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Abstract: SiC particle reinforced pure aluminum composites were fabricated using a powder metallurgy method. The effect of the 
volume fraction of the SiC particles on the mechanical properties of the composites was studied by both model simulation and 
experiment. The results indicate that the yield strength and tensile strength increase, but the elongation decreases with the increase in 
the volume fraction of the SiC particles. Both the modified shear lag model and the multi-scale model predicted yield strength and 
normalized elongation show similar evolution trends with the experimental data. However, the modified shear lag model 
underestimates the yield strength due to the ignorance of the strengthening mechanisms caused by grain refinement and dislocations 
interaction by the introduction of the SiC particles, and the multi-scale model overestimates the normalized elongation due to the 
ignorance of the pores distributed in the matrix. 
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1 Introduction 
 

The aluminum-alloy-based metal matrix composites 
reinforced with SiC particles are widely used in 
aerospace, military, and civil manufacturing industries, 
because of their high strength, modulus, wear resistance 
and fatigue resistance[1−3]. Usually, the introduction of 
the SiC particles increases the elastic modulus and yield 
stress but decreases the ductility and toughness of the 
composites[4−6]. Optimizing the mechanical properties 
of the SiC reinforced aluminum alloy composites 
attracted continuous interest during the last several 
decades. The work includes both experimental studies 
and mechanical modeling. The Eshelby-type model, the 
shear lag model and the modified shear lag model[7−9] 
were successfully used to predict the yield stress and 
elastic modulus of the SiC/Al composites. Recent 
studies[10−13] developed a multi-scale model to 
quantify the relationship between tensile ductility and 
fracture toughness of the SiC particle reinforced 
aluminum alloy composites with the microstructures, 
such as volume fraction and granularity of the SiC 
particles. It was shown by the models[7−13] that the 

mechanical properties (including both the strength and 
plasticity) of the composites depend a lot on the volume 
fraction and granularity of the SiC particles. In this work, 
SiC reinforced pure aluminum composites were 
fabricated using a powder metallurgy method. The effect 
of the volume fraction of the SiC particles on the 
mechanical properties of the composites was studied. 
The modified shear lag model[7−9] and the multi-scale 
model[10−13] were used to study the effect of the 
volume fraction of the SiC particles on the yield stress 
and elongation of the composites. 
 
2 Experimental 
 

In the present work, SiC powders with an average 
granularity of 70 μm and Al powders with an average 
granularity of 40 μm were used to fabricate the 
composites. A commercial pure aluminum with purity of 
99.5% was used to prepare aluminum powders by 
powder metallurgy method. The volume fractions of the 
SiC particles in the composites are 0, 4%, 8%, 12%, 16% 
and 20%. Proper Al and SiC powders were ball-mixed 
for 10 h using a powder rotator mixer. The ball-to- 
powder mass ratio was 31׃. The mixed powders were 
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die-pressed at room temperature under a pressure of 66 
MPa in a 44 mm diameter cylindrical steel die to produce 
the compacts of 40 mm in thickness. The specimens 
were then sintered in a vacuum furnace with a pressure 
of 10−3 Pa at a heating rate of 10 ℃ /min to a 
temperature of 575 ℃. At 575 ℃, the specimens were 
sintered for 10 h. After sintering, the specimens were hot 
extruded to rods at 570 ℃ with an extrusion ratio of 
 .1׃9

The yield strength, tensile strength and elongation 
of the composites were measured by tensile testing. At 
room temperature, the dog-bone-shaped tensile 
specimens, having a gauge size of 6 mm in diameter and 
40 mm in length, were served in the tensile test at a 
constant strain rate of 5×10−4 s−1 on an Instron 8802 
testing machine. The yield stress was determined at the 
0.2% strain. All the specimens have an axis along the 
extrusion direction. The microstructures of the 
composites were studied using Neophot−21 optical 
microscope, while the fracture surfaces of the tensile 
specimens after tensile testing were studied using 
JSM−6360LV scanning electron microscope (SEM). 
 
3 Results 
 
3.1 Optical microstructures 

Fig.1 shows the optical microstructures of the 
composites with 8%, 12%, 16% and 20% volume 
fractions of the SiC particles. It can be seen that for all 
the volume fractions, the SiC particles are distributed 

uniformly in the Al matrix. At the same time, pores 
(shown with arrows in Fig.1) are generally observed in 
the composites. From Fig.1, we know that pores 
generally co-exist with the SiC particles, which indicates 
that the interfacial cohesion between the SiC particles 
and matrix is relatively weak. 
 
3.2 Mechanical properties 

Table 1 illustrates the mechanical properties of the 
composites as a function of the volume fraction of the 
SiC particles. It can be seen that the yield strength and 
tensile strength increase with the increase in the volume 
fraction of the SiC particles, while the elongation 
decreases with the increase in the volume fraction of the 
SiC particles, indicating that increasing the volume 
fraction of the SiC particles can improve the strength but 
degrade the plasticity of the composites. 
 
Table 1 Mechanical properties of composites 

Volume fraction of 
SiC particles/%

Yield 
strength/MPa 

Tensile 
strength/MPa 

Elongation/
% 

0 56.6 84 26.2 

4 58.3 91 14.1 

8 59.7 96 12.5 

12 61.4 103 9.5 

16 62.9 115 8.4 

20 64.6 127 7.2  
 

 
Fig.1 Optical microstructures of composites with various volume fractions of SiC particle: (a) 8%; (b) 12%; (c) 16%; (d) 20% 
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3.3 Fracture surfaces 
Fig.2 shows the SEM fracture surfaces of the 

composite after tensile testing with the volume fraction 
of the SiC particles of 0, 4%, 16% and 20%, respectively. 
It can be seen that the fracture surface of pure aluminum 
shows a typical ductile fracture characteristic, consisting 
of numerous dimples over the entire surfaces. The 
dimple size in pure aluminum is only about 5 μm. It can 
also be seen that the SiC reinforced composites show 
both ductile and brittle fracture characteristics. All the 
fracture surfaces of the composites consist of numerous 
dimples in the matrix and fragmentation and decohesion 
of the SiC particles from the matrix. The dimples should 
be a result of the void nucleation and subsequent 
coalescence by strong shear deformation and fracture 
process on the shear plane, while the fracture and 
decohesion of the SiC particles can be explained by 
work-hardening and the fragmentation of the ceramic 
phase caused by high stress concentration. The main 
difference of the fracture surfaces is that increasing the 
volume fraction of the SiC particles decreases the ductile 
fracture feature. 
 
4 Discussion 
 
4.1 Yield strength evolutions 

For SiC particle reinforced aluminum metal matrix 
composites, the SiC particle is the main strengthening 
factor. Based on the modified shear lag model[8−9], the 
increase in the yield strength by the introduction of the 

SiC particles is caused by the external applied stress 
transferred from the Al matrix to the SiC particles. If the 
presence of the reinforcement does not affect matrix 
stress—strain behavior, the yield strength (σcy) of the 
composites can be expressed as[8−9] 
 

]2/)2([ mpmycy ϕϕσσ ++= S                   (1) 
 
where σmy is the intrinsic yield strength of the matrix, S is 
the aspect ratio (for round-shaped SiC particles, S=1), 

pϕ  is the volume fraction of the SiC particles and mϕ  
is the volume fraction of the matrix. 

Fig.3 shows the yield strength evolutions with the 
volume fraction of the SiC particles, predicted by the 
modified shear lag model. The experimental data are also 
included in the figure. It can be seen that the modified 
shear lag model predicted yield strength shows similar 
evolution trend with the experimental data, in which the 
yield strength of the composites increases with the 
volume fraction of the SiC particles. However, it should 
also be noted that the predicted values are lower than the 
experimentally determined yield strength, no matter what 
volume fraction of the SiC particles is. The higher the 
volume fraction of the SiC particles, the larger the 
discrepancy in the yield strength between the predict 
values and experimentally determined data. Previous 
studies[14−15] indicated that the shear lag model and 
modified shear lag model can only be used to predict 
yield strength of the composites with high matrix 
intrinsic yield strength, such as Al-Cu, Al-Mg-Si and 
Al-Zn-Mg based composites. For pure aluminum based 

 

 
Fig.2 SEM fractographs of composites with various volume fractions of SiC particles: (a) 0%; (b) 4%; (c) 16%; (d) 20% 
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Fig.3 Model predicted and experimentally determined yield 
strength evolutions of composites with volume fraction of SiC 
particles 
 
composites, the modified shear lag model predicted yield 
strength is generally lower than the experimental data, 
since the model doesn’t consider the strengthening 
mechanisms caused by grain refinement and dislocations 
interaction by the introduction of the SiC particles. The 
higher the volume fraction of the SiC particles, the more 
apparent the grain refinement and dislocations 
interaction, and the larger the discrepancy in the yield 
strength between the predicted values and experimental 
data. 
 
4.2 Elongation evolutions 

In general, the increase in the strength of the 
composites by the introduction of SiC particles is 
accompanied by the decrease in the plasticity, since SiC 
particles are the microcrack initiators during deformation. 
As a ceramic phase, SiC is brittle and has high strength. 
During deformation, two types of the microcracks will be 
initiated by the SiC particles. First, if the interfacial 
cohesion between the SiC particles and matrix is strong, 
the SiC particles will fracture to nucleate microcracks 
when the local strain and dislocation density reach the 
critical values by the high stress concentration. Second, 
if the interfacial cohesion between the SiC particles and 
matrix is weak, decohesion between the SiC particles and 
matrix will happen to nucleate microcracks before the 
SiC particles are fractured. Thus, a strong interfacial 
cohesion can improve both the strength and plasticity of 
the composites since weak interfaces will nucleate 
microcracks at a rather low external applied stress. In 
recent years, SONG et al[10−13] developed a multi-scale 
model for the ductility of multiple phase materials (with 
continuously distributed matrix). In the model, the 
second phase particles distributed in the matrix are 
divided into two groups: cracking formation phase and 
non-cracking formation phase. SiC particles in the 

composites are generally treated as cracking formation 
phase due to the brittleness. Based on the multi-scale 
model[13], the elongation ( c

pε ) of the composites can be 
expressed as 
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where )(~ θε n  is the effective value of reduced 
coefficient )(~ θε ij  when θ=0; c

pε  is the macroscopic 
fracture strain (elongation); n is the inverse of the strain 
hardening exponent; λf and rf are the interspacing and 
radius of the cracking formation phase, respectively; 

nI += 13.03.10  and nh 312/3 += ; b is the Burgers 
vector of the matrix dislocations; λ is the interspacing of 
one type of the non-cracking formation phase (geometric 
slip distance), the subscribe x is the number of the types 
of the non-cracking formation phase; and c

gρ  is the 
matrix critical dislocation density around the 
non-cracking formation phase when the material starts to 
fracture. In principle, when the density of the 
geometrically-necessary dislocations reaches the critical 
value, the microscopic strain around the non-cracking 
formation phase reaches the critical value, and 
macroscopic fracture appears. For SiC reinforced pure 
aluminum composites, only one type of the cracking 
formation phase exists in the Al matrix (SiC particles). 
Thus, Eq.(2) can be expressed as  
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Fig.4 shows the normalized elongation evolutions 

with the volume fraction of the SiC particles, predicted 
by Eq.(3). The experimentally determined data are also 
included in the figure. It can be seen that the predicted 
normalized elongation shows similar evolution trend 
with the experimental data, in which the normalized 
elongation of the composites decreases with the volume 
fraction of the SiC particles. The decrease in the 
normalized elongation of the composites is caused by the 
decrease in the dislocation slip distance with the increase 
in the volume fraction of the SiC particles[16]. However, 
it should also be noted that the predicted values are 
higher than the experimental data, no matter what 
volume fraction of the SiC particles is. 

The discrepancy between the model predictions and 
experimental data can be explained by the micro- 
structures of the composites. Fig.5 shows a typical SEM 
micrograph of the fabricated composite with 20% SiC 
particles. It can be seen that many pores are distributed in 
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Fig.4 Model predicted and experimentally determined 
elongation evolutions of composites with volume fraction of 
SiC particles 
 

 
Fig.5 SEM microstructure of composite with 20% SiC particles 
 
the matrix. The pore distribution can also be observed in 
Fig.1. In the multi-scale model (Eqs.(2) and (3)), the 
composites are assumed to be fully densified, without 
any pores in the microstructures. The appearance of 
pores in the matrix (due to the low die-pressing pressure 
of 66 MPa) degrades the plasticity of the composites 
since pores are also microcrack imitators during 
deformation, such as the SiC particles. 
 
5 Conclusions 
 

1) The yield strength and tensile strength increase, 
but the elongation decreases with the increase in the 
volume fraction of the SiC particles, indicating that 
increasing the volume fraction of the SiC particles can 
improve the strength but degrade the plasticity of the 
composites. 

2) The modified shear lag model predicted yield 
strength shows similar evolution trend with the 
experimental data. However, the modified shear lag 
model underestimates the yield strength due to the 

ignorance of the yield strength increment caused by grain 
refinement and dislocation multiplication and interaction 
by the introduction of the SiC particles. 

3) The multi-scale model predicted normalized 
elongation shows similar evolution trend with the 
experimental data. However, the multi-scale model 
overestimates the normalized elongation due to the 
ignorance of the pores distributed in the matrix. 
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