent indentation points of the SiCp/6061Al composite matrix with a volume fraction of 
10%, and the average value was obtained. The final values of each parameter are shown 
in Table 1. 

Table 1. Parameters obtained from the nanoindentation curve. 
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Figure 1. (a) Nanoindentation loading displacement curve of the SiCp/6061Al composite matrix;
(b) the stress–strain curve of the SiCp/6061Al matrix obtained by the inverse analysis algorithm.

Figure 1a shows the loading versus displacement curves of the matrix 6061 aluminium
alloy with volume fractions of 5%, 10%, and 15%, and they were basically coincident with
each other (the difference of the feature points was within 0.02 µm). In order to reduce the
difficulty of calculation, the loading versus displacement curve with a volume fraction of
10% was used to establish the plasticity constitutive model of the matrix 6061 aluminium
alloy. At the same time, in order to further improve the accuracy of the measurement
results, the values of C (loading curvature), hr/hm (ratio of residual indentation depth
to maximum indentation depth), Pave (hardness), hm (Maximum depth of indentation),
and other parameters were obtained from the loading–displacement curves of different
indentation points of the SiCp/6061Al composite matrix with a volume fraction of 10%,
and the average value was obtained. The final values of each parameter are shown in
Table 1.

Table 1. Parameters obtained from the nanoindentation curve.

Phase C (GPa) hr/hm Pave (GPa) hm (µm)

10% SiCp/6061 matrix 16.03 0.939 1.02 0.19

The dimensionless function (π function) in this paper is listed in Equations (5)–(8):

C = σ0.033Π1

(
E∗

σ0.033

)
, (5)

1 dp
E∗hmdhhm

= Π2

(
E∗

σ0.033
, n
)

, (6)

Pave

E∗
= Π4

(
hr

hm

)
, (7)

Π6 =
1 dp

E∗
√

Amdhhm

= C∗, (8)

σ0.033 = σy

(
1 +

E
σy

0.033
)n

. (9)

The detailed expression of each π function is given in the appendix of Dao [23]. For
the Berkovich indenter, C∗ is 1.2370 [21].
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According to the parameters in Table 1, the parameters in Table 2 were solved by
Equations (5)–(9). E∗ and Am were calculated by Equations (7) and (8), respectively. σ0.033
and n were solved by Equations (5) and (7), respectively. After obtaining E∗, the Young’s
modulus E of the composite matrix was solved by Equation (4). Then, σy was calculated,
according to Equation (9).

Table 2. Parameters solved by the reverse solution algorithm.

Phase E* (GPa) σ0.033 (MPa) E (GPa) n σy (MPa)

10% SiCp/6061 matrix 72.18 290 69.3 0.097 230

Table 2 shows the parameters solved by the inverse analysis algorithm. The plastic
constitutive equation of the SiCp/6061Al composite matrix was obtained according to the
parameters, as shown in Figure 1b. Therefore, σ = 230 ∗

(
1 + 301.3 ∗ εp

)0.097.
In the subsequent simulation, the plasticity constitutive model obtained above was

input as the material properties of the matrix 6061 aluminium alloy. Compared with the
mechanical properties of the 6061Al aluminum powder, the yield strength of the SiCp/6061
matrix with 10% SiCp volume fraction increased by about 31 MPa. Other material properties
of the 6061 matrix included the density (2.7 g/cm3) and Poisson’s ratio (0.33) [24].

3.2. Finite Element Experimental Verification

The axisymmetric finite element model was further used to simulate the nanoindenta-
tion process to verify the accuracy of the plastic constitutive equation obtained.

The finite element mesh of the nanoindentation is shown in Figure 2a. Local mesh
refinement was performed near the indenter to improve the calculation accuracy. The
minimum mesh size of the model was 0.1 µm, which consisted of about 12,000 CPE4R units.
The sample size was 20 × 15 µm, and the symmetry boundary condition was adopted
on the axis of the indenter. The bottom edge was constrained by displacement, and the
other edges were free. In order to create the axisymmetric model, the standard triangular
pyramid Berkovich diamond indenter tip was equivalent to a conical shape with a cone
angle of 115◦ (the equivalent criterion was that the projection area of the indenter at the
same indentation depth was the same). The indenter only retained the downward degree
of freedom. The loading process of the indenter was divided into two processes: loading
and unloading (the maximum indentation depth of the nanoindentation test was 0.2 µm,
and the loading/unloading rate was 0.001 µm/s), and its amplitude changed with time as
shown in Figure 2b.

The material properties of the 6061Al obtained by the nanoindentation experiment
were used as the sample material properties of the model. The material properties of
the diamond indenter only considered the elastic modulus and Poisson’s ratio (1000 GPa,
0.07 [23]), which was approximated as a rigid body. The indentation load–depth curve
was directly obtained by outputting the rigid body reaction force (RF) and the rigid body
control point displacement (U).

The comparison between the nanoindentation load–depth curve of the SiCp/6061Al
composite matrix and that obtained by the finite element calculation is shown in Figure 2c.
The good consistency with each other further proves the accuracy of the constitutive
model of the SiCp/6061Al matrix obtained by Dao’s inverse analysis algorithm. Figure 2d
shows the distribution of the equivalent stress (S) and equivalent plastic strain (PE) of the
SiCp/6061Al matrix near the tip of the conical indenter. When the indenter was removed,
the indentation depth in the tip region of the indenter was 0.18 µm, which was in good
agreement with the experiment.
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indentation response of the SiCp/6061Al matrix; (d) equivalent stress nephogram (S) and equivalent
plastic strain (PE) nephogram of the SiCp/6061Al matrix near the tip of the conical indenter.

4. RVE Finite Element Model Based on the Microstructure
4.1. RVE Geometric Model and Boundary Conditions

The fracture process of the SiCp/6061Al composites under the tensile load was simu-
lated by the finite element method. A real and reasonable particle geometry model is an
important part to improve the accuracy of the calculation results. In this work, the image
processing technology was used to identify the shape of the reinforced phase SiCp particles,
and it was further introduced into the finite element model. The interface between the SiCp
reinforcement and the matrix was modeled as a zero-thickness interface.

The metallographic image of the SiCp/6061Al with a magnification of 100 times was
selected as the reference prototype. The geometric features of SiCp/6061Al composites
were obtained by using the image recognition tool in the image toolbox of the COMSOL
Multiphysics®5.0 (COMSOL, Stockholm, Sweden). The modeling process is shown in
Figure 3a. Some research results have shown that when the size of the RVE exceeds 200 µm,
the simulation results begin to converge [21]. Considering the computational cost, the size
L0 of the RVE model in this simulation was 300 µm.

The RVE model was set to the symmetric boundary condition (SBC). Figure 3b shows
the model constraints with the symmetric boundary conditions. The right boundary node
of the symmetrical boundary model limited the displacement freedom in the X direction.
The left boundary set the displacement difference of the left boundary node in the X
direction to be zero with a constraint equation. The lower boundary node only retained
the displacement freedom in the X direction. In order to facilitate the postprocessing of the
upper boundary of the model, the upper boundary was coupled in the form of RP points,
and the displacement load was applied to the RP points with an amplitude of 60 µm. The
mesh seed size of the RVE model was 0.8 µm, and the two-dimensional finite element
model consisted of about 100,000 CPE4R elements and 2000 COH2D4 elements.
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4.2. 6061Al Matrix Material Model

The Johnson–Cook damage model [25] is widely used to simulate the damage behavior
of metal materials. It is usually defined by the linear cumulative damage ductile fracture
process of metal materials:

D = ∑
∆εp

ε f , (10)

where ∆εp is the equivalent plastic strain increment, and D is the damage degree (0 ≤ D
≤ 1). When D = 1, the material completely fails. ε f is the failure strain in the process of
material deformation, and its expression is:

ε f = [D1 + D2exp(D3σ∗)]
(
1 + D4ln

.
ε0
)
(1 + D5T∗). (11)

In the formula, D1 to D5 are the material-related fracture constants (the respective
values are: −0.77, 1.45, −0.47, 0, and 1.6) [24].

4.3. SiC Reinforcement Material Model

SiC particles are brittle materials. Compared with the 6061Al, their elastic modulus
and fracture strength are extremely high, and the strain is small during the deformation
of the SiCp/6061Al composites. The fracture morphology of Figure 4d did not find the
fractured SiC particles to prove this. Therefore, the SiC can be set as an ideal elastic material
when simulating the deformation and fracture of SiCp/6061Al composites. The Young’s
modulus was 427 GPa, and the Poisson’s ratio was 0.17 [26].

4.4. Tensile-Cracking Constitutive Model of the Interface

The interfacial debonding between the SiCp and 6061Al is the main failure mode of
SiCp/6061Al composites. The cohesive zone model proposed by Dugdale (1962) et al. [27].
to describe the debonding and separation behavior of the material interface is widely used
to analyze the failure process of known crack propagation paths at the interface of the
dissimilar materials and the bonding joints.
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The cohesive zone model defines the stress on the crack surface as a function of the
crack tip displacement [28], as shown in Equation (12):

Tn =


σmax
δ0

n
δ (δ 5 δ0

n)

σmax
δ

f
n−δ

δ
f
n−δ0

n
(δ > δ0

n)
, (12)

where σmax, δ0
n(s,t), and δ

f
n(s,t) represent the maximum traction force, ultimate traction force,

and failure traction force in the normal and two shear directions, respectively.
The energy released by the crack propagation is called the fracture energy ϕ. The

critical fracture energy ϕc is the fracture energy exhausted when the bonding interface
has completely failed, which is numerically equal to the area enclosed by the traction
displacement curve and the X-axis during the traction force drop stage.

The interface strength and fracture energy are very important parameters in the finite
element simulation of deformation and fracture for composites; however, it is very difficult
to measure. Verification of the experiential values of the interface strength and fracture
energy by the finite element simulation is an effective method to determine them in the
SiCp/6061Al composites.

In this work, three interfaces with different properties of strong, medium, and weak
bonding were set up with reference to the existing literature [29–33]. The interface strength
and fracture energy were set, as shown in Table 3:
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Table 3. Parameter settings of the different SiCp-6061Al interfaces.

Interface Normal Strength (MPa) Tangential Strength (MPa) Critical Fracture Energy (J/m2)

Weak 300 300 60
Medium 400 400 80
Strong 500 500 100

5. Results and Discussion
5.1. Microstructure Analysis of the SiCp/6061Al Composites

The typical microstructures of the SiCp/6061Al composites with SiC volume fractions
of 5%, 10%, and 15% are shown in Figure 4a–c. The distribution of the SiCp was relatively
uniform, and there was no large-scale agglomeration. The contact between individual
particles occurred only for the SiCp volume fractions of 10% and 15%. It is worth noting
that in addition to the distribution of more broken SiC particles, there were also many
micropores on the grain boundaries of the SiCp/6061Al composites with different SiCp
contents, and their diameters were mostly about 0.5 µm. This was because during the
forming stage of the SiCp/6061Al composites, the gas could not be discharged between the
solid aluminum powder particles, and finally the pores uniformly distributed in the grain
boundaries were formed. The porosity of the SiCp/6061Al composites was measured by
an ED-300C professional digital density meter (Shanghai Qunlong Electronic Technology
Co., Ltd., Shanghai, China), and they were 0.84%, 1.18%, and 2.00% with the SiCp volume
fractions of 5%, 10% and 15%, respectively. The size of the SiCp particles and the grain size
of the 6061Al matrix were collected and analyzed by Image-pro plus 6.0 analysis software
(Media Cybernetics Image Technology Company, Rockville, MD, USA). The particle size
of the SiCp was mainly concentrated in the vicinity of 2 µm and 12 µm (particle size is
equivalent diameter). The grain size of the 6061Al matrix with different SiCp volume
fractions was about 30 µm (calculated by the linear intercept method), which is similar to
the particle size of the 6061Al powder.

Figure 4d shows the tensile fracture morphology of the composite. As far as the matrix
is concerned, there were a large number of dimples in the SiCp-free region of the 6061Al
matrix, which belonged to the typical ductile fracture characteristics. As far as the SiCp
is concerned, the surface of the bare SiCp was very clean, and there was no impurity and
aluminum matrix, which indicates that the bonding strength between the matrix and SiCp
was lower than that of the 6061Al and SiCp. The interface failure between the SiCp and
6061Al was the main failure mode of the SiCp/6061Al composites. On the other hand, the
SiCp on the fracture surface was basically intact, and no cracks parallel to the tensile axis
appeared. This was consistent with the experimental results of Lloyd [34] and others. In
summary, the main failure modes of the SiCp/6061Al composites can be divided into two
types: the interfacial tearing between the SiCp and the matrix and the ductile fracture of
the matrix.

5.2. Effect of the Interfacial Strength on the Stress–Strain Law of the Composites

In order to obtain the influence of the reinforcement–matrix interface properties on the
mechanical properties of the SiCp/6061Al composites, the real particle geometry model
with a volume fraction of 10% was used, as shown in Figure 5a. The uniaxial tensile
nominal stress–strain curves of the SiCp and 6061Al composites are shown in Figure 5b.
It can be seen that the mechanical properties of the strong interface model were better
than the test results. Increasing the interface strength helped to improve the mechanical
properties of the SiCp/6061Al composites.



Metals 2023, 13, 1016 10 of 17

Metals 2023, 13, x FOR PEER REVIEW 10 of 17 
 

 

the test results. Increasing the interface strength helped to improve the mechanical prop-
erties of the SiCp/6061Al composites. 

 
Figure 5. (a) Quasi-real RVE model; (b) nominal stress–strain curves of the RVE models with differ-
ent interface strengths. 

Figure 6a shows the Mises stress (S, Mises) and plastic strain (PE, Max) cloud map 
with the medium interface strength under the tensile load at each stage. The black part in 
the cloud map is the cavity left after the element failure was deleted. For the SiCp-rein-
forced metal matrix composites, the elastic modulus of the hard particles in the matrix 
and the reinforcement was different, which led to the strain of the hard particles being 
much smaller than that of the matrix [4]. Therefore, in the plastic strain cloud map, the 
particles showed a white state without plastic strain. 

The deformation of the model was divided into three stages: a uniform deformation 
stage, an interface failure stage, and a matrix damage stage [35]. The nominal stress–strain 
curves of each stage are shown in Figure 6c. Figure 6b is the crack formation process 
around the failure particles of the medium strength interface model at moments 1, 2, and 
3. In the first stage, the model deformed uniformly during the stretching process. At this 
stage, the stress–strain curve was relatively smooth, and the Mises stress and plastic strain 
distribution of the matrix part in the model were more uniform. In the second stage, the 
interface between the SiCp reinforcement and the 6061Al matrix began to be damaged. 
The interface failure led to a decrease in the bearing capacity of the SiCp particles. The 
6061Al matrix near the failure interface also bore most of the load, resulting in a significant 
increase in the plastic strain. The stress–strain curve began to show obvious jitter. When 
the uncoordinated deformation of some of the matrix exceeded the deformation ability of 
the matrix material, the matrix began to be damaged. At this time, in the third stage, the 
6061Al matrix was first damaged near the failure interface, and the damage increased and 
further developed into a crack. This process continued until the model failed completely, 
as shown in Figure 6a. During the whole deformation process of the model, the 6061Al 
matrix near the SiCp particles experienced three stages: elastic deformation, plastic defor-
mation, and failure fracture, as shown in moments 1, 2, and 3 of Figure 6b, and this was 
also verified by the fracture morphology shown in Figure 4d. 
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Figure 6a shows the Mises stress (S, Mises) and plastic strain (PE, Max) cloud map with
the medium interface strength under the tensile load at each stage. The black part in the
cloud map is the cavity left after the element failure was deleted. For the SiCp-reinforced
metal matrix composites, the elastic modulus of the hard particles in the matrix and the
reinforcement was different, which led to the strain of the hard particles being much smaller
than that of the matrix [4]. Therefore, in the plastic strain cloud map, the particles showed
a white state without plastic strain.

The deformation of the model was divided into three stages: a uniform deformation
stage, an interface failure stage, and a matrix damage stage [35]. The nominal stress–strain
curves of each stage are shown in Figure 6c. Figure 6b is the crack formation process
around the failure particles of the medium strength interface model at moments 1, 2, and
3. In the first stage, the model deformed uniformly during the stretching process. At this
stage, the stress–strain curve was relatively smooth, and the Mises stress and plastic strain
distribution of the matrix part in the model were more uniform. In the second stage, the
interface between the SiCp reinforcement and the 6061Al matrix began to be damaged.
The interface failure led to a decrease in the bearing capacity of the SiCp particles. The
6061Al matrix near the failure interface also bore most of the load, resulting in a significant
increase in the plastic strain. The stress–strain curve began to show obvious jitter. When the
uncoordinated deformation of some of the matrix exceeded the deformation ability of the
matrix material, the matrix began to be damaged. At this time, in the third stage, the 6061Al
matrix was first damaged near the failure interface, and the damage increased and further
developed into a crack. This process continued until the model failed completely, as shown
in Figure 6a. During the whole deformation process of the model, the 6061Al matrix near
the SiCp particles experienced three stages: elastic deformation, plastic deformation, and
failure fracture, as shown in moments 1, 2, and 3 of Figure 6b, and this was also verified by
the fracture morphology shown in Figure 4d.

As the interface strength increased, the occurrence of the interface failure was delayed
during the tensile deformation process, and the corresponding fracture strain also increased.
The strain values at the beginning of the three stages under different interface strengths
are shown in Table 4. In the strong interface strength RVE model, the interface fracture
phenomenon appeared less than the other two boundary condition models, as shown
in Figure 7. The fracture strain (14%) of the strong interface strength RVE model was
much larger than the test result (7.2%). The fracture strain (5.8%) of the weak interface
strength RVE model was 1.4% lower than that of the test result (7.2%). This is because the
early failure of the interface led to the early occurrence of the crack source, which reduced
the deformation ability of the SiCp/6061Al. The fracture strain (7.5%) of the medium
interface strength RVE model was in good agreement with the experimental results, and
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the difference was only 0.3%. Therefore, the subsequent interface strength modeling used
the medium interface strength.
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Table 4. Model strain value and fracture strain value at the beginning of the strong, medium, and
weak interface failure stages and matrix damage stages.

Interface Interface Failure Stage
(Initial Strain Value/%)

Matrix Damage Stage
(Initial Strain Value/%) Breaking Strain (%)

Weak 1.9% 3.9% 6.8%
Medium 2.1% 4.8% 7.5%
Strong 2.5% 8.9% 14%
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The interface formed through the mechanical bonding, wettability, and chemical re-
action between the reinforcement and the matrix in the composite was a bridge for the
stress transfer, which played an important role in the mechanical properties of the com-
posite. The interfacial strength depends on the chemical composition, microstructure, and
preparation process of the matrix and the reinforcing phase. The previous analysis shows
that improving the interfacial strength of the composite material significantly improved
the overall mechanical properties of the SiCp/6061Al composite material.

5.3. Effect of the Particle Volume Fraction on the Tensile Properties of the Composites

Figure 8a shows the equivalent stress cloud map of the SiCp/6061Al composites with
a SiCp volume fraction of 5%, 10%, and 15% at a nominal strain of 0.2%. Figure 8b shows
the average equivalent stress of the SiCp/6061Al composites with different SiCp volume
fractions. It was found that the average equivalent stress of the 6061Al matrix was lower
than that of the SiC-reinforced phase, and the bearing effect of the SiC-reinforced phase
was more obvious. In this state, the average equivalent stress of the 6061Al matrix with
different SiCp volume fractions was higher than the yield stress (220 MPa) obtained by the
nanoindentation experiment and increased with the increase in the SiC volume fraction.

Figure 9 is the equivalent plastic strain cloud diagram and logarithmic strain cloud
diagram of the RVE model of the SiCp/6061Al composites with different volume fractions
at the nominal strain of 0.2%. It can be seen that the equivalent plastic strain was mostly
concentrated in the matrix near the particle boundary. This is because the particles bear a
load much higher than the matrix, resulting in an increase in the deformation of the matrix
near the matrix–particle interface [4]. Combined with the logarithmic strain cloud diagram,
it can be found that the strain of the 6061Al matrix part in the RVE model was higher than
that of the SiC reinforcement part.
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Figure 10a–c show the 5%, 10%, and 15% volume fractions of the SiCp/6061Al com-
posite RVE model, respectively. Figure 10d is the nominal stress–strain curve of the corre-
sponding volume fraction. Figure 10e–g are the plastic strain cloud map of the SiCp/6061Al
composites with volume fractions of 5%, 10%, and 15% after RVE model fracture, respec-
tively. It can be seen that the yield strength of the SiCp/6061Al composites increased, and
the fracture strain decreased, with the increase in the SiCp volume fraction. The simula-
tion results of the nominal stress–strain curves of SiCp/6061Al composites with volume
fractions of 5%, 10%, and 15% were in good agreement with the experimental results in
the nearly whole tensile stage. The tensile strength of the SiCp/6061Al composites with
different volume fractions was not significantly different from the yield strength. This
is due to the failure mode of the RVE model. The mesh unit in the fractured region was
directly deleted, resulting in a sharp increase in the force amplitude, and the adjacent unit
continued to fail rapidly, resulting in the rapid propagation of cracks. This phenomenon
has been observed many times in related studies [36]. Although the tensile strength of the
material cannot be obtained according to the simulation results, the yield strength results
obtained by simulation are still valuable in engineering applications.
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6. Summary

In this paper, SiCp/6061Al composites with volume fractions of 5%, 10%, and 15%
were prepared by vacuum hot pressing sintering. The microstructure and fracture mor-
phology were observed and analyzed. The elastic–plastic behavior of the 6061Al matrix in
composites was studied by using the load–displacement curve measured by the nanoin-
dentation mechanical test, and the plastic constitutive equation was established. The image
processing technology was used to identify the geometric characteristics of the SiCp from
the metallographic structure, and the RVE finite element model was established to simulate
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the deformation and fracture process of the SiC/6061Al composites under uniaxial tension.
The effects of the interface strength and SiCp volume fraction on the microscopic defor-
mation and fracture characteristics of SiC/6061Al composites were revealed. The main
conclusions are as follows:

(1) The results of the nanoindentation test show that the yield strength of the 6061Al
matrix with a 10% volume fraction of SiCp increased about 31 MPa. Based on Dao’s
inverse analysis algorithm, the plastic constitutive equation of 6061Al matrix was
established as follows:

σ = 230 ∗
(
1 + 301.3 ∗ εp

)0.097.

(2) The deformation and fracture mechanism of the SiCp/6061Al composites under
tensile load was revealed. The first stage was uniform deformation. The Mises stress
and plastic strain distribution of the matrix part in the model were relatively uniform.
In the second stage, damage failure began to appear in the interface between the
SiCp-reinforced phase and the 6061Al matrix. In the third stage, the 6061Al matrix
bore most of the load near the failure interface, resulting in a significant increase in
the plastic strain value, the first damage occurred, and the damage increased further
and developed into a crack.

(3) With the increase in the interface strength, the occurrence of the interface failure was
delayed during the tensile deformation, and the corresponding fracture strain also
increased. The overall mechanical properties of the SiCp/6061Al composites were
significantly improved by increasing the interfacial strength of the composites.

(4) The yield strength of the SiCp/6061Al composites increased with the increase in the
SiCp volume fraction, and the fracture strain rate decreased. The average equivalent
stress of the SiC component in the SiCp/6061Al composites under a yield state reached
about 400 MPa. The average equivalent stress of the 6061AL component was about
230 MPa. The average equivalent stress of the composite material as a whole was
around 250 MPa, and the bearing effect of the particle-reinforced phase was obvious.
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