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In this paper, the deformation, fracture and damage behavior of SiC,/Al composites are studied by experiments
and finite element analysis. The crack cracking process of the material was observed by in-situ tensile test, it was
found that the composite first produced microcracks near the particles, and the cracks mainly spread to depth
and then to both sides. It is determined by a tensile test that the fracture mechanism of the material is the tearing
of the aluminum matrix and the peeling between the particles and the matrix. The tensile damage mechanism of
the composite material in three directions (rolling direction, rolling transverse direction and rolling normal
direction) and different strains were determined. It is found that in the process of tensile deformation, micro-
cracks are first formed at the defects (voids) and weak interfaces, and many fine cracks converge together to
form large cracks leading to the fracture of the material, during which a few particles fall off, but there is no
particle fracture. The global and local tensile tests of the composites were simulated by finite element method,
the results of the stress-strain state under different strains and the effects of particles on the materials are

analyzed in detail, and the validity of the test results is determined.

1. Introduction

With high stiffness and strength, fatigue resistance, wear resistance,
creep resistance and excellent thermoelectric properties, particle rein-
forced metal matrix composites (PRMMCs) are widely used in high-tech
fields such as aerospace, advanced weapon systems, and the automotive
industry [1-5]. Among many types of PRMMC, silicon carbide particle
reinforced aluminum matrix composites (SiCp/Al) are widely used in
automotive brake discs, electronic components and bearing components
because of their high specific strength and specific modulus, fatigue
resistance and high dimensional stability [4-7]. Among them, SiC,/Al
composites with low volume fraction (generally no more than 20 vol%)
are mainly used in structural materials, which will cause damage in the
process of deformation and load, thus reducing the serviceability. In
order to ensure the high precision and high requirements of the material,
it is very important to understand the deformation, damage and fracture

behavior of this type of composites.

The damage of SiCp/Al composites includes the damage of different
components, matrix, SiC particles and interface. For example, the
damage of the matrix is mainly manifested by the void nucleation and
growth of the matrix material in the process of deformation [8-10]. The
characteristics of particles also have an effect on the deformation
damage of the composites, such as the size, shape and distribution of
particles, which is mainly the brittle fracture of particles [11-13]. Wil-
liams et al. [8] studied the damage behavior of SiCp,/2080Al composites
by X-ray synchrotron tomography, and found that the damage area of
the composites was limited to a very small volume near the fracture
surface, and the particles with larger size and larger aspect ratio were
more likely to fracture. They also established three-dimensional finite
element models of the sphere and ellipsoid based on the real micro-
structure, and found that particles with sharp corners have a large load
transfer effect [14]. Zhang et al. [15] studied the damage mechanism of
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Table 1

Chemical composition of 2009 aluminum alloy.
Element Cu Mg Si Fe Al
Wt. % 3.8% 1.4% 0.14% 0.1% Bal.

particle reinforced metal matrix composites by establishing finite
element models. Sozhamannan et al. [16] simulated the uniaxial tensile
test of SiC/Al composites by finite element method, and found that
particle fracture, interfacial debonding, volume fraction and size of
particles were the main causes of PRMMC failure. Jie et al. [17] studied
the tensile fracture behavior of SiCp,/Al composites and found that stress
concentration leads to particle fracture and interface peeling, which
reduces the bearing capacity of the composites and accelerates the
damage accumulation process. Up to now, although there are many
studies on the effects of particle shape, size and volume on the damage of
composite [18-21], the microscopic evolution in the deformation pro-
cess is rarely introduced, so it is impossible to analyze the internal
mechanism of material damage. Therefore, it is necessary to have a
detailed understanding of the deformation state and microstructure
changes of the composites during the loading process.

In this study, in-situ tensile and loading-unloading tensile tests were
used to study the damage and failure of SiCp/Al composites in three
directions (rolling direction, rolling transverse direction and rolling
normal direction) and four different deform degree. The finite element
model based on 3D element reproduces the evolution of stress and strain
in the deformation process of composites, to reveal the internal failure
mechanism of composites during the process of tensile fracture.

2. Experiment

The material used in this study (17vol%SiCp/2009Al) was first made
by powder metallurgy and then made into plates by extrusion and
rolling techniques. In this composite, the particle size distributed within
the range of 1~15 pm, and the major size is 4~8 pm. The thickness of
the plate is 2 mm and the standard composition of 2009Al is listed in
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Table 1. Considering the impact of rolling technology on the material,
three directions of the sample were selected for research. The micro-
structure of SiC,/Al composites is shown in Fig. 1, in which SiC particles
are relatively fine and polygonal, the dispersion of single particles is
poor, and the particles are agglomerated. It can be seen from Fig. 1(c)
that the distribution of SiC particles in the rolling normal is about half of
the other directions, but the particle size is about twice that of the other
directions. The standard uniaxial tensile samples with cross-section of 5
mm x 2 mm and standard distance of 30 mm and the in-situ tensile
samples with cross-section of 3 mm x 1.8 mm and standard distance of
33 mm are prepared along the rolling direction of the plate. A notch of
about 1 mm in length and width was preset at the center of the side of
the in-situ tensile specimen. Before the material is tested, all samples
were annealed at 350°C for 2 h in a heat treatment furnace to eliminate
the effect of internal stress on subsequent tests.

The average elongation & of the material is determined by tensile test
on the MTS CMT5105 testing equipment, and the tensile rates are 0.1
mm/min, 0.5 mm/min, 1 mm/min and 2 mm/min, respectively. Then
the uniaxial tensile loading and unloading tests were carried out, and the
strains of the composites were 0.25, 0.48, 0.65 and 0.85 respectively
during unloading, the microstructure of the obtained fracture surface
was observed by SEM. After loading and unloading, the specimen with
large deformation in the middle was taken for microstructure observa-
tion. The hardness values of different positions of the damaged samples
were measured by Vickers hardness tester.

3. Results and discussion
3.1. In-situ tensile test

By dynamically observing specimen during the in-situ tensile test, it
is used to understand the process of crack initiation and propagation of
SiCp/Al composites. The stress-strain curve and crack propagation mode
recorded during in-situ tension of SiCp/Al composites is shown in Fig. 2.
The in-situ tensile specimen is parallel to the rolling direction. Fig. 2(e)
is a schematic diagram of the structure of the material in three

Fig. 1. Microstructures of SiC,/Al composites in three directions: (a) rolling direction, (b) rolling transverse direction, (c) rolling normal direction.
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Fig. 2. Stress-strain curve of in-situ tensile test and image of the crack under
different displacements during in-situ SEM. (a): 0.742 mm, (b): 1.976 mm, (c):
2.641 mm, (d): In-situ tensile specimen diagram, (e): Schematic diagram of the
structure in three directions.

directions. For convenience, TD, RD and ND in this paper represent
rolling transverse direction, rolling direction and rolling normal direc-
tion, respectively. It can be seen from the curve that in the elastic
deformation stage, the stress increases sharply with the increase of
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strain. After entering the stage of plastic deformation, the curve appears
sawtooth shape, which is mainly related to dynamic strain aging and the
dynamic interaction between solute atoms and movable dislocations. It
can be seen from the figure that the crack mainly spreads on the vertical
surface of ND, and the early crack propagation direction is about 60
°with the loading direction, and then propagates to the vertical direc-
tion. As shown in Fig. 2(a), when the stress is 175 MPa, the crack length
is 100 pm and the width is 15 pm. At the same time, it is found that the
crack propagates gradually in the vertical plane of TD with the increase
of stress. When the stress is 200 MPa, the depth of the crack increases by
5 pm compared with the previous stage, but the width increases sharply
by 25 pm (Fig. 2(b)), shows that the crack propagates mainly along the
vertical plane of TD at this stage. Subsequently, the crack propagates
rapidly to the depth until the fracture (Fig. 2(c)).

The process of crack initiation and propagation is shown in Fig. 3. At
the initial stage of loading, some microcracks are produced at the voids
on the surface of the sample and at the weak interface between the
particles and the matrix, and these microcracks gradually aggregation
together (Fig. 3(b)). When entering the plastic deformation stage, a
macroscopic crack approximately 60° to the tensile direction appears in
Fig. 3(c) with the increase of deformation tension. Subsequently, the
nearby microcracks began to grow, connect, and gradually converge
with the macroscopic cracks, resulting in the shedding of a small amount
of SiC particles (Fig. 3(c)). As the tension deformation continues to in-
crease, while the crack continues to expand to the depth direction, it also
begins to expand to the side (Fig. 3(d)). Although the propagation rate to
the depth direction is very slow, the original crack gradually begins to
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Fig. 3. Crack initiation and propagation process of SiC,/Al composite. The orange and green boxes indicate the aggregation of microcracks and the poor bonding of
the interface, respectively. Yellow circles indicate holes and particles fall off, and red arrows indicate the direction of crack propagation. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. Stress-strain curve of SiC,/Al composite under uniaxial tension.

Table 2
Mechanical properties of SiCp,/Al composites.
Stretching rate YS/MPa UTS/MPa Elongation/%
0.1 mm/min 141.1 214.4 8.4
0.5 mm/min 136.1 212.4 8.0
1 mm/min 137.3 212.8 8.2
2 mm/min 139.1 211.2 8.0

widen (Fig. 3(f)). When the tensile tension approaches the limit load, the
crack propagates rapidly to the depth and gradually extends to the
whole composite (Fig. 3(i)), resulting in the sudden fracture of the
specimen. From the green box marks in the picture (Fig. 3(e), (g) and
(1)), it can be seen that the SiC particles in the composites will affect the
follow-up propagation path of cracks, especially in the areas of large
particles and particle aggregation, where the interface is not well
bonded. The crack extends along the particle boundary, which leads to
the debonding or even shedding of SiC particles under the large stress
field at the crack tip. In short, the damage process of SiC,/Al composites
includes crack initiation, crack propagation, crack connection, accom-
panied by the shedding of SiC particles.

3.2. Uniaxial tensile test

In order to study the damage evolution of SiCp/Al composites during
deformation in detail, the related tensile tests and loading and unloading
tests were carried out. Different tensile rates were used in the experi-
ment, and the effect of loading rate on the mechanical properties of the
composites was analyzed. The stress-strain curves of the composites at
different tensile rates are shown in Fig. 4. It can be seen from the tensile
fracture result curves that the deformation curves under four different
tensile rates have experienced a process from elastic deformation to
plastic deformation and then to macroscopic fracture. In order to explore
the effect of tensile rate on the tensile results, the yield strength (YS),
ultimate tensile strength (UTS) and elongation obtained from the tensile
stress-strain curve were statistically calculated (as shown in Table 2). It
can be found from the data in the table that the three parameters of the
tensile rate of 0.1 mm/min are slightly larger, but have no substantial
effect. For SiC,/2009Al1 composites, the average values of YS, UTS and
elongation are ~ 138.4 MPa and ~ 0.081, respectively.

For particle reinforced aluminum matrix composites, the fracture
mode of the material depends on the strength of the reinforced particles,
the strength of the matrix and the interfacial bonding strength between
the reinforced particles and the matrix [22]. When the interface bonding
strength is small, it is easy to debond at the interface or a hole is formed
at the sharp corner of the particles [17]. When the interface bonding
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strength is greater than the matrix, the composite material will fracture
along the matrix. Similarly, when the strength of the reinforced particles
is less than the bonding interface, the particle fracture will occur. Fig. 5
depicts the typical fracture surface of SiCp/Al composite at different
tensile rates. It can be seen from the figure that there are many and deep
dimples in the fracture surface of the composite, most of the dimples are
very small. Some larger dimples with micron size can be seen, and there
are a few SiC particles at the bottom (Fig. 5(f), and (h)). There are two
reasons for the formation of dimples of the composite, namely, the
interfacial debonding between the particles and the matrix or the ductile
fracture of the matrix between the particles. For the shedding of parti-
cles, it is caused by the disharmony between particles and matrix
deformation. When the crack initiation and propagation meets particles,
many dislocations will accumulate at the interface and produce stress
concentration. With the increase of strain, small cracks grow and merge
together to form large cracks. When the interface between the rein-
forcement and the matrix is not strong, the crack will change its original
direction and propagate along the weak-bond interface, and the parti-
cles will separate at the interface. Larger dimples are mostly caused by
the agglomeration of SiC particles (agglomeration of SiC particles can be
seen in Fig. 1). In general, cracks give priority to nucleation in the local
area where agglomeration occurs. When the interface of the agglomer-
ation region is closely bonded, the regional strain between the matrix
and particles is relatively small. The agglomerated particles can deflect
the crack and thus debond with the matrix, while numerous particles
debonding can improve the tensile strength of the material. The matrix
crack is seen in Fig. 5(a) and (b), which is the ductile fracture of the
matrix caused by the plastic deformation. In addition, there are tearing
edges and some microcracks (see Fig. 5(d) and (f)). Due to the addition
of SiC particles, the fracture mode of the composite is different from that
of aluminum and aluminum alloy, showing the characteristics of
ductile-brittle fracture. The fracture mechanism of the composite is
mainly caused by the tearing of aluminum matrix and the debonding of
particles.

3.3. Microstructure observation and hardness

According to the results of tensile tests of SiCp/Al composites, the
average elongation § of the composite is taken as 0.08. In order to
explore the micro-damage evolution of the composites during defor-
mation, the deformation degree 0.25, 0.45, 0.65 and 0.85 were selected
as the unloading conditions of uniaxial tension. Fig. 6 shows the SEM of
the composite under different strain conditions. It can be seen from
Fig. 6(a), (d), (g) and (j) that in the RD, the defects-voids and shedding
particles of the composites increase gradually with the increase of strain,
and with the large size SiC particles fall off. The holes in the matrix
gradually tear into large cracks with the increase of internal stress in the
matrix, and the fracture of particles caused by tension is not observed.
Fig. 6(b), (e), (h) and (k) shows the microstructure morphology of
different strain in the TD, it can be seen that the change of TD is small
with the increase of strain, in this direction, there is a small amount of
SiC particles falling off, and some holes gradually appear around the
particles. There is no large crack in the matrix. For the ND, it can be seen
from Fig. 6(c), (), (i) and (1) that there are only a few void defects at the
sharp corner of the particles when the strain is small, and the shedding
particles can hardly be observed, which is due to the large compressive
stress in this direction (caused by the rolling process). With the gradual
increase of strain, tearing cracks begin to appear at the hole and the edge
of particles, this is because there is a large amount of stress concentra-
tion in these two places, and the stress is released with the increase of
tensile stress in the process of tension. so that cracks appear here. In a
word, the shedding of particles first occurs in the deformation process of
SiC,/Al composites, and then leads to the generation and propagation of
matrix cracks, which are mainly caused by the void defects in the matrix
itself.

In order to study the effect of tensile damage on the mechanical
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Fig. 5. Fracture scan of SiC,/Al composite under uniaxial stretching: (a, b):

properties of materials, the hardness under different strains was statis-
tically analyzed (as shown in Fig. 7). It can be seen from the figure that
in the elastic deformation stage of the composites, that is, when ¢ <
0.032, the hardness of the composites tends to decrease linearly with the
increase of strain. The microhardness in three directions is TD > RD >
ND, which is the effect of particle size [22,23]. Because the particle size
in the normal direction is larger than that in other directions, its hard-
ness is the smallest. However, the hardness value of the composite
material reached the peak of the plastic deformation stage when ¢ =
0.064, and the microhardness appeared as TD < RD < ND at ¢ = 0.048
and ¢ = 0.064, which is inconsistent with that the more serious the
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X2,000 10pm

0.1 mm/min, (c, d): 0.5 mm/min, (e, f): 1 mm/min, (g, h): 2 mm/min.

deformation, the smaller the hardness, this should be caused by particle
agglomeration. As can be seen from Fig. 6(j), (k) and (1), the original
dispersed particles gradually come together with the increase of defor-
mation. Due to the large difference in yield stress between the matrix
and the particles, the matrix is more likely to deform in the process of
deformation. When the deformation is serious, the particles have a small
displacement relative to the matrix and gather together, so that the
hardness of the composites is improved. Because the degree of defor-
mation is different in different directions, the deformation in the rolling
normal direction is more serious than that in the other two directions,
and the particle concentration is more obvious, so its microhardness is
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Fig. 6. SEM of composites under different tensile conditions:(a, b, ¢) e = 0.016, (d, e, f) ¢ = 0.032, (g, h, i) € = 0.048, (j, k, 1) € = 0.064, (a, d, g, j): RD, (b, e, h, k): TD,
(c, f, i, ): ND.
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Fig. 7. Microhardness with different strains in three directions.

higher than that in the other two directions. In addition, it can be seen
from Fig. 6(c), (f), (i) and (1) that some of the large fragile SiC particles
break into many fine particles. With the increase of deformation, the
small particles gradually distribute in the matrix, thus the number of
particles increases and the particle size decreases, especially when ¢ =
0.064, this phenomenon is especially obvious. So in the direction of ND,
in the range of 0.016~0.064, the hardness increases with the increase of
deformation strain. Therefore, during the deformation process of SiC-
p/Al composites, the hardness of the composites decreased with the in-
crease of deformation in the elastic stage, while at the plastic stage, the
hardness of the composites increased due to the agglomeration of SiC
particles.

The damage mechanism of the composite is the same as the “barrel
principle”, which depends on the weakest microstructure. When the
strength of the matrix is small, the material will crack along the matrix,
and vice versa. According to the above research, the deformation law,
damage behavior and fracture mechanism of the composite have been
clearly understood. The damage mechanism of the composite is shown
in Fig. 8. In the process of deformation and cracking of the material, the
composite first produces microcracks at the holes and weak interfaces
(Fig. 3(b)). With the gradual increase of deformation, small cracks
converge to form large cracks (Fig. 3(c)). The shedding of particles and
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matrix cracks appear in the rolling direction. (Fig. 6(d) and (j)). A small
amount of SiC particles also shedding in the transverse direction of
rolling (Fig. 6(b) and (e)), while large matrix cracks are produced in the
normal direction of rolling (Fig. 6(i)). When the resulting crack gradu-
ally spreads and widens to a certain extent (Fig. 3(f)), it begins to spread
along the side (Fig. 3(d)), resulting in fracture. SiC particles (Fig. 5(f)
and (h)) and matrix cracks (Fig. 5(a) and (b)) were found in the final
fracture picture. It is concluded that the fracture mechanism of the
composite is mainly the tearing of aluminum matrix and the shedding of
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particles, there is particle debonding in the process.

3.4. Finite element analysis verification

In order to verify the damage evolution of composites during tension,
a three-dimensional finite element model was constructed by using
general finite element ABAQUS to simulate the tensile process. The
uniaxial tensile model is shown in Fig. 9(a). The model is gridded with a
three-dimensional solid element(C3D8R), and the number of meshes is
10192. The material parameters are obtained from uniaxial tensile tests
as follows: density of 2.86 g/cm®, Young’s modulus of 94 GPa, and
Poisson’s ratio of 0.2. In order to study the effect of particles on mate-
rials, the center of the above model with large deformation was selected
for further simulation, and irregular SiC particles were randomly
embedded into the Al matrix with no interface. According to the quan-
titative metallography theory, the volume fraction of the reinforced
particles is equal to its area fraction. In the modeling process, the area of
the reinforced particles is 17% of the whole model area, and the model is
shown in Fig. 9(b). The three-dimensional solid element(C3D8R) is also
used to griddle the particles and the matrix. Among them, the density,
Young’s modulus and Poisson’s ratio of 2009A1 were set to be 2.7 g/cm?,
75 GPa and 0.17. SiC particles were set to be 3.2 g/ecm®, 427 GPa and
0.17, respectively. These models are subjected to uniaxial tension by
defining a fixed surface on one side and a load surface on the opposite
side. Except for the load surface and the fixed surface, the other surfaces
are set to free boundary conditions, and the deformation conditions of
the selected position in the model are given to the boundary of the sub-
model. After finite element simulation, the true stress-true strain curve
of the model is shown in Fig. 9(c), from which it can be seen that the
curve is in good agreement with each other.

To investigate the microscopic mechanism of deformation, the stress
triaxiality is adopt in this study, which describes the advantages of the
void mechanism over the shear mechanism during material deformation
[20]. The expression is as follows:

200 f L Strain=0.064
S Strain=0.048
Z 150} Strain=0.032
172
£
&7
:;_, 100 |-
= Strain=0.016 ,
S50 F Experiment
——FEM
0 L L L L
0.00 0.02 0.04 0.06 0.08
True Strain

Fig. 9. Uniaxial tensile test model and true stress-true strain curve: (a) sample model, (b) local position submodel, (c) comparison of test and simulation results.



Q. Shen et al.

S, Mises
(Avg: 99%)

+2.145¢+02
[ +1.991e+02

+1.902¢-+02
+1.795¢+02
+1.673¢+02
+1.506e+02
+1.392¢+02
+1.262¢+02
+1.151e+02
+1.005e-+02
+8.221e+01
+5.921e+01
+3.180e+01

Y
I—»X

£=0.016

)E (C)i ('l)l (e)

£=0.032

(@ (b

Materials Science & Engineering A 782 (2020) 139274

£€=0.048 £=0.064 £=0.08

Fig. 10. Evolution of von Mises stress during tensile deformation (MPa).

PEEQ
(Avg: 99%)

+1.797¢+00
E +1.457e+00

+1.235e+00
+8.942¢-01
+4.578¢-01
+1.235¢-01
+6.880¢-02
+4.980e-02
+1.000e-02
+6.000e-03
+4.000e-03
+2.000e-03
+0.000e+00

Y
1—» X

£=0.016

(@) (

b) (9 | (il)l (C)I

€=0.032 £=0.048 £=0.064 £=0.08

Fig. 11. Evolution of equivalent plastic strain during tensile deformation.

R,=m — (61 +02+03)/3 &)

Ocq %\/([il —6))" + (0, —03)" + (63— 01)°

where 6y, and ceq are the hydrostatic stress and equivalent Von Mises
stress, respectively. When the triaxial stress is high, the dimple mecha-
nism is dominant and the hole expands rapidly. The UVARM user-
subroutine for ABAQUS is adopted for the user-defined output vari-
ables of the stress triaxiality.

3.4.1. Deform parameters during the tensile test of SiC,/Al composites
The stress evolution of SiC,/Al composites under different strains are
shown in Fig. 10, and the different stages in Fig. 10(a), (b), (c), (d) and
(e) correspond to the positions indicated by the arrowheads in Fig. 9(c),
respectively. As shown in the figure, the plastic deformation distribution
of the material is horizontally symmetrical, Mises stress increases
gradually from the loading boundary to the interior, and the maximum
value is observed at the center. When £ = 0.032, the stress can be divided
into: parallel length, transition radius, loading width and loading

boundary. The stress distribution is uniform in the range of parallel
length. At the transition radius, due to the appearance of the chamfer,
the shape of stress distribution is a multi-layer symmetrical ellipse, the
stress value is less than the parallel length but larger than the loading
width, and the upper ellipse is smaller than the lower ellipse. The stress
distribution is uniform at the loading width. When € = 0.048, the situ-
ation is the similar to that of ¢ = 0.032, but the stress value increases as a
whole. As the strain continues to increase, the length of the model in-
creases gradually, the stress gradually concentrates to the center and
becomes more and more obvious, resulting in the final fracture of the
material in the middle position.

The equivalent plastic strain of the composite with the tensile strain
of 0.016, 0.032, 0.048, 0.064 and 0.08 is shown in Fig. 11. The equiv-
alent plastic strain distribution of the composite is similar to the stress
distribution, showing a symmetrical distribution and the maximum
value is gradually concentrated at the center from the uniform distri-
bution of the parallel length, and the PEEQ value increases gradually
from the loading boundary to the center. When € = 0.016, the material is
mostly undergoing elastic deformation, plastic strain is very small. It can
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Fig. 12. Evolution of stress triaxiality during tensile deformation.

be found that the maximum peak value of ¢ = 0.064 is almost 1.8. It
shows that the composite material has a lot of plastic deformation at this
stage. As a result, it will cause a large number of SiC particles to fall off.

The stress triaxiality of SiCp/Al composites under different strains is
shown in Fig. 12. As shown in the figure, there is no difference in the
characteristics of the stress triaxiality of the first three tensile strains
except for minimal changes in values. When € = 0.064 and € = 0.08, the
stress triaxiality increases gradually, and the maximum stress triaxiality
is seen at the center of the material. The large stress triaxial is located in
the place where the plastic deformation is small, the stress concentration
is serious, the volume deformation is larger, and more elastic strain
energy can be released. So the material breaks at the center. The increase
of stress triaxiality not only increases the fracture tendency of the
composites, but also increases the size of holes in the composites, so the
formation of a large number of dimples is observed in Fig. 5. In addition,
it is also found that the stress triaxiality value of the composite ranges
from 0.303 to 0.412. However, under large deformation, the stress
triaxiality at the center reaches 0.751, which indicates that the position
is beyond the uniaxial stress state.

3.4.2. Deform parameters of SiC,/Al composites submodel

In order to study the effect of particles on the material, the changes of
stress, equivalent strain and stress triaxiality of the sub-model of the
composite were studied when the strain was 0.08. The stress distribution
results of the composite are shown in Fig. 13. It can be seen from Fig. 13
(a) that there is a large stress distribution on the reinforced particles,
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especially at the sharp corner of the particles. The stress value is twice
that of the matrix, indicating that the reinforced particles are the main
stress bearing unit of the composites. The stress on the surface of the
composite is much greater than that of the internal particles, and the
stress on the particles decreases from the outside to the inside, and the
stress on the particles also tends to decrease along the tensile direction,
this is consistent with the results of J.F. Zhang et al. [24] who studied the
damage and failure of SiC,/Al composites during uniaxial tension by
finite element method. It is found from the stress distribution of the
composite matrix (Fig. 13(b)), the stress in the matrix around the par-
ticles is much larger than that in other positions, and there is also a large
stress distribution in the interior around the particles, especially around
the sharp corner particles, indicating that the reinforced particles have
mutual influence on the stress distribution of the matrix materials
around them. In addition, it is also found that there is more than one SiC
particle around the high stress region, which indicates that the stress
distribution of the composite with multiple particles affects each other.
From Fig. 13(c), it can be found that there is a stress concentration re-
gion in the matrix material near the reinforced particles, a certain high
stress concentration region in the matrix material between the adjacent
reinforced particles, and a low stress concentration region on both sides.
Due to the high stress in the deformation process between the particles
and the matrix around the particles, the deformation of the particles and
the matrix is not coordinated, which leads to the shedding of SiC
particles.

The simulation results of the equivalent plastic strain (PEEQ)
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+1LASTetd
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Fig. 13. Stress distribution of the composite.
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Fig. 14. Equivalent plastic strain of the composite.

distribution of the composite are shown in Fig. 14. As shown in Fig. 14
(a), the reinforced granular material is an elastomer and no plastic
deformation occurs during tension. It can be seen from Fig. 14(b) that
the plastic strain on the matrix is larger. The plastic strain in the region
closer to the reinforced particles is larger, and the plastic strain at the
position closest to the particles reaches the maximum, the maximum
plastic strain of the composite material indicates that the matrix mate-
rial is the main load-bearing unit for the plastic strain of the composite
material. There is a high plastic deformation region in the matrix ma-
terial, perpendicular to the tensile direction, the interaction between the
two adjacent particles results in a high plastic strain zone in its relative
position, and a low plastic strain region is distributed on both sides of it.
For the composite material (Fig. 14(c)), the variation range of the plastic
strain of the composite is 0 to 0.13. The distribution of the maximum
plastic strain of the composite is roughly similar to the stress distribu-
tion, and there is a certain interaction between the adjacent reinforced
particles, resulting in a larger plastic strain between them than on both
sides. There is an obvious plastic strain concentration zone on the matrix
around the reinforced particles, and the plastic strain on the matrix near
the particles reaches the maximum plastic deformation of the composite.

When the stress triaxiality is positive, the material tends to the tensile
stress state, and the microcrack is easy to expand; when the stress
triaxiality is negative, the material tends to compress the stress state and
the microcrack is closed [20]. Fig. 15 shows the simulation results of
stress triaxiality distribution of the composite. Fig. 15(a) and (b) are the
stress triaxiality of particles and matrix materials, respectively. It can be
seen from the diagram that the stress triaxiality of particles on the sur-
face of the composite is less than 0, while that of internal particles is
greater than 0, which shows that the internal particles carry tensile
stress, while the surface particles carry compressive stress. On the
whole, the matrix material only has the effect of tensile stress, and the
stress triaxiality is larger than the particles. According to the point of
view of modern damage mechanics, the fracture toughness of metals

. - y
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decreases with the increase of stress triaxiality. That is, the greater the
stress triaxiality in a certain range, the more brittle the material tends to
be. This shows that SiC particles have a significant effect on the damage
of Al alloy. In addition, it is found that the stress triaxiality of some
particles at the sharp corner and near the matrix is much larger than that
of others, which will cause the holes near the sharp corners to nucleate
easily and gather to form cracks, resulting in the shedding of particles.
This shows that the sharp corner of particles is easy to damage and crack
and even cause particle fracture. Fig. 15 (c) shows the stress triaxiality of
the whole material. Due to the influence of particles, the material has a
large stress triaxiality and reaches the maximum value at the particle
concentration, while the large stress triaxiality increases the possibility
of void growth and fracture of the composite [25].

4. Conclusion

In this paper, the damage evolution of SiC,/Al composites during
tensile deformation to fracture was studied by tensile test and finite
element method, and the following conclusions were drawn:

(1) The damage process of SiCp/Al composites includes crack initi-
ation, crack propagation, crack connection, and the shedding of a
small amount of SiC particles. With the growth and connection of
microcracks and the aggregation of micropores, macroscopic
cracks are formed, which finally lead to the fracture of the
sample.

(2) The fracture mechanism of SiC,/Al composites is caused by the
tearing of aluminum matrix and the shedding of particles. In the
rolling transverse direction, the shedding of the particles is more
serious, while in the normal direction of the rolling, the cracks in
the matrix first appear, and then propagate to other directions.

(3) According to FEM simulation results, it is found that the fracture
of SiC,/Al composites is caused by the gradual concentration of

Fig. 15. Triaxiality of stress of the whole composite.
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stress and strain from the whole uniform distribution to the
center in the process of deformation. The increasing stress
triaxiality around the particles, especially at the sharp corners,
will cause the particles to fall off or debonding.
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