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ABSTRACT

Purpose: Mechanical properties of metal matrix composites (MMCs) are essentially functions of the 
manufacturing processes. Surface state and roughness conditions as well as the type of matrix reinforcement 
and heat treatment influence the mechanical behaviour of the MMCs in service conditions. The factors such 
as the porosity of the matrix, volume fraction of the reinforcement and their distribution, agglomeration or 
sedimentation of particles and particle size, dross and porosities influence the behaviour of the MMC. The 
static and cyclic deformation behaviour of these two metal matrix composites has been investigated at room 
temperature; 2124/Al-Si-Cu fabricated by powder metallurgy and AS7G/Al-Si-Mg fabricated by foundry.
Design/methodology/approach: In cyclic deformation, surface roughness effect on the damage behaviour has 
been discussed. The microstructure for optical images was made by Olympus optical microscope (OM). The failed 
specimens are observed by using of scanning electron microscope (SEM) and also the variation of volume fraction 
depending on the tomography density (TD) was evaluated by means of X-rays computed tomography, CT.
Findings: AS7G composite showed considerable lower mechanical properties regarding to the 2124 composite. 
In the AS7G composite, the crack generally initiated at the interface (SiC/matrix) with many interface debonding 
between the SiC particles and the matrix. This was the principal cause of the reduced fatigue strength.
Practical implications: Applications of χ-rays CT on the composite materials is more efficient and skilful. 
χ-rays CT well characterise the particle size and the distribution of the reinforcements-volume fraction as 3D at 
the mesoscopic scale as a possible way to study this aspect.
Originality/value: Manufacturing of two new different MM-composites and damage analysis in successful 
usage of aerospace application.
Keywords: Metal matrix composites; Damage mechanisms; SEM

1. Introduction 

The development of metal matrix composites (MMCs), is of 
great interest in industrial applications for lighter materials with 
high specific strength, stiffness and heat resistance. They form a 

new class of industrial materials. In MMCs, aluminium-matrix 
composites (AMCs) reinforced with discontinuous reinforcements 
are very attractive because they give the best combination of 
strength, ductility and toughness and they can be processed by 
conventional methods such as rolling, forging, extrusion and as a 
final process, machining. Important MMCs applications in the 
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ground transportation (auto and rail such as brake drums, engine 
pistons), thermal management, aerospace, industrial, recreational 
and infrastructure industries have been enabled by functional 
properties that include high structural efficiency, excellent wear 
resistance, and attractive thermal and electrical characteristics 
because of their higher strength and stiffness and their improved 
strength to weight ratio compared to non-reinforced alloys [1-11]. 
Challenging technical issues have been overcome, including 
compatibility between reinforcement and matrix, affordable 
primary and secondary processing techniques capable of 
adequately controlling reinforcement distribution, engineering 
design methodologies, and characterization and control of 
interfacial properties. MMCs are now an established materials 
technology. Future visions of new MMC paradigms that might 
underpin a new expansion have not been clearly identified and 
there is presently no focused effort to expand the scope of MMCs 
[2, 3, 7, 18-20, 27, 28]. 

The mechanical properties of these materials are functions of 
the manufacturing processes. Some factors such as surface state 
and roughness as well as the type of matrix, volume fraction of 
reinforcement, particle size and their distribution and heat 
treatment basically influence their mechanical behaviours 
particularly fatigue behaviours in service conditions. A number of 
studies on the mechanical characterisation of MMCs have been 
carried out and many different results have been reported and 
comprehensive information on the definition, constitution, 
processing, microstructures and properties of MMCs is available 
from other sources [1-36]. 

For example, in a comparative study, the surface treatment 
effect on the fatigue properties has been given for Al2024-T3 
Alclad and Al7075-T6 alloys. This paper provided that the 
Fatigue properties in air are almost the same for treated and 
untreated samples for both alloys. There was any surface effect on 
the fatigue behaviour. 

Therefore it is necessary to understand the damage 
mechanisms under different solicitations. The main objective of 
this study were to investigate the static and cyclic deformation 
behaviour at room temperature (T=24°C) for two AMCs. In the 
present study, hardness, tensile and fatigue tests were performed 
in ambient using smooth specimens in different surface conditions 
(as-received and polished) of the two different aluminium-matrix 
composites (AMCs), (2124/Al-Si-Cu and AS7G/Al-Si-Mg) and 
damage mechanisms are discussed. The damaged specimens are 
observed by using of scanning electron microscope (SEM). The 
variation of volume fraction depending on the tomography density 
(TD) was evaluated by means of X-rays computed tomography, 
CT, (medical scanner). 

2. Manufacturing of the specimens and 
experimental conditions 

Two series of MMCs were prepared in the laboratory of the 
French aeronautic company as follows: 

The 1st series of samples (2124, Al-Si-Cu) with a volume 
fraction of 25% SiCp reinforcement, the materials were processed 
by powder metallurgy technique. This processing route begins 

with blending matrix powder and reinforcement particles. After 
that, the mixture is canned and degassed to remove adsorbed or 
chemically bonded water or other volatile elements and then 
extruded with a ratio of 5:1 for further improvement density. In 
fact, as well shown in the literature, a wide range of 
thermomechanical processes have been established for particle 
matrix P/M, discontinuously reinforced Al (DRA), and forging, 
extrusion and rolling are the most widely used for the current 
applications in this domain [3, 18, 19, 21, 26, 27]. Additionally, to 
improved strength and stiffness, an attractive balance of fracture 
properties including ductility, toughness and fatigue are available 
from commercial P/M DRA materials. This is achieved through 
the control of Vf (which is typically limited to ~ 20%) and/or 
particulate size, along with the strict control of particulate 
distribution via initial blending and subsequent thermomechanical 
deformation [3, 18, 19]. 

The 2nd series of the samples (AS7G, Al-Si-Mg) with a 
volume fraction of 20% SiCp reinforcement were fabricated by 
foundry. The nominal chemical compositions of these samples are 
given in Table 1. The particle sizes of 2124 and AS7G alloys 
were approximately 1and 13 μm respectively, denoted hereafter 
as 1 and 13 μm SiCp/Al composites respectively. The aspect ratio 
of particles in composites was between 1.85 and 2.  

As for the specimens of AS7G, Firstly, they were solution 
treated at 529°C for 12 hours, quenched in water and then 
tempered at 160°C for 24 hours (type T6). A complementary 
special heat treatment (called TS) has been carried out; they were 
solution treated at 549°C for 10 hours, cooled in air and then 
tempered at 160°C for 24 hours in order to provide good 
consolidation the interfacial cohesion (particle/matrix) for 
improving mechanical properties in severe conditions (for 
example at high temperature. 

The flat specimens used for the tensile and fatigue tests 
(80x10x3) with a length of 80 mm, a width of 10 mm and the 
thickness of the specimens was 3 mm. They were machined from 
as received bars. Fig. 1 shows the geometry of the specimens used 
for the tensile and fatigue tests. 

Fig. 1. Geometry of the specimens used for the static and cyclic tests 

Microstructures of the AS7G and 2124 were carried out by 
optical microscope on the specimens polished with diamond up to 
1 μm after mechanically polishing by emery paper up to 1200. 
Macro Vickers hardness values were measured with 30 kg on the 
2124 specimens and 10 kg on the AS7G specimens. Micro 
hardness measurements have been carried out with a 20 g (HV0.02)
on the AS7G specimens. Roughness measurements on the test 
specimens were carried out as received and polished conditions. 
For the quantitative analysis, Visilog and also a medical scanner 
(X-rays computed tomography (CT) installed in the ITMA –
CNAM/Paris, were used. 

2.  Manufacturing of the 
specimens and experimental 
conditions
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Table 1. 
Nominal chemical compositions of two composites used in this study 

AS7G Si(%) Fe(%) Cu(%) Mn(%) Mg(%) Zn(%) Ti(%) Other Al 
 6.5/7.5 0.15 max 0.2 max 0.1 max 0.3/0.45 0.1 max 0.2 max 0.10 balance 

2124 Cu(%) Mg(%) Mn(%) Si(%) Cr(%) Zn(%) Fe(%) Ti Al 
 3.84 1.33 0.46 0.05 - - 0.09 - balance 

Tensile and fatigue tests of MMCs were conducted on an 
INSTRON 8501 equipped with a load cell of 10 tonnes in 
laboratory air at ambient temperature. Displacement rate for the 
tensile tests was 0.5 mm/min. All the fatigue tests were carried out 
at the stress ratio of 0.1 at a frequency of 30 Hz. The loading 
direction for all the tests is parallel to the extrusion direction. The 
microstructure for optical images was made by Olympus optical 
microscope (OM). Keller’s etching was used to etch the matrix 
materials, which consists of 2.5 ml HNO3, 1.5 ml HCl, 1 ml HF and 
95 ml distilled H2O. Short time etching (few seconds) was used 
until clear grain boundaries in the matrix. The failed specimens 
were examined by scanning electron microscope (SEM). 

3. Results and discussion 

3.1. Microstructure, roughness and hardness 
evaluation

Fig. 2 shows the microstructures of the sections longitudinal 
and perpendicular to the extrusion direction in the 2124 composite 
and also the microstructure of the AS7G. It is seen that SiC particles 
are weakly aligned in the extrusion direction. Heterogeneity is more 
important in the microstructure of the AS7G with a randomly 
distribution than that of the 2124 and the presence of the porosity in 
the AS7G is related to the production method. 

a)          b) 

    

Fig. 2. Microstructures of: a) 2124 (1200X) and b) AS7G (600X) 
composites

The mean values (macro and micro) of Vickers hardness 
measurements were given in Table 2 for the as received and heat 
treated conditions. It can be seen that there is no difference between 
macro and micro hardness measurements in the as received AS7G 
specimens. It is noted that the increase of the hardness value after 
the heat treatment T6. This case is related to the aging of the matrix 
suitable to the treatment T6. Again, a decrease is observed after the 
heat treatment TS. It means that the relocation of the precipitates to 

the interface and the dendrites. The same evolution is observed in 
the micro hardness values. In other words, the hardening of the 
matrix appears after the T6 and a decrease in the micro hardness 
values after the TS. This situation can be explained that the major 
part of the silicon immigrated to the interface under the precipitated 
form after the TS. 

Table 2. 
Hardness measurements in two composites 

AS7G As received Heat treated (T6) Heat treated
(TS)

Vickers Hardness
(macro) 78 115 90 

2124 As received   
Vickers Hardness

(macro) 195   

AS7G As receivedHeat treated 
(T6)

Heat treated
(TS) Reinforces

Vickers 
Hardness (micro) 78 90 85 4250 

Roughness measurements (Ra) on the specimens of two 
composites were taken as received and polished conditions for the 
evaluation of the surface effect on the fatigue behaviour. The mean 
values of Ra for the two composites were 0.36 μm and 0.17 μm in 
the case of as received and polished conditions respectively. 

3.2. Tensile properties 

The tensile properties of the composites studied are given in 
Table 3. It can be seen that the proof stress, the ultimate tensile 
strength and the elastic modulus increased in polished specimens. 
The comparison of these results explains well the important effect 
of the production methods, distribution of particles-homogeneity, 
and the size of reinforcement, etc. In any case, the 2124 showed 
more reliable mechanical properties than the AS7G. 

Fig. 3 reveals the SEM micrographs of the fracture surfaces of 
the tensile specimens for each composite. For the 2124, a ductile 
fracture appearance was observed with shearing effects on the 
surface. However, the AS7G showed a typical cleavage at the 
surface with different facet sizes. Many microcracks and porosity 
were also observed. 

Typical examples of crack paths on the specimen surface in 
the composites are shown in Fig. 4. For the 2124 composite, 
microcracks developed in the matrix and only a few debonding 
particles are observed. A high resistance interface and matrix is 
seen in the samples of 2124. However, crack path of AS7G is 
very different regarding to that of 2124. Crack developed in the 
matrix and in the interface. Many debonding particles with some 
branching of cracks are seen in the AS7G specimens. 

3.  Results and discussion

3.1.  Microstructure, roughness 
and hardness evaluation

3.2.  Tensile properties
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Table 3. 
Mechanical properties of the composites at ambient temperature 

Composite

Proof
stress 

0.2
(MPa)

Ultimate 
tensile

strength
(MPa)

Elongation
f (%) 

Reduction 
of area, A 

(%)

Elastic 
modulus
E (GPa)

AS7G
(as received) 95 247 0.47 0.15 77 

AS7G
(polisheed) 172 276 0.61 0.21 114 

2124
(as received) 104 482 4.75 1.55 100 

2124
(polished) 280 600 2 1.54 131 

a)         b) 

     

Fig. 3. Fracture surfaces of the tensile specimens for the: a) 2124 
and b) AS7G composites 

a)        b) 

    

Fig. 4. Crack paths on the tensile specimens; a) 2124 and  
b) AS7G composites 

3.3. Fatigue behaviour 

Fig 5 displays the fatigue test results obtained on the two 
composites; 2124 and AS7G. The fatigue properties explained by 
S-N curves were plotted in polished and also as received 
conditions of the specimens for both of the two composites. These 
S-N curves showed that the fracture occurred between 106 - 107

cycles ranges. AS7G shows significantly lower fatigue strength 
with the fatigue strength at 106 cycles of 95 MPa regarding to 
2124. The fatigue strength ( D) value found for 2124 is about  
363 MPa [6-11]. It is seen that the particle size and the production 
methods are the main parameters playing an important role on the 
fatigue strength. These results are in agreement with the literature 
[1-11, 16, 19, 20, 23, 28].  
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Fig. 5. Fatigue test results for two different materials at the stress 
ratio of 0.1 and the frequency of 30 Hz; a) AS7G (polished),  
b) AS7G (not polished), c) 2124 (polished), d) 2124 (not polished) 

3.3.  Fatigue behaviour
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However, at high applied stresses, a considerable scatter of 
the data can be seen. There is no considerable effect of the surface 
roughness conditions on the fatigue behaviour of the composites 
studied here. In fact, a good correlation between fatigue strength 
and tensile strength are generally found in a wide variety of 
materials. Here, the fatigue strength decreased particularly in 
AS7G, thus leading to a low fatigue ratio (fatigue strength/tensile 
strength ratio). Such a low fatigue resistance of this composite can 
be attributed to a low crack initiation resistance due to the 
interface debonding between the SiC particles and the matrix. 

Typical failure surface of the fatigue specimens of the two 
composites obtained by SEM were given in the Fig. 6. It can be 
seen that the general view of the fracture surface of 2124 is 
ductile with a plastic deformation area and without fatigue 
striations. The cracks initiated usually at defects on the specimen 
surface just after the first appearance of the crack. The fracture 
surface of the AS7G showed a facet containing the secondary 
cracks and the porosity. The crack generally initiated at the 
interface (SiC/matrix) with the interface debonding between SiC 
particles and the matrix, which is an essential phenomenon.  

This case may be related to the particle geometry (shape) and 
the distribution and also the size of the particles in the matrix. 
These results can be compared with that of the former authors  
[1-4, 20-28]. Additionally, the aspect ratio of the SiC particles in 
the composites were found between 1.85 and 2 while the SiC 
particles are weakly aligned in the extrusion direction. Evidently, 
this situation facilitates debonding at the tip of particles and then 
causing to crack initiation.  

a)            b) 

    

Fig. 6. Fracture surfaces of the fatigue specimens: a) 2124 and 
b) AS7G composites

Fig. 7 shows the crack initiation and the crack path evolution 
on the specimen surfaces of 2124 and AS7G composites. Firstly, 
the smooth crack paths are observed on the specimens of 2124. 
However, the crack path in the composite of AS7G is more 
twisted regarding to that in the 2124. More branching is observed 
in case of high stress levels. This case is attributed to the hard SiC 
particles in bigger size, which can be a barrier to the growth of 
small cracks and then leading to crack branching. Another cause 
for this case is the existence of the many short secondary cracks 
observed just around the principal crack on the fracture surface of 
the AS7G at the higher stress levels.  

Additionally, a great amount of cracked particles were found 
just around the agglomeration of particles. However, detailed 
examination of the crack paths and the fracture surface of the 
2124 at the higher stress ranges indicates that these cracked 
particles are responsible for crack initiation sites. Generally, the 

crack initiates from these sites and follows through the matrix. 
The detailed study of these specimens indicates that the interface 
is very weak for the higher stress ranges but strong for the lower 
stress ranges. Chemical analysis of the fracture surface of the 
2124 showed that some particles leading to crack initiation were 
not the SiC particles, but they were intermetallics compounds (Al, 
Cu, Mn and a little amount of silicon and iron) containing very 
rich amount of aluminium. As a summary, much less defect and 
porosity were detected in the 2124. 

a)           b) 

       

c)          d) 

     

e)          f) 

      

g)          h) 

     

Fig. 7. Crack initiation and crack path on specimen surfaces in: 
a)-c) 2124 and d)-h) AS7G composites 

The fractography of the fatigue specimens are in concordance 
with the tomography. The great interest of tomography is the 
possibility of viewing with a high resolution a transversal plane of 
an object without destroying the controlled parts. The tomography 
results obtained on the fatigue specimens gave very useful 
information about the homogeneity of the structure such as the 
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distribution of the reinforced particles and other defects such as an 
internal crack. At this stage, it is interesting to introduce a relation 
between the percentages of volume fractions obtained by 
microscopic study and the tomographic density (TD) values 
obtained by tomography carried on different specimens in the 
same direction. 

Fig. 8 shows these results in order to explain a linear relation 
between these two different studies. Here, a parametric approach 
was given approximately from the variation of the volume 
fraction of the reinforcements as a function of the TD values. 

Vp (%) = A (TD - TDo) (1) 

where TDo is the tomographic density for the value of Vp (%) = 0. 

From the experimental results obtained in this study, the 
parameter “A” was calculated as 0.15. So, this can be given in a 
simple form as follows; 

Vp (%) = 0.15 (TD-500) (2) 

This relation can be accepted as an indicative explanation. In 
other words, the tomography study carried on the composites 
materials can characterise the particle size and the distribution of 
the reinforcements very well in geometrical space as 3D at the 
mesoscopic scale [13, 21, 26]. It is well known that the fatigue 
strength of MMC depends on Vp and on the repartition of particles. 

-rays tomography is shown as a possible way to study this aspect. 
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Fig. 8. Variation of volume faction depending on the tomography 
density (TD) 

4. Conclusion 
A detailed study of damage mechanism was performed using 

smooth specimens as received and heat treated conditions of the 
SiCp/2124 and AS7G composites with different production 
methods and different volume fraction of particles. 

The AS7G composite showed considerable lower mechanical 
properties (tensile, fatigue strength, etc.) regarding to the 2124 
composite. In the AS7G composite, the crack generally initiated 
at the interface (SiC/matrix) with many interface debonding 
between the SiC particles and the matrix. This was the principal 
cause of the reduced fatigue strength.  

The 2124 composite showed the smooth crack paths, while 
the crack path in the AS7G composite were more twisted with 
branching in high stress levels. This is attributed to the hard SiC 
particles in bigger size, which can be a barrier to the growth of 
small cracks and then leading to crack branching. As a summary, 
the mechanical behaviour of these composites is related to the 
particle geometry (shape), the distribution and also the size of the 
particles in the matrix. 

Applications of -rays CT on the composite materials is more 
efficient and skilful. -rays CT well characterise the particle size 
and the distribution of the reinforcements-volume fraction as 3D 
at the mesoscopic scale as a possible way to study this aspect. 
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