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The influence of particle size on the mechanical behavior of B4Cp/6061Al composites prepared by powder
metallurgy is investigated by combining the tensile test with finite element method (FEM) simulation. The
experimental results show that increasing the particle size from 20 μm to 80 μm deteriorates the tensile property
and work hardening rate of the B4Cp/6061Al composites. The actual three-dimensional (3D) microstructure
obtained by synchrotron radiation X-ray computed microtomography (SR-μCT) is incorporated into finite
element models to study the deformation behavior and internal damage of the composites. The matrix ductile
damage, particle brittle failure criterion, and interface traction–separation law which are associated with particle
sizes are employed to predict the tensile properties. The deformation behavior and damage mechanism in the
B4Cp/6061Al composites are revealed by analyzing the stress and strain distributions. Furthermore, stress
concentration factor is considered to evaluate the load-bearing capability of the composites reinforced by various
particle sizes. This work provides a reference for studying the mechanical behavior of heterogeneous micro
structural materials via actual microstructure-based modeling.

1. Introduction
Particle-reinforced aluminum matrix composites (PRAMCs) have
been widely used in the aerospace, automotive, and electronics in
dustries due to their high elastic modulus, high specific strength and
stiffness, and good wear resistance and thermal stability [1–4]. Me
chanical properties and fracture mechanisms of PRAMCs depend on a
variety of factors, such as volume fraction of reinforcement particle,
matrix types, processing parameters, and service environments [5,6]. In
addition, particle size of reinforcements also has a significant influence
on determining the mechanical properties of PRAMCs [7,8]. For
example, Doel and Bowen [9] found that when the SiC particle size was
increased from 5 μm to 60 μm, the tensile strength and elongation of the
underaged 15 vol% SiCp/7075Al composites decreased from ~609 MPa
to ~453 MPa and from ~6.3% to ~1.2%, respectively. Similar conclu
sions were drawn in the Al2O3p/2024Al composites reinforced by

various particle sizes [10]. Therefore, for the reinforcement particles at
the micrometer scale, increasing the particle size may cause a detri
mental effect on the mechanical properties of PRAMCs. The particle
size-dependent failure mechanisms in the PRAMCs are usually revealed
by examining the post two-dimensional (2D) fracture surfaces or lon
gitudinal sections [9,11,12]. However, the internal damage as a function
of strain during the deformation process cannot be directly observed.
Finite element method (FEM) simulation has become a powerful and
effective approach to study the deformation behavior of PRAMCs [13,
14]. With this method, the deformation process can be simulated to
predict the mechanical properties, and to visualize the general stress and
strain distributions within the PRAMCs [15]. In general, FEM simulation
is performed by using simplified structural models, i.e., taking rein
forcement particles in the models as spheres [16,17], ellipsoids [18] or
polyhedrons [19,20]. It should be noted that compared with the
simplified structure, the actual microstructural representation has an
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Fig. 1. (a–d) showing mesh generation process of one particle with the 3D actual microstructure; 3D models after meshing: (e) AMC20, (f) AMC50, and (g) AMC80.
The models in (e–g) have a size of 300 � 300 � 300 μm3.

advantage of capturing the inherent complexity and heterogeneity of
microstructure. Therefore, Ganesh and Chawla [21] pointed out that the
stress–strain behavior of the SiCp/2080Al composites could be modeled
using an FEM approach based on the 2D microstructure observed by
scanning
electron
microscopy
(SEM).
However,
the
2D
microstructure-based approach only offers the plane stress–strain in
formation rather than the volume information. Therefore, it is necessary
to propose a few effective three-dimensional (3D) microstructure-based
approaches to study the mechanical behavior of PRAMCs. Visualization
of microstructure in 3D via serial sectioning technique [22] or focused
ion beam (FIB) milling technique [23] can be realized. However, it is
destructive and time-consuming to acquire the 3D microstructure [24].
Synchrotron radiation X-ray computed microtomography (SR-μCT) is an
excellent technique that eliminates the microstructural destruction and
enables the rapid acquisition of 3D images with superior spatial reso
lution [25,26]. The quantification information that includes the voids
and inclusions achieved by SR-μCT has been investigated in the PRAMCs
[24]. Therefore, the SR-μCT technique renders a possibility to obtain the
actual 3D microstructure data that can be incorporated into finite
element models to predict the deformation behavior of PRAMCs.
In this work, we aim to explore the effect of particle size (~20 μm,
~50 μm, and ~80 μm) on the deformation behavior and damage
mechanism of the B4Cp/6061Al composites fabricated by powder met
allurgy through combining the experimental study and modeling. The
tensile properties of T6 heat treated B4Cp/6061Al composites with
different particle sizes are evaluated by tensile test at room temperature
(298 K). By incorporating the actual 3D microstructure obtained by SRμCT, finite element models are established first, and then the deforma
tion process of the composites is simulated. Effort is made on uncovering
the different deformation behavior and damage mechanisms of the
B4Cp/6061Al composites reinforced by various particle sizes.

composites with various particle sizes were prepared by powder met
allurgy at 858 K. After multi-pass hot rolling at 773 K, the sheets with a
thickness of ~2.5 mm were solutionized at 793 K for 2 h, quenched in
cold water, and then aged at 448 K for 5 h (T6 heat treatment). The
composites reinforced by ~20 μm, ~50 μm, and ~80 μm B4C particles
are defined as AMC20, AMC50, and AMC80, respectively, in the
following sections.
The microstructure of the B4Cp/6061Al composites was detected by
scanning electron microscopy (SEM, JSM-5600LV, JEOL, Japan). SRμCT was employed to acquire the 3D microstructure of the B4Cp/6061Al
composites at the BL13W1 beamline of Shanghai Synchrotron Radiation
Facility (SSRF). The distance between the detector and specimen with a
diameter of ~1 mm was about 13.5 cm. The detailed acquisition pa
rameters and data reconstruction can be found in Ref. [27]. Fig. S1
schematically shows the data collection and reconstruction process.
Tensile samples with a gauge length of 16 mm and a width of 4 mm were
cut from the heat-treated sheets. Tensile tests were performed at an
initial strain rate of 10-3 s-1 using an Instron 5500R universal tensile
machine at 298 K, and the strain was determined by using an
extensometer.
2.2. Finite element method
2.2.1. Microscopic structural modeling
3D FEM models were established to simulate the effect of particle
size on the tensile properties of the B4Cp/6061Al composites. Taking
one particle for example, slices obtained by SR-μCT were segmented to
acquire the 3D microstructure using the commercial AVIZO software
(FEI VSG, France), as shown in Fig. 1a–c, and 4-nodes tetrahedron ele
ments (C3D4) were applied to realize a discretization through the mesh
generation (Fig. 1d). Considering the uniform distribution of B4C par
ticles in the composites fabricated by powder metallurgy, representative
regions of interest (ROIs) with a size of 300 � 300 � 300 μm3 were
randomly selected as models that were imported into the commercial
ABAQUS software (Simulia, Dassault Syst�
emes, France), as shown in
Fig. 1e–g. The cutting particles on the edges of the ROI are removed.
Zero thickness 6-nodes cohesive elements (COH3D6) were employed to
simulate the interface decohesion, as shown in Supplementary Fig. S2.
For the boundary condition, the X ¼ 0 surface was set as a fixed region in

2. Materials and methods
2.1. Experimental procedure
Gas atomized 6061Al powder having a size of 6–18 μm and B4C
particles with three different particle sizes (~20 μm, ~50 μm, and ~80
μm) were utilized as the raw materials. The 10 wt% B4Cp/6061Al
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in the composites is approximately viewed as a linear sum of the yield
stress of unreinforced 6061Al alloy (σAl ), the coefficient of thermal
expansion (CTE) mismatch strengthening contribution (ΔσCTE ), and
grain refinement contribution (ΔσH P ) as follows [29,30]:

Table 1
Properties of constituent materials in the B4Cp/6061Al composites [31–33].
Parameter

Description
3

6061Al

B4 C

ρ

Density (g/cm )

2.70

2.52

E

Elastic modulus (GPa)

69

450

G

Shear modulus (GPa)

25.9

190

Poisson’s ratio

0.33

0.18

23.6
0.286

4.4
–

ν
CTE
b

Coefficient of thermal expansion (10-6 K-1)
Burger’s vector (nm)

σAl

Yield stress of 6061Al (MPa)

275

–

Total elongation (%)

20

–

T.E.

σ m;y ¼ σAl þ ΔσCTE þ Δσ H

(2)

P

�
��
Δσ CTE ¼ βG 12bVp ΔCΔT d 1
Δσ H

P

¼ Ky d

1=2

�

1

Vp

�� �
Vp

Vp
1=6

��1=2

(3)
(4)

2.2.2. Material property and damage mechanism
Based on the previous work, the material properties of 6061Al matrix
and B4C particle are listed in Table 1. For the matrix, the elastic defor
mation is dominant before reaching the elastic limit. When the stress
exceeds the yield stress, the Taylor-based nonlocal theory (TNT) of
plasticity is introduced to describe the particle size-dependent plastic
deformation, as follows [28]:
rffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pffiffiffiffiffi
b
(1)
σ m ¼ σ2m;y þ 27 10α2 G2 V 1=3
εpl
d p

where β is the dislocation strengthening coefficient, ΔC is the CTE
mismatch between the B4C particles and matrix, ΔT is the temperature
difference, and Ky is a constant and equals to 0.1 MN/m2/3 for aluminum
alloys [30]. In addition, ductile failure strain of matrix is determined to
be 20% [31].
The deformation of B4C particles is considered to be elastic. The
brittle fracture appears once the stress is greater than the particle frac
ture strength which is assumed to be inversely proportional to the square
root of the particle size [34]. In this work, the fracture strengths of the
20 μm, 50 μm, and 80 μm B4C particles are equal to 2500 MPa, 1580
MPa, and 1250 MPa, respectively.
The mechanical behavior of interface that follows the trac
tion–separation law is described in Supplementary Fig. S2. Considering
the quadratic nominal stress criterion in the ABAQUS software package,
the damage initiation can be expressed by
� �2 � �2 � �2
tn
ts
tt
þ 0 þ 0 ¼1
(5)
tn0
ts
tt

where σ m is the flow stress of matrix, σm;y is the yield stress of matrix, α is
an empirical constant, G is the shear modulus, b is the Burger’s vector, d
is the average particle diameter, Vp is the particle volume fraction, and
εpl is the plastic strain. Due to the microstructure strengthening mech
anisms after the particle incorporation, the yield stress of matrix (σ m; y )

where tn , ts , tt are the stresses in the normal, first shear direction, and
second shear direction, respectively, and tn0 , ts0 , and tt0 are the corre
sponding peak values. The particle size-dependent interface strength (t)
is considered by Ref. [19], i.e., te1=d1=2 . According to the previous work
[35,36], the interface strengths are set as 1200 MPa in the AMC20, 750

six degrees of freedom, and the X ¼ 300 surface was set as a loaded end.
In order to obtain a good reproducibility, additional two ROIs are
simulated by using the same parameters, as shown in the Supplementary
Fig. S3. The number and volume fraction of particles in each ROI are
summarized in Table S1.

Fig. 2. Representative (a) engineering stress–strain curves and (b) true stress–strain and strain hardening curves for the B4Cp/6061Al composites with different
particle sizes; (c–e) showing the fracture surfaces of the AMC20, AMC50, and AMC80, respectively. The magnified fractographs in (a) are from the marked circle
regions in (c), (d), and (e).
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MPa in the AMC50, and 600 MPa in the AMC80, respectively. Linear
softening mechanism is introduced to the models based on Ref. [37], and
the complete failure displacement (δf ) of interface is chosen as a definite
value.

Table 2
Experimental and simulated tensile properties of the B4Cp/6061Al composites
with different particle sizes.
Composites

Experiment

Simulation

σ0:2 /MPa

UTS/
MPa

εf /%

σ0:2 /MPa

UTS/
MPa

εf /%

AMC20

325 � 3
318 � 4

AMC80

305 � 6

10.9 �
0.6
6.8 �
0.4
2.0 �
0.2

342 � 2

AMC50

399 �
3
374 �
3
325 �
4

417 �
4
382 �
3
327 �
4

11.2 �
0.2
7.2 �
0.1
2.1 �
0.3

333 � 3
315 � 2

3. Results
3.1. Experimental result
Fig. 2 shows the tensile properties and fracture surfaces of the B4Cp/
6061Al composites with various particle sizes. The engineering
stress–strain curves in Fig. 2a show that as the B4C particle size is
increased from 20 μm to 80 μm, the yield strength (σ 0:2 ), ultimate tensile
strength (UTS), and failure strain (εf ) of the B4Cp/6061Al composites
decrease from ~325 MPa to ~305 MPa, ~399 MPa–~325 MPa, and
~10.9%–~2.0% (see Table 2), respectively. The strain hardening rate
(dσ =dε) as a function of the true strain is plotted to illustrate the strain
hardening behavior of the three composites, as shown in Fig. 2b. Based
on the Considere’s criterion [38] that necking begins when the strain
hardening rate is equal to the true stress, the uniform elongation of the
composites decreases with increasing the particle size. Meanwhile, the
strain hardening rate also decreases when the composites reinforced by
large 80 μm particles. Therefore, it can be concluded that increasing the
particle size results in the deterioration of tensile properties of the
B4Cp/6061Al composites. Fig. 2c–e shows the SEM images of fracture
surfaces in the AMC20, AMC50, and AMC80 after tensile test. When the
particle size is increased from 20 μm to 80 μm, the dimples in the matrix
exhibit a tendency to become shallow, suggesting that the matrix
ductility decreases. Fractured particles can be observed in the tensile
fracture surfaces, as indicated by the local magnified micrographs seen
in Fig. 2a. Compared with the 20 μm and 50 μm B4C particles, the 80 μm
B4C particles are more likely to fracture during the tensile deformation
process (see Supplementary Table S2). Furthermore, the B4Cp/matrix

Fig. 3. Representative simulated tensile stress–strain curves of the B4Cp/
6061Al composites reinforced by various particle sizes. The black arrows and
red arrows indicate the cracking initiation and main cracking formation,
respectively. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)

Fig. 4. (a–c) Von Mises stress distribution of B4C particles and matrix, and (d–f) elastic and plastic regions of matrix at a yield strain equal to 0.5%: (a, d) AMC20, (b,
e) AMC50, and (c, f) AMC80.
4
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Fig. 5. Contours of (a–c) von Mises stress of interfaces between the B4C particles and matrix, and (d–f) quadratic interface damage of the B4Cp/6061Al composites
having different particle sizes: (a, d) AMC20, (b, e) AMC50, and (c, f) AMC80. The strain is 1% for all the images. The formation of deleted elements marked by red
arrows suggests the initiation of interface damage. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)

interface debonding is found in the fracture surfaces and the regions
marked by yellow arrows can be clearly observed in Supplementary
Fig. S4.

σ B4 C ¼

3.2. Simulated result

1
V B4 C

" NB C
4
X
i

#

"
#
NAl
1 X
σi Vi ; σ Al ¼
σi Vi
VAl
i

(6)

where σ i and Vi are the stress and volume of the ith element of B4C
particles or matrix, respectively, and NB4 C and NAl are the numbers of
elements of B4C particles and matrix, respectively. When the strain
reaches 0.5% that is close to the yield strain, the von Mises stress dis
tribution of B4C particles and matrix in the B4Cp/6061Al composites
reinforced by various particle sizes is shown in Fig. 4a–c. It is seen that
the stress values of B4C particles and matrix are on different levels. For
the AMC20, the σ B4 C is about 2.1 times that of matrix, indicating a load
transfer from the matrix to B4C particles. The regions where the Mises
stress exceeds the yield stress are represented as the plastic zones, as
shown in Fig. 4d–f. With increasing the particle size, the volume of
plastic zone increases.
Fig. 5 illustrates the von Mises stress and quadscrt values of in
terfaces in the B4Cp/6061Al composites with different particle sizes
when the strain is equal to 1%. Interface damage marked by red arrows
can be found in the three composites. Although the stress values at the
interfaces are lower in the AMC80 than in the other two composites,
more damaged interfaces can be observed in the AMC80 (~15%) as
compared to the others (~2% in the AMC20 and ~9% in the AMC50).
The interfaces perpendicular to the tensile direction possess high Mises
stress and quadscrt values. Therefore, those regions have a priority for
the propagation of interface damage. It is noted that no particle cracking
in the three composites at a strain of 1% is found.
Distributions of von Mises stress on the B4C particles at a strain of
1.5% in the AMC20, AMC500, and AMC80 are shown in Fig. 6a–c. High
stress regions located at the sharp corners or concave sections of B4C
particles are found, as indicated by the red arrows. When the particle

Reaction force and displacement on the load end are exported to
calculate the predicted stress–strain curves of the B4Cp/6061Al com
posites with various particle sizes, and representative simulated tensile
stress–strain curves are shown in Fig. 3. It can be found that the curves of
three composites are similar at the elastic deformation stage, and the
elastic modulus is ~89 GPa. With increasing the strain, the plastic
deformation of the composites becomes dominant. The stress goes up
with increasing the strain and then gradually decreases due to the
cracking initiation (black arrows). The formation of main cracking (red
arrows) results in a rapid drop in stress. It is noted that the εf is deter
mined when a dramatic drop in stress is present. Although the different
ROIs are selected, the simulated tensile stress–strain curves exhibit a
similar variation tendency for the three composites, as shown in Fig. S5.
Table 2 summarizes the experimental and simulated tensile properties of
the B4Cp/6061Al composites reinforced by different particle sizes. The
predicted values are close to the measurement values, except that the
σ 0:2 , UTS, and εf of simulated results are slightly higher than those of
experimental results.
The variation trend of simulated stress–strain curves mentioned
above is closely related to the stress states of B4C particles and matrix.
For the quantitative analysis, the volume-averaged stresses of B4C par
ticles (σ B4 C ) and matrix (σ Al ) in the B4Cp/6061Al composites are
calculated by
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Fig. 6. Distribution of von Mises stress of B4C particles at a strain of 1.5% in the (a) AMC20, (b) AMC50, and (c) AMC80; (d–g) showing the fracture process of a
representative particle with increasing the strain in the AMC80. The stress concentration regions are marked with red arrows. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

size is increased from 20 μm to 80 μm, the average stress on the particles
decreases from 936 MPa to 686 MPa. To further analyze this, a B4C
particle in the AMC80 is extracted and the evolution of stress as well as
the damage evolution in this particle can be found in Fig. 6d–g. It is seen
that the particle cracking initiates from the high stress region (concave
section). The particle fractures completely at a strain of 1.26% after
which the stress on the fractured particle decreases with further
increasing the strain to 1.29%. It is also pointed out that the particle
cracking is perpendicular to the tensile direction. This is consistent with
the observation of fracture surfaces, i.e., particle cracking almost always
has its fracture plane perpendicular to the loading direction [39].
It is well known that the main damage mechanism of aluminum
matrix in the PRAMCs is the ductile damage that contains the void
nucleation, growth, and coalescence [40]. According to the ductile
fracture criterion, plastic strain in the matrix plays an important role in
determining the damage accumulation of matrix [40]. Fig. 7 displays the
contours of equivalent plastic strain of matrix in the B4Cp/6061Al
composites at a strain of 2%. On the model surface, the maximum plastic
strain regions oriented 45 deg relative to the tensile direction are
observed, as shown in Fig. 7a–c. The continuity of these regions is
interrupted due to the existence of particles, which is consistent with a
previous study [41]. As the particle size is increased, the high strain
regions tend to get merged with each other. Within the model, some
areas between two adjacent particles are prone to generate a high strain
(Fig. 7d and e). Furthermore, high strain regions are also observed near
the fractured particles, as shown in Fig. 7f.
Fig. 8 shows the damage initiation and propagation of matrix in the
AMC50. When the strain is 6.4%, matrix damage is observed near the
particle cracking and at the damaged B4Cp/matrix interface, as shown in
Fig. 8a. Meanwhile, the high strain region as mentioned in Fig. 7e also
leads to the formation of cracking. This is further displayed in Supple
mentary Fig. S6a. Low stress zones appear around the damaged

particles, as shown in Fig. 8b. Further increasing the strain to 7.2%, the
cracking in the matrix propagates to the directions of high strain at the
cracking tip, and connects with others, as shown in Fig. 8c. Furthermore,
damage propagation with an angel of approximately 45 deg to the
tensile direction is also found. One of such examples is presented in
Supplementary Fig. S6b. The cracking coalescence leads to the genera
tion of main cracking, causing a decrease in stress of both sides of the
cracking (Fig. 8d). As the strain reaches 7.6%, matrix damage near the
interface is observed (see Fig. 8e). In addition to the high strain region
around the cracking, little change in strain distribution in the matrix is
found. The matrix at the tip of cracking possesses a high stress value,
however, the general stress of the matrix decreases as a result (Fig. 8f).
This explains why there is a sharp decrease in stress in the AMC50
during the tension process, as shown in Fig. 3. The main cracking con
tinues to propagate until the complete failure of the composite. As
presented in Supplementary Fig. S6c, fracture mechanisms including the
ductile damage of matrix (red regions), brittle failure of B4C particles
marked by black arrows, and B4Cp/matrix interface debonding marked
by blue arrows can be observed on the simulated fracture section, which
agrees with the experimental observations for the fracture surfaces.
4. Discussion
According to the experimental results, increasing the particle size
seems to have a detrimental effect on the tensile property and work
hardening rate of the B4Cp/6061Al composites. Firstly, the matrix
strengthening effect is weakened with increasing the particle size [30].
Secondly, compared with 20 μm and 50 μm particles, large 80 μm par
ticles are more likely to fracture at given applied stresses, leading to the
occurrence of premature failure in the AMC80. Particle cracking due to
the propagation of an internal defect is described by [31].
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Fig. 7. Contours of equivalent plastic strain of matrix (a–c) on the model surface and (e–f) within the model at a strain of 2%: (a, d) AMC20, (b, e) AMC50, and (c,
f) AMC80.

σf ¼

�
�1=2
2Eγ
πC

(7)

σ eff ¼

where σf is the stress in the particle, γ is the fracture surface energy, E is
the Young’s modulus of particle, and C is the internal cracking length.
For the larger particles, there is a higher probability to contain a flaw of
a critical size [9]. Finally, the interface bonding condition between the
reinforced particles and matrix in the PRAMCs fabricated by powder
metallurgy can be indirectly determined by the density [42]. Table S3
lists the density of the AMC20, AMC50, and AMC80. Weak interface
bonding is formed more easily in the AMC80, thus resulting in a
reduction in tensile strength and elongation. Fracture surface analysis
suggests that there are, essentially, three damage types, i.e., ductile
damage of matrix, B4C particle cracking, and B4Cp/matrix interface
debonding in the B4Cp/6061Al composites. In terms of the simulated
results, the simulated stress–strain curves are in agreement with the
experimental results. Three damage mechanisms can be observed on the
simulated fracture surface. The mechanical properties of simulation
results are slightly higher than that of the experiment results. There are
many factors that can affect the simulated results, such as the inevitable
defects from the tensile specimens which is not considered in the current
model, FEM model size, and idealized material parameters in the
simulation.
Stress concentration factor is considered to evaluate the load-bearing
capability of the B4Cp/6061Al composites, which can be expressed as
follows [43]:
fB4 C ¼

σ B4 C
σ Al
;f ¼
σeff Al σeff

VB4 C σB4 C þ VAl σ Al
VC

(9)

where VC is the total volume of B4Cp/6061Al composites. Generally, the
greater the stress concentration on the particles, the better the loadbearing capability [14]. Fig. 9 shows the stress concentration factor of
B4C particles and matrix in the B4Cp/6061Al composites reinforced by
different particle sizes. The curves agree with the previous simulated
results [13,44] and experimental results obtained by the energy
dispersive synchrotron X-ray diffraction [43]. A negative correlation
between the fB4 C and fAl is observed. At the perfectly elastic stage (ε <
0.2%), the difference between fB4 C and fAl mainly depends on the elastic
modulus misfit between the B4C particles and matrix. Compared with
the unreinforced alloy, local plastic deformation in the matrix of com
posite is more likely to emerge [45]. When the local stress in the matrix
exceeds the yield stress, the matrix begins to deform plastically while the
elastic deformation is maintained for the particles, thus resulting in the
load-rebalancing [44]. As the strain is increased from 0.2% to 0.5%, the
plastic zone volume fraction increases rapidly to ~65% in the AMC20,
resulting in a 7% drop in fB4 C .
When the strain is further increased to 1%, plastic areas continue to
expand in the matrix. With the accumulation of plastic strain, more load
can be transferred to B4C particles through the interfaces, and the value
of fB4 C slowly increases. The load transfer capacity decreases due to the
partial interface damage (deleted elements in Fig. 5d–f), causing a slight
drop in slope of fB4 C . For a given strain, the smaller the percentage of
local interface damage is, the higher the fB4 C value is. Therefore, the
decrease in fB4 C is found in the AMC80. Since the stresses transferred to
the particles are not enough to cause the particles to fracture, the phe
nomenon of particle cracking has not been observed at a strain of 1%.
When the strain is increased to 1.5%, it can be found that the stresses on
the particles tend to concentrate at the sharp regions and concave

(8)

where fB4 C and fAl are the stress concentration factors of B4C particles
and matrix, respectively. σ eff is the effective stress that can be calculated
by
7
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Fig. 8. Evolution of matrix damage with increasing the stain in the AMC50: (a, c, and e) contours of equivalent plastic strain; (b, d, and f) contours of von
Mises stress.

sections of B4C particles (Fig. 6a–c). Furthermore, the large 80 μm B4C
particles get fractured easily because of a low fracture strength that is
affected by the internal cracking length. Therefore, once the stresses on
the particles are greater than the fracture strength, particle damage is
completed within an extreme small strain range.
As the strain reaches 2%, there is an obvious difference in equivalent
plastic strain of matrix for the three composites (see Fig. 7). The strain
distribution of matrix is dependent on some factors, such as the particle
size, distribution of particles, and particle cracking. Damage accumu
lation in the matrix is closely associated with the equivalent plastic
strain of matrix. As for the matrix damage process, the cracking of
initiation and propagation in the AMC50 is taken as an example, as
shown clearly in the Results section. The damaged interfaces and

fractured particles can act as the locations of cracking initiation.
Furthermore, matrix rupture along a 45 deg direction can be found,
which is in line with the shear-failure model proposed by Majumdar and
Pandey [40].
It can be concluded that the FEM simulation based on the actual 3D
microstructure provides an effective and very useful method that can
investigate the effect of particle size on the deformation behavior and
internal damage of B4Cp/6061Al composites. Although the 3D FEM
model is verified through comparing the simulated results with the
experimental stress–strain curves and the post fracture behavior on the
sample surfaces, the evolution of stress/strain do enable us to examine
the deformation and damage that occur within the composites.
Furthermore, the set of parameters, especially the size-dependent yield
8

P. Peng et al.

Materials Science & Engineering A 781 (2020) 139169

Software, Resources. Zongning Chen: Validation, Writing - review &
editing. Tongmin Wang: Conceptualization, Supervision, Project
administration, Funding acquisition.
Acknowledgements
This work was supported by the National Key Research and Devel
opment Program of China [grant No. 2017YFA0403803]; the National
Natural Science Foundation of China [grant Nos. 51901034, 51927801,
51974058, and 51525401] and LiaoNing Revitalization Talents Pro
gram (No. XLYC1808005). The authors appreciate the SSRF for
providing the beam time and all the staff members of the beamline
BL13W1 for technical support during the experiments.
Appendix A. Supplementary data
Fig. 9. Stress concentration factor of B4C particles and matrix in the B4Cp/
6061Al composites that are reinforced by various particle sizes.

Supplementary data to this article can be found online at https://doi.
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stress of matrix, interface strength, or particle fracture strength, plays an
important role in affecting the simulated results. Therefore, in the future
work, the synergistic effects of these parameters will be further studied.
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