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Abstract: The microstructures and mechanical properties of Al matrix composites reinforced by different volume fractions of 
Al-Ni-Co intermetallic particles were investigated. Three different volume fractions of Al-Ni-Co particles were added to pure Al 
matrix using a stir-casting method. Microstructural analysis shows that with the increasing of the reinforcement volume fraction, the 
matrix grain size decreases and the porosity increases. The mechanical properties of the composites are improved over the matrix 
materials, except for the decreasing of the ductility. Fracture surface examination indicates that there is a good interfacial bonding 
between the Al matrix and the Al-Ni-Co particles and the fracture initiation does not occur at the particle-matrix interface. 
Key words: aluminium matrix composites; Al-Ni-Co quasicrystal; mechanical properties; intermetallics 
                                                                                                             
 
 
1 Introduction 
 

Aluminium matrix composites (AMCs) reinforced 
with ceramic particles have been much developed as 
structural components in the automotive and aerospace 
industries because of their excellent properties such as 
high specific stiffness, high strength and high abrasion 
resistance[1−3]. An inherent difficulty in the fabrication 
of the AMCs is the poor wettability between the ceramic 
particles and the Al matrix. It is well known that 
intermetallics (IMs) can be wetted by molten metal easily. 
Moreover, they exhibit comparable mechanical 
properties and closer coefficient of thermal expansion 
(CTE) with Al when compared to ceramic materials[4]. 
Therefore, IMs based on Ni-Al (mainly Ni3Al and NiAl) 
and Ti-Al (mainly TiAl) systems have recently been 
studied as a new family of reinforcements of AMCs 
[5−7]. The stiffness and wear behavior of the AMCs can 
be improved by the intermetallics addition. 

Quasicrystals (QCs) as a kind of IMs are found to 
exhibit high hardness and strength [8−9]. An Al-Cu-Fe 
QC was suggested to be used as particle reinforcement 
for AMCs fabricated by mechanical alloying (MA) 

method by TSAI et al for the first time[10]. Then QI   
et al[11−12] studied the phase transformation and wear 
properties of the AMCs reinforced with Al-Cu-Cr 
quasicrystalline particles produced by powder 
metallurgical (PM) technique. More recently, TANG et al 
[13] and CHERDYNTSEV et al[14−15] fabricated 
Al-Cu-Fe quasicrystalline particles reinforced AMCs by 
PM technique. It was found that as the consolidation 
temperature exceeds about 500 ℃, atomic diffusion 
between the Al matrix and the quasicrystalline particles 
takes place, and the quasicrystalline phase transforms to 
a crystalline phase, which has a higher Al content as 
compared to that in the quasicrystalline phase[13, 15]. 
Mechanical property tests reveal that the phase 
transformation is accompanied by the hardness decrease 
and strength increase of the AMCs[14−15]. 

Besides MA and PM methods used in the 
fabrication of the AMCs reinforced with quasicrystalline 
particles mentioned above, casting method was also 
selected by LEE et al to fabricate AMCs reinforced with 
Al-Cu-Fe QC-containing particles[16]. They found that 
the volume fraction of the quasicrystalline phase in the 
Al-Cu-Fe particles decreases and that of the co-existing 
crystalline phase increases during the casting process, 
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accompanied by the dissolution of the smaller particles 
into the Al matrix. In contrast, as reported in Ref.[17], 
Al72Ni12Co16 single QC was used as particulate 
reinforcement added to pure Al matrix by a stir-casting 
method. Microstructural analysis of the composite 
indicates that the quasicrystalline phase transforms 
completely to the crystalline phase Al9(Co, Ni)2 during 
the fabrication process. In addition, the particle size of 
the resulting Al9(Co, Ni)2 IMs particles was remarkably 
smaller than that of the original Al-Ni-Co 
quasicrystalline particles due to particle fragmentation 
[17]. Tensile tests indicate that the ultimate tensile 
strength (UTS), yield strength (YS) and elastic modulus 
(EM) of the as-cast composite were improved over the 
matrix properties remarkably. 

However, in Ref. [17], only one volume fraction of 
the Al-Ni-Co quasicrystalline particles was added to the 
Al matrix. To investigate the effect of the particle volume 
fraction on the microstructures and mechanical 
properties of the Al matrix, in this work, various volume 
fractions of the Al-Ni-Co quasicrystalline particles were 
added to the Al matrix. Also, the failure mechanism of 
the composites was discussed by fracture surface 
analyses. 
 
2 Experimental 
 

The Al72Ni12Co16 quasicrystalline particles were 
fabricated by conventional casting method. The 
microstructure analysis showed that the ingot has a 
single-QC structure. The preparation and characterization 
of the Al72Ni12Co16 quasicrystalline particles were 
introduced detailedly in Ref.[17]. The particles within a 
size range of 100−150 µm were selected for synthesizing 
composites. 

Three particle volume fractions, 7%, 10% and 15%, 
were introduced to a commercial Al (99.8%) matrix by 
the stir-casting method as introduced in Ref.[17]. The 
three composites were designated as C7, C10 and C15 
hereinafter. The composites C7 and C10 were cast at 700 
℃, while C15 was cast at 710 ℃ to guarantee adequate 
fluidity. The microstructures of the composites were 
analyzed by scanning electron microscopy (SEM). 

Densities were measured by water displacement 
technique. The measured densities were compared to the 
values obtained using the rule of mixtures (ROM) so as 
to determine the volume fractions of porosity of the 
composites [18]. 

Tensile tests were performed at a strain rate of 0.3 
mm/min on round specimens with a diameter of 5 mm 
and gauge length of 25 mm at room temperature. 
Fracture surfaces of the tested samples were examined 
by SEM. 

 
3 Results and discussion 
 
3.1 Microstructures 

The typical microstructures of the as-cast 
composites with different volume fractions of the 
Al-Ni-Co particles are shown in Fig.1. In all the samples, 
polygonal morphology particles and Al matrix with an  
 

 
Fig.1 Backscattered electron (BSE) images of composite:    
(a) Sample C7; (b) Sample C10; (c) Sample C15 
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eutectic structure formed in the interdendritic region can 
be seen. The polygonal phase and eutectic structure have 
been identified to be Al9(Co, Ni)2 phase and Al, Al3(Ni, 
Co) and Al9(Co, Ni)2 ternary eutectic, respectively, 
according to the Al-Ni-Co ternary phase diagram 
combined with X-ray diffraction (XRD) and energy 
dispersive spectroscopy (EDS) analysis[17]. The 
particles are mostly embedded in the Al grains while 
others are along the grain boundaries with eutectic 
phases. The particle distribution is relatively uniform, 
though particle-rich and particle-free regions can be seen 
due to the effect of solidification. The particle size of the 
Al9(Co, Ni)2 phase in the three composites is mostly in a 
range of 15−25 µm, which is much smaller than that of 
the starting quasicrystalline particles (100−150 µm). The 
reason of the particle size decreasing is particle 
fragmentation as preliminary discussed in Ref.[17] and 
will be studied detailedly in a subsequent article. On the 
other hand, the matrix grain size dramatically decreases 
with increasing volume fraction of the reinforcement 
particles (Fig.1). 

The matrix grain size decreases with increasing 
amount of the reinforcement particles is confirmed by 
the grain size measurement conducted by line-cross 
method (Table 1). The porosities of the studied samples 
are also listed in Table 1. As widely observed in particle 
reinforced metal matrix composites (PRMMCs), the 
matrix grain size decreases and the porosity increases 
with increasing the volume fraction of the reinforcement 
particles. 
 
Table 1 Characterization results of Al matrix and three 
composites 

Sample 
Experimental 

density/ 
(g·cm−3) 

Theoretical 
density/ 
(g·cm−3) 

Porosity/
% 

Grain 
size/ 
μm 

Al 2.67±0.01 2.70 1.11 − 

C7 2.73±0.01 2.78 1.80 28 

C10 2.77±0.01 2.82 1.77 22 

C15 2.79±0.01 2.87 2.79 19 

 
In general, when ceramic particles are introduced to 

a metal matrix by casting method, particle-porosity 
clusters tend to occur due to the poor wettability and gas 
entrapment during mixing[19−21]. However, the defect 
has not been found in the present study, which can be 
attributed to several aspects. Firstly, the good wettability 
of the Al-Ni-Co IM particles with Al melt helps the 
dispersion process of the particles in the Al melt. 
Secondly, the gas entrapment during the mixing is much 
less due to the fairly big size of the original Al-Ni-Co 

quasicrystalline particles, compared to that in the case of 
adding finer particles with the equivalent volume 
fractions. Finally, as mentioned above, the particle 
fragmentation occurs in the Al melt, giving rise to a clean 
surface, which can form an intimate contact with the Al 
melt and obtain a perfect metallurgical bonding after 
solidification without impurities or gas presenting at 
particle-matrix interface. 
 
3.2 Tensile properties and fracture surface examina- 

tion 
The average measured tensile properties of all the 

samples are given in Table 2. The 0.2% offset yield stress 
(YS) and ultimate tensile strength (UTS) of the 
composites are higher than those of the Al matrix, and 
show a monotonic trend over the whole added 
reinforcement volume fractions. The data of Al/SiCp 
composites from Ref.[22], in which 20SiC-cast and 
20SiC-PM indicate AMCs reinforced with 20% (volume 
fraction) SiC with an average size of 250 μm fabricated 
by casting method and powder metallurgy method, are 
also shown in Table 2. It can be seen that the 
strengthening efficiency of the Al-Ni-Co particles for 
pure Al matrix is superior to that of 250 µm SiC particles 
in both as-cast and PM state. This may be attributed to 
several factors including the good particle-matrix 
interfacial bonding, the fine reinforcement particle size, 
the strengthening effect of elemental Ni and Co on the Al 
matrix as well as the presence of the Al3(Ni, Co) phase in 
the composites studied here. 
 
Table 2 Tensile properties of composites and pure Al matrix 

Sample YS/MPa UTS/MPa EF/% EM/GPa

Al 37 64 30 68 

C7 49 83 3 71 

C10 52 87 2 75 

C15 63 104 ＜1 72 

20SiC-cast 47.9 71.9 − − 

20SiC-PM 56 86.9 − − 

 
However, the elastic modulus (EM) of the studied 

materials reaches a maximum value when the particle 
volume fraction is 10%, and decreases afterward (Table 
2). The decrease of the EM of sample C15 may be 
attributed to the increasing of porosity (see Table 1), 
which can be confirmed by the fracture surface analysis 
of sample C15 to be discussed in a subsequent paragraph. 
It was found that the porosity can reduce the EM of a 
PRMMC[23−25]. LING et al[25] produced AMCs 
reinforced with up to 30% (volume fraction) SiC by PM 
technique and studied the mechanical property variation 



CHENG Su-ling, et al/Trans. Nonferrous Met. Soc. China 20(2010) 572−576 

 

575

with the volume fraction of SiC particles. They found 
that the EM increased at 10% SiC loading, kept constant 
at 20%, and dropped at 30%. The drop was explained by 
the increased porosity in the composite containing 30% 
SiC. 

The level of the ductility of the three composites is 
low. The increase of reinforcement content decreases the 
elongation fracture (EF) of the composites. Generally, 
the fracture of reinforcement particle and the localization 
of matrix deformation are considered as the main factors 
to be responsible for the decrease of the ductility of 
PRMMCs[26−28]. With the reinforcement volume 
fraction increasing, the geometric slip distance of the 
dislocation decreases, the microcracks occur at a 
relatively low elongation rate, and the EF decreases 
consequently[27−28]. 

Fig.2 shows the typical fractographs of the failed 
tensile samples. All of the samples display a mixed 
fracture mechanism on the fracture surface: brittle 
fracture of the reinforcement particles and ductile tearing 
of the Al matrix. A primary difference between the 
fracture surfaces of the three composites is the relative 
area fraction of the matrix to fractured particles. With the 
particle volume fraction increasing, the fractured 
particles increase. Another difference is the proportion of 
voids presented on the fracture surface (see rectangles in 
Figs.2(b) and (c)). It can be concluded from Fig.2 that 
the dominant fracture mode of samples C7 and C10 is 
particle cracking and matrix ductile tearing, while the 
fracture of sample C15 is primarily initiated from 
shrinkage cavities. The fracture surface examination is 
consistent with the decrease of the EM after the 
reinforcement particle volume fraction reaches 15%. 
Particle-matrix interfacial debonding can not be found by 
the fracture surface examination, which confirms the 
strong interfacial bonding between the IM particles and 
the Al matrix. 
 
4 Conclusions 
 

AMCs reinforced with different volume fractions of 
Al-Ni-Co particles were fabricated by stir-casting 
method. The microstructures and mechanical properties 
of the composites were characterized and conclusion can 
be drawn: 

1) The microstructure analysis of the composites 
reveals the uniform distribution of the Al-Ni-Co particles. 
The increase in reinforcement volume fraction results in 
the increase of the porosity and decrease of matrix grain 
size in the composites. 

2) The UTS and YS of the composites increase 
continuously with the increase of reinforcement content,  

 

 
 
Fig.2 SEM images showing typical fracture surfaces of failed 
tensile composites: (a) Sample C7; (b) Sample C10; (c) Sample 
C15 
 
while the EF exhibits an inverse trend. The EM increases 
up to 10% Al-Ni-Co particles, and decreases at 15%. 

3) The fractures of samples C7 and C10 are initiated 
from particle cracking, while that of sample C15 is 
induced by shrinkage cavities, which results in the 
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decreased value of the EM. 
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