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Abstract – The tensile behavior of Al-Cu-Mg-Mn alloy matrix composites produced by a powder 
metallurgy process was investigated as a function of particle size and volume fraction in a naturally 
aged condition (T4). Microstructural examinations have enabled identification of particles and grain 
structure of the materials. The results indicated that tensile properties of the composites significantly 
improved in the yield strength, UTS and elastic modulus, on incorporation of hard, brittle ceramic 
particles as compared to unreinforced counterparts. On the other hand, ductility decreased 
considerably due to the brittle ceramic particles. The results were discussed in the light of 
microstructures.          
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1. INTRODUCTION 
 

High strength aluminium alloys (2000 and 7000 series) matrix composites reinforced by SiC particles are of 
great industrial interest due to the relatively lower cost and their ability to be processed by conventional 
methods. These composites are used for structural applications [1]. Al-alloys with SiCp reinforced 
composites are attractive because of their enhanced tensile strength and stiffness, thermomechanical fatigue 
response, creep performance, excellent wear resistance, low thermal expansion and good corrosion 
resistance, and improved fatigue properties compared with unreinforced counterparts [2-7]. The tensile 
behaviour of MMCs is important for many applications. The tensile response of MMCs has been influenced 
by the following properties of the matrix alloy: reinforcement type (continuous, whisker or particulate) 
volume fraction of reinforcement, composition, heat treatment, and processing technique (casting or powder 
metallurgy) [8-11]. The role of the reinforcement particles are well understood in many studies, but there is 
no clear understanding of the effect of reinforcement particle size (Pz) and volume fraction (Vf) on the 
tensile response of the metal matrix composites. This particular study is mainly aimed at investigating the 
effect of Pz and Vf on the tensile properties of 2124 Al-Cu-Mg-Mn /SiCp composites in naturally aged (T4) 
conditions. 
 

2. MATERIALS AND EXPERIMENTAL PROCEDURE 
 
The materials were commercial 2124 (Al-Cu-Mg-Mn) Al-alloys with 17 and 25 vol% with SiC particulate 
MMCs. All of the materials were produced by Aerospace Composite Materials (U.K) which were referred to 
as AMC217 (17 vol% 2-3µm SiCp) AMC225 (25 vol% 2-3µm SiCp), LAMC217 (17 vol% 10-20µm SiCp), 
LAMC225 (25 vol% 10-20µm SiCp) using powder metallurgy (P/M) processing. Prior to the machining 
process, a solution treatment was applied at 505 oC for 1 hour, followed by cold water quenching, and after 
that, natural ageing (T4)  at room temperature for 100 hours. Tensile testing on MMCs was carried out on a 
computer controlled Instron servohydraulic test system. The alloy composition is given in Table 1. Typical 
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micrographs of the composites are shown in Figs. 1a-e. Cylindrical hour glass shape specimens (6 mm 
diameter and 65 mm long gauge sections), were machined from the extruded bars. A 12.5 mm gauge length 
clip on an extensometer with ± 2.5 mm extension was used on the longitudinal direction of the specimens to 
monitor the strain. The tests were carried out at a strain rate of 6.7×10-4 s-1. 
 

 
 

Fig. 1a. Microstructure of AMC200 unreinforced  
base alloy 

Fig. 1b. Microstructure of AMC217 particulate 
 reinforced composite 

 

 
 

Fig. 1c. Microstructure of AMC225 particulate 
 reinforced composite 

Fig. 1d. Microstructure of LAMC217 particulate 
reinforced composite 

 
Fig. 1e. Microstructure of LAMC225 particulate reinforced composite 
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Table 1. Chemical composition of the composites 
 

Element Cu Mg Mn Fe Zn Si Cr Others Al 
Weight % 4-4.4 1.3-1.6 0.5 0.3 max 0.25 0.2 0.1 0.45 total Balance 

 
Specimens for microscopic studies were prepared in the usual way by first grinding on emery papers 

followed by polishing on velvet cloth using diamond paste of <1µm fines. The characterisation of the grains 
and SiC particles was achieved using a Power Macintosh 7100/80 computer connected to a Reichert-
JungMeF3 optical microscope. In order to examine the mechanism of the failure and the detailed 
microstructure, JEOL 35 c SEM was used. 
 

3. RESULTS 
 
a) Microstructure 
 
Optical and SEM micrograph of unetched MMCs have been presented in Figs. 1a-e. No voids or regions of 
macroscopically clumped particles were found in the composite materials. Although the particle size in some 
of the alloy variants were as large as 28µm, there was no evidence of cracked or interfacial separation, 
indicating a well bonded interfacial structure. The distribution of particles in MMCs produced by P/M routes 
are relatively uniform on the macroscopic scale. It is generally argued that SiCp distribution is important 
because micro crack nucleation and coalescence in the composite are highly dependent on local Vf rather 
than on an average value for the whole material [12]. The microstructure of the alloys also revealed that 
there were some coarse and fine intermetallic particles inside the matrix alloy. BE analysis of these particles 
demonstrated that they contained Cu, Mg, Fe, Si, Mn, and Al. They probably originated during the casting of 
the master alloy ingots used in the P/M processing. In analogy to other related reports, it is believed that the 
larger constituents were Cu2Mn3Al20, FeCu2Al7, and CuMnAl2 [13], while smaller particles were Manganese 
containing dispersoids Al20Cu2Mn3 [14]. 

Quantitative metallographic examinations indicated that the fine SiCp composites had a more uniform 
distribution than the coarsed particulate composites. The average particle size (D), minimum particle size 
(Dmin), maximum particle size (Dmax), the aspect ratio (Dmax / min), standard deviations (SD), and measured Vf  

are given in Table 2.  
 

Table 2 . Geometric characteristics of SiC particles 
 

Materials D(µm) Dmax(µm)±S
D 

Dmin(µm)±S
D 

Aspect ratio Measured 
SiCp(%) 

Fabricated 
SiCp(%) 

Sizes(µm) 

LAMC225 14.7 26±1.1 8.1±2.1 3.21 26 25 10-20 

LAMC217 16.4 29.8±3.6 9.6±3.9 3.1 17 17 10-20 

AMC225 
Transverse 

1.95 4.5±0.65 0.14±0.1 32.4 28 25 2-3 

AMC225 
Longidition 

2.18 5.8±0.73 0.35±0.3 16.5 27 25 2-3 

AMC217 2.6 7.89±2.4 0.65±0.3 12.13 19 17 2-3 

 
A comparison of the measured Vf with a given value is slightly different. This is probably caused by 

many different types of small intermetallics which were examined using LAMC217 and AMC225 
composites. Figure 2a is a SEM picture of the LAMC217 microstructure and Fig. 2b is [SEM backscaterred] 
picture of the same material. It is evident from the backscattered electron (BE) images in these figures that 
all the MMCs as well as unreinforced alloy, contain a high density of intermetallic particles. BE analysis of 
the white particles which were ≤1µm, gave an average chemical composition of Fe (1.91%), Cu (8.8%), Si 
(5.41%), and Mg (7.6%). Both coarse and fine particles can be seen in Fig. 2b. These intermetallic 
inclusions are most likely to have precipitated during vacuum hot pressing, solidification or the extrusion 
process [15]. The dark particles were SiC on compositions Si (54.89%) and C (44.21%). Similar studies www.SID.ir
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were carried out for etched LAMC225-T4 material. The BE picture is shown in Fig. 3. Intermetallic particles 
have significantly larger dimensions than the LAMC 217 material. Their average dimension was 2 µm with 
some as large as 6 µm. 

 

  
Fig. 2a. SEM micrograph of LAMC217 

 composite material 
Fig. 2b. Back scattered (BE) SEM picture  

of LAMC217 
 

Fig. 3. Back scattered (BE) SEM picture of LAMC225 
 

Table 3 gives a comparison of the general chemical composition of alloys as measured from the BE 
analysis. The subscript “m” and “s” indicate measured and specified values, respectively. Although the 
measured and specified average values are different in some cases, overall similar values were obtained. 
 

Table 3. Chemical composition Al-alloy MMCs 
 

Materials Cus% Cum% Mgs% Mgm% Mns% Mnm% SiCs% SiCm% 
AMC225 3.85 3.49 1.5 1.2 0.6 0.55 25 24.6 

LAMC217 4 3.76 1.3 0.98 0.4 0.36 17 17.5 
 

The P/M processed AMC200 base material was polished and etched with Keller’s reagent to allow 
measurement of grain size on transverse and longitudinal sections. The optical microscopy picture is given 
in Fig. 4. Polished surfaces did not reveal clear grain structures, but intermetallic particles were readily 
apparent and located at grain boundaries. The mean linear intercept (MLI) method was used to measure the 
grain sizes [16]. The results are recorded in Table 4. It is evident that the average grain size is significantly 
reduced by heat treatment (T4). Longitudinally sectioned grains were larger in size than transversed ones. 
The grains were flattened and elongated parallel to the extrusion direction, as a consequence of the 
deformation process. 
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Fig. 4. Grain structure of AMC200 base alloy (longitudinal section) 
 

Table 4. Grain size measurement of base AMC200-T1 and T4 material 
 

Condition Total 
measurement 

Maximum grain 
size (µm) 

Minimum grain 
size (µm) 

Measured total 
grains 

Average grain 
size (µm) ± SD 

T1- Transverse 15 14.75 7.4 100 10 ± 3 
T1- Longitudinal 10 22 9.2 80 14 ± 3.7 
T4- Transverse 70 10.5 4 243 8.5 ± 1.2 

T4- Longitudinal 47 20.6 7 182 13.5 ± 4 
 
b) Hardness test 
 

The Vickers hardness results are listed in Table 5 for the various alloys, as received (T1) and solution 
treated, aged (T4) conditions. The hardness of heat treated (T4) composites compared with (T1) condition 
increased, but the amount depends on the Pz and Vf of the reinforcement particles. In all cases, increasing Vf 
and Pz resulted in higher hardness values. Presumably a higher dislocation density and higher hardness of the 
SiC particles are responsible for the enhancement over the base alloy. The intense dislocation density is 
generated during water quenching from the T4 treatment as a result of the large difference in the coefficient 
of the thermal expansion between Al and SiC particles. These hardness values of the composites correspond 
to high values of elastic modulus and yield strength compared to the base alloy. The hardness of the T4 
composites are significantly increased compared with the T1 condition. 
 

Table 5. Vickers hardness results for the MMCs and base alloy (AMC200) in the T1 and T4 conditions 
 

Materials Volume fraction 
(%) 

Nominal particle 
Size (µm) 

Condition Vickers hardness 
(Kgf/mm2) 

AMC200 - - T1 132 
AMC200 - - T4 145 
AMC217 19 2.6 T4 193 
LAMC217 17 16.4 T4 220 
AMC225 28 1.95 T1 225 
AMC225 28 1.95 T4 243 
LAMC225 25 14.7 T4 250 

 
c) Tensile properties of MMCs 
 

A representative true stress against true strain is shown in Fig. 5 for AMC217 and AMC225 materials. 
The yield strength (σYS), the ultimate tensile stress (σUTS), Young’s modulus (E), and strain to failure (εf) 
were calculated from this plot and the values are listed in Table 6. 
 

Table 6. Tensile properties of the composites and base alloy in the T4 condition 
 

Materials Pz (µm) Vf (%) Matrix E 
(GPa) 

σy (MPa) σUTS (MPa) εf 
(%) 

Density 

AMC217 2.6 19 2124 111 375 680 7.2 2.85 
AMC225 2 28 2124 142 400 692 4.3 2.85 

Base Alloy* - - 2124 72 325 470 11 2.77 
      *Results were taken from producer data sheet 
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Fig. 5. Stress-strain response of AMC217 and AMC225 composites 

 
The Vf of the SiCp was found to have a significant effect on the tensile properties of both MMCs. The 

modulus, yield strength and the UTS of the composites are dramatically enhanced with respect to the 
unreinforced base alloy. The AMC225 material has a Young’s modulus greater than 140 GPa. However, the 
improvement of these properties is associated with a reduction in strain to failure (monotonic tensile 
ductility). Furthermore, for a constant Pz, an increase of Vf from 17 vol% to 25 vol% resulted in dramatic 
reduction of the monotonic ductility from 7.2 % to 4.3 %.  

It is well established that [17] the following yield stress-strain data can be represented by simple power 
law  

   σ = K (ε)n                                                                    (1) 
 
where K is the strength coefficient and “n” is the strain hardening exponent. A log-log plot of true stress-
strain results in a straight line if Eq. (1) applies. For most metals, “n” has value in the range of 0.1-0.5 [17]. 
The log-log monotonic stress-strain curves and coefficient are shown in Fig. 6 for both MMCs. It is clearly 
seen that both values increase with increasing Vf of reinforcement particles. 
 

 
Fig. 6. Monotonic Log-Log stress-strain curve of the composites 

 
b) Tensile fractography 
 

Typical SEM micrographs of the tensile fracture surface of naturally aged AMC225 composite material 
are shown in Figs. 7a-d. Although the composite exhibited very limited ductility on a macroscopic scale, 
SEM micrographs suggest that fracture occurred in a ductile manner. The presence of intermetallic 
constituents caused very fine shallow dimples, while coarser and much deeper equiaxed dimples were 
associated with the SiCp. Both are indicative of a predominantly ductile failure process (Fig. 7c). The crack 
initiation region was unclear and featureless. There were no obvious defects that suggest very good 
microstructural properties (Fig. 7b). No fractured reinforcement particles were observed on the fracture 
surfaces of the composite containing 2µm SiCp (Fig. 7d).  

 www.SID.ir
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Fig. 7a.  SEM picture of fractured tensile specimen  

of AMC225 composite 
Fig. 7b. High magnification SEM image 

 of initiation region 
 

  
Fig. 7c. SEM micrograph of the same material, showing 

very fine and coarse dimples on 
 the fracture surface 

 

Fig. 7d.  SEM picture of fracture surfaces, showing falt 
cleavage of SiCp interfaces and propagation 

 of microcrack from the interfaces 
 into the base alloy 

 
4. DISCUSSION 

 
a) Microstructure 
 
Distribution of SiC particles strongly affects the mechanical properties of the MMCs. As shown in Fig.1a, 
through Fig.1e, the distribution of SiCp becomes more inhomogeneous as the SiCp size increased. Thus, the 
fine reinforcement particulate composites AMC217 and AMC225 have a uniform microstructure compared 
to the coarse reinforced variants. The effect of microstructure on mechanical properties of the 2xxx Al-SiCp 

composites has been extensively discussed in Ref. [18]. 
In this study, the composites demonstrated a reasonable uniform distribution of SiCp in the 2124 matrix 

alloy with good interfacial bonding between particles and matrix alloy. It is known that P/M processing, 
unlike alternative techniques such as casting, rarely results in reactant on the interface, thereby promoting 
excellent interfacial bonding [19]. The microstructure also appears to be void free, which confirms there has 
been complete densification during the hot-pressing operation. The previous work [21] examination of the 
fracture surfaces showed that the fatigue crack initiation regions were usually associated with coarse SiCp, 
large SiO2 particles or large intermetallic constituents. Similar crack initiation behaviour in MMCs has been 
observed previously [7, 19, 20]. It was reported that [22] coarse intermetallic particles were potential void 
nucleation regions and that the voids linked to each other during the fatigue process. These large defects 
appear to have a stress raising effect which leads to the formation of slip bands and then fatigue cracks. 

The size and distribution for intermetallic particles contribute to the sequence of events leading to 
fracture [13]. As an example, coarse Mn-containing dispersoids played an important role in controlling 
fracture resistance, since the voids formed at the larger constituent particles were linked through the www.SID.ir
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secondary void formation at dispersoids [14]. Alternatively, very fine Mn-dispersoids act as barriers to the 
dislocation motion promoting cross-slip, which leads to a uniform homogenous deformation. Consequently, 
crack initiation is delayed and the fatigue life is extended compared to an Al-alloy without the Mn 
dispersoids [23]. 

In the present study, the average grain size was 6.5µm on transverse sections and 12µm on longitudinal 
sections for the 2124 base alloy in the T4 condition. The average grain size for the composites can be 
calculated by the following formula [24]: 
 

 Grain Size = Pz [(1-Vf)/Vf]1/3                                                         (2) 
 

The calculated grain size is 5µm for the AMC217, 4µm for the AMC225, 27µm for the LAMC217, and 
20µm for the LAMC225. It was reported [14] that in the 2124+17vol% 2-3µm SiCp (AMC217), the average 
grain size is 6µm in the longitudinal section and 4µm in transverse section. Similarly, Wu and Lavernia [25] 
showed that the grain size of MMCs decreased with increasing the Vf of reinforcement particles. In their 
case, grain size of unreinforced material was around 34 µm, while the grain size of 6061 5 vol% SiCp was 22 
µm. The decrease in grain size is probably due to pinning by the SiC particles. 
 
b) Tensile response of materials 
 

The results of the tensile tests presented in the results section show that the addition of SiCp causes an 
increase in the Yield strength, UTS and modulus of the 2124-T4 MMCs. Although the tensile response of 
LAMC217 and LAMC225 composites were not evaluated, their yield strength and Young Modulus (E) 
could be obtained from the first cycle stress-strain loop of the R=0 strain control fatigue tests [21]. These 
results are given in Table 7. 
 

Table 7. Mechanical properties of all variants obtained by strain controlled fatigue tests (R=0) 
 

Materials Condition Emeasured (GPa) Ecalculated (GPa) Yield strength (MPa) 
LAMC225 T4 122 128 475 
LAMC217 T4 108 109 397 
AMC225 T4 130 128 497 
AMC225* T4 116 - 500 
AMC217 T4 109 109 418 
AMC217* T4 100 - 400 

                 *Results were taken from manufacturers data sheet. 
 

McDanels [7] studied a variety of Al-alloy composites with Vf  ranging from 10 to 40 pct and found that 
the increase in the modulus was less than had been predicted by the rule of mixtures (ROM). The results 
obtained in the present study are also significantly lower than ROM when 400 GPa and 72 GPa are taken as 
a modulus for the SiC and for base alloy, respectively. The E values of modulus lay within the upper bound 
[154GPa] and lower bound [91GPa] as calculated using Eq. (3) and (4) [27, 28]: 
 

 Upper bound (ROM)  rrmmc VEVEE +=                                                     (3) 
 

  Lower bound             
)1(

)1(
++⋅
++

=
rmmr

rrmm
mc VEVE

VEVE
EE                                    (4) 

 
where the subscripts “c”, “m”, and “r” refer to the composite, the matrix, and the reinforcement, 
respectively. The calculated average values of these two equations are very close to the measured values (see 
Table 7). 

The reinforcement particles affect the tensile properties for a variety of reasons, such as the high 
dislocation density at matrix/particle interface [26, 29]. The dislocation density ρ may be estimated as 
follows [2]: 

  
z

f

bP
V

CT∆∆=12ρ                                                                (5)  
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where ∆T is the temperature change,  ∆C is the mismatch in coefficient of thermal expansion between 
matrix and SiCp. Vf and Pz are the volume fraction and particle size of reinforcement particles, respectively 
and “b” is the Burger vector. For the alloy system used in this study, the value of  “b” is 0.165 nm, ∆T is 
470K, ∆C is 19.2.10-6 K-1 and Vf is 0.17 and 0.25 calculated values of the composites are summarized in 
Table 8.  

Table 8. Calculated dislocation density for the experimental materials 
 

Composite Average Particle Size (µm) ρ  m-2 

AMC217 2.6 4.3 .1010 

LAMC217 16.4 6.8 . 109 

AMC225 2.5 6.5 . 1010 

LAMC225 14.7 1.11 . 1010 

 
It is evident that AMC225 containing a fine and high volume fraction of SiCp has the highest 

dislocation density. The amount of dislocation generation is affected by CTE, particle size, particle-volume 
fraction, and matrix strength [30]. Also particle spacing, reduced grain size and formation of subgrains in the 
matrix affect dislocation motion which affects the tensile response of composites. The strain hardening is the 
idea that dislocations pile-up on slip planes at barriers in the crystal. The pile-ups produce a back stress 
which opposes the applied stress on the slip plane. Microscopic precipitate and foreign particles can serve as 
barriers, thus the composite (AMC225) with higher particle-volume fraction shows a higher strain hardening 
exponent than the composite (AMC217) with a lower particle-volume fraction (Fig. 6). 

Moreover, the following constituent features strongly affect the mechanical response of MMCs. a) 
Reinforcement type (whisker, particulate, continuos fibre), b) Alloy composition, c) Reinforcement content  
d) Heat treatment, e) Processing techniques, f) Reinforcement size. The effect of Vf and Pz on elastic 
modulus and yield strength of the 2124 Al-alloy composites are presented in Table 7 for the present study. 
Homogenization heat treatment produces very fine Guinier-Preston (GP) zones that are sheared by the 
movement of dislocations such that matrix deforms by planar slip. The yield stress increases with increasing 
particle volume fraction. At any given particle-volume fraction, the composites with smaller particles exhibit 
higher strength than the composites with larger particles. The fine particulate reinforced MMCs had 
advantages including, higher UTS, higher E, better ductility, easier machining, and better distribution of 
particles compared to the coarse particulate 2124 Al-alloy MMCs. 
 

5. CONCLUSIONS 
 
1. There is a substantial increase in yield strength, elastic modulus and UTS of the MMCs with respect to 

their unreinforced counterparts. The observed improvement is attributed to the generation of higher 
dislocation density in the matrix of all MMCs because of the thermal mismatch between the matrix and 
SiC reinforcement. 

2. For a given heat treatment (T4) with an increase in Vf and Pz, an increase in hardness values in the 
composite materials results. 

3. Tensile fracture occurs in a ductile manner with related fine and coarse dimples in fracture surface. 
 
Acknowledgement: The Author thanks Prof. Dr. W.J. Evans and Dr. M. R. Bache at The University of 
Wales, Swansea for their great assistance. The work described here was carried out in the Department of 
Materials Engineering at University of Wales, Swansea. 
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