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Abstract

In order to analyze the effectiveness of complex metallic alloys as reinforcing agents in metal matrix composites, Al-based composites
were synthesized by hot extrusion of elemental Al blended with different amounts of b-Al3Mg2 complex intermetallic particles. The work
focuses on two specific aspects: evaluation of the mechanical properties through room temperature compression tests and modeling of
the resulting properties. The b-Al3Mg2 reinforcement remarkably improves the mechanical properties of pure Al. In particular, the com-
posites with 20 and 40 vol.% reinforcement display yield and compressive strengths exceeding that of pure Al by a factor of 2–3, while
retaining appreciable plastic deformation ranging between 45% and 15%. Moreover, the addition of low-density b-Al3Mg2 particles sig-
nificantly increases the specific strength of the composites. Finally, modeling of the mechanical properties reveals that the matrix liga-
ment size plays a dominant role for affecting the properties of the composites.
� 2009 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

As a result of the increasingly severe requirements for
limiting fuel consumption and carbon dioxide emission,
there is a growing trend to reduce the structural weight
of vehicles in the transport sector [1,2]. Most of the
improvements have been achieved in the automotive sector,
with the substitution of aluminum alloys for steel or cast
iron [3]. However, the intense use of aluminum is hindered
by the high cost of primary aluminum as compared to steel
and added fabrication costs of aluminum components [3].
Therefore, radical advances in terms of the specific proper-
ties are needed to make aluminum a cost-effective alterna-
tive to steel.
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Among the advanced engineering materials for trans-
port applications, Al-based metal matrix composites
(MMCs) show the largest potential to reach this goal and
to develop novel lightweight high-performance materials
due to their remarkable properties, including low density,
high strength and good fatigue and wear resistance [4–8].
In addition, MMCs offer the possibility to tailor their prop-
erties to meet specific requirements, which renders this type
of material quite unique in comparison to conventional
unreinforced materials [4–8].

The family of the discontinuously reinforced MMCs
(e.g. particulate-reinforced composites) is particularly
attractive due to their easer fabrication routes, lower costs
and nearly isotropic properties [4] compared to the contin-
uously reinforced MMCs. Furthermore, an additional
advantage of the discontinuously reinforced over the con-
tinuously reinforced MMCs is that most existing process-
rights reserved.
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ing techniques can be used for fabrication and finishing of
the composites, including hot rolling, hot forging, hot
extrusion and machining [5,8].

Discontinuously reinforced MMCs can be successfully
prepared by powder metallurgy (P/M) [9–17]. The main
advantage of P/M over other methods, such as liquid phase
processing, is the microstructure control of the phases (e.g.
volume fraction, size and morphology of matrix and rein-
forcement) that is virtually absent from the liquid phase
route [18]. In addition, the relatively low processing tem-
perature of P/M may avoid undesired interfacial reactions
between matrix and reinforcement [18,19].

Different types of materials, ranging from the typical
ceramic reinforcements, such as Al2O3 and SiC [5,9,10],
to more unconventional reinforcements, such as metallic
glasses [11–14] and quasicrystals [15–17], have been suc-
cessfully used as reinforcements in MMCs. Other possible
candidates as reinforcing agents in MMCs are complex
metallic alloys (CMAs), intermetallic compounds with
giant unit cells, comprising up to more than a thousand
atoms per unit cell [20]. CMAs have recently attracted
much attention ranging from scientific curiosity about their
complex structure, physical and mechanical properties to
technological aspects of preparation and potential applica-
tions [20–29]. In particular, CMAs display several attrac-
tive properties for reinforcement applications, such as
high strength to weight ratio, good oxidation resistance
and high-temperature strength [21,27–29].

Among the different CMAs, the b-Al3Mg2 phase (1168
atoms per unit cell) [21] has been extensively investigated
with particular attention to its structure as well as to its
physical and mechanical properties [21–23,28] and, there-
fore, it represents the ideal complex intermetallic
compound to analyze the effectiveness of CMAs as rein-
forcing agents in metal matrix composites. In addition,
the b-Al3Mg2 phase displays interesting properties, such
as low density (about 2.25 g cm�3 [21]) and high-tempera-
ture strength (�300 MPa at 573 K [28]), which further
makes this material an attractive candidate as reinforce-
ment in MMCs.

Accordingly, in this work, Al-based metal matrix com-
posites containing high-strength b-Al3Mg2 CMA particles
have been produced by powder metallurgy. To test the
effect of the b-Al3Mg2 phase on the properties of the com-
posites, the work was focused on two specific aspects: eval-
uation of the mechanical properties through room
temperature compression tests and modeling of the result-
ing properties. The results reveal that the properties can be
successfully predicted by taking into account the matrix lig-
ament size effect.

2. Experimental

Powders with nominal composition Al60Mg40 (corre-
sponding to the equilibrium phase b-Al3Mg2 [21]) were
produced by mechanical alloying of elemental powder mix-
tures (purity >99.9wt.%) using a Retsch PM400 planetary
ball mill and hardened steel balls and vials. The powders
were milled for 100 h with a ball-to-powder mass ratio
(BPR) of 13:1 and a milling intensity of 150 rpm. To avoid
or minimize possible atmosphere contamination during mill-
ing, vial charging and any subsequent sample handling was
carried out in a glove box under purified argon atmosphere
(less than 1 ppm O2 and H2O). Al-based metal matrix com-
posites consisting of elemental Al powder blended with
different amounts (20, 40, 60 and 80 vol.%) of b-Al3Mg2

powders were synthesized through powder metallurgy meth-
ods. Consolidation was done by uniaxial hot pressing fol-
lowed by hot extrusion under argon atmosphere at 673 K
and 500 MPa. The extrusion ratio was 6:1. The density of
the consolidated samples was evaluated by the Archimedes
principle. The phases and the microstructure were character-
ized by X-ray diffraction (XRD) using a Philips PW 1050 dif-
fractometer (Co Ka radiation) and by scanning electron
microscopy (SEM) using a Hitachi TM-1000 tabletop micro-
scope. The matrix ligament size (k) was measured by super-
posing random lines on the SEM micrographs of the
composites and its value was determined from the number
of matrix region intercepts per unit length of test line, N,
and the total length fell into the matrix (L) as k ¼ L=N [30].
Ten random lines were superposed on each micrographs
and a minimum of three micrographs was used per compos-
ite. According to the ASTM standard for compression test-
ing [31], cylinders with a length/diameter ratio of 2.0
(8 mm length and 4 mm diameter) were prepared from the
extruded samples. The specimens were tested with an
INSTRON 8562 testing facility under quasistatic loading
(strain rate of 8 � 10�4 s�1) at room temperature. Both ends
of the specimens were polished to make them parallel to each
other prior to the compression test.

3. Results and discussion

3.1. Consolidation and mechanical properties

In order to produce Al-based MMCs reinforced with
CMA particles, elemental Al powder was blended with dif-
ferent volume fractions (V) of b-Al3Mg2 powder. The b-
Al3Mg2 CMA reinforcement used in the present work
was produced by MA of elemental powder mixtures. The
details about preparation and characterization of the
milled powder can be found in Ref. [32]. The composite
powders were then consolidated by hot pressing followed
by hot extrusion at 673 K. This gives rise to consolidated
composites with a relative density of about 98%. For com-
parison purposes, a bulk specimen was produced by extru-
sion of pure Al powder using the same consolidation
parameters as used for the MMCs.

The XRD patterns of the composites reinforced with
different amounts of b-Al3Mg2 particles are presented in
Fig. 1. All the patterns display the intense and sharp dif-
fraction peaks due to the Al matrix along with the signals
of the b-Al3Mg2 phase. The relative intensity of the peaks
belonging to the b-Al3Mg2 phase remarkably increases



Fig. 1. XRD patterns (Co Ka radiation) for the hot pressed and hot
extruded composites with 20, 40, 60 and 80 vol.% of b-Al3Mg2

reinforcement.
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with increasing volume fraction of the reinforcement from
V = 20, where only few and weak peaks of b-Al3Mg2 are
visible, to V = 80, where all the diffraction signals of b-
Al3Mg2 can be clearly observed. No additional diffraction
peaks can be detected, implying that face-centered cubic
(fcc) Al and b-Al3Mg2 are the only phases present.

Fig. 2 shows the SEM micrographs taken from the
cross-section of the consolidated composites. The images
display a microstructure consisting of dark areas (the b-
Al3Mg2 CMA reinforcement) homogeneously dispersed in
the Al matrix (the bright regions). The regions of b-Al3Mg2

become more interconnected with increasing amount of
Fig. 2. SEM micrographs for the consolidated composites with: (a) 20 vol.%
reinforcement. Only few pores are visible, further corrobo-
rating the high density of the consolidated specimens.

Fig. 3 displays the density of the composites as a func-
tion of the volume fraction of reinforcement. The density
linearly decreases with increasing amount of b-Al3Mg2

from about 2.7 g cm�3 for pure Al to 2.4 g cm�3 for the
composite with V = 80. This leads to a reduction of density
of about 0.1% for each vol.% of b-Al3Mg2 added.

Typical room temperature uniaxial compression true
stress–true strain curves of the tests under quasistatic load-
ing for the composite materials are shown in Fig. 4 together
with the curve for the extruded pure Al (V = 0). The addi-
tion of the CMA reinforcement is very effective for improv-
ing the mechanical properties of the Al matrix. In
particular, the composites with 20 and 40 vol.% of b-
Al3Mg2 display a remarkable deformation behavior. The
specimen with V = 20 exhibits a yield strength (off-
set = 0.2%) of about 227 MPa. After yielding the stress
increases with increasing strain and the sample exhibits a
pronounced work-hardening up to 485 MPa, reaching an
ultimate strain of 45% before fracture occurs. With increas-
ing the volume fraction of b-Al3Mg2 to 40 vol.% the yield
as well as the compressive strength (the maximum com-
pressive stress which the material is capable of sustaining
[33]) both further raise to about 342 and 530 MPa, respec-
tively, and the strain at break is about 15%. These results
indicate that the addition of the CMA reinforcement leads
to composite materials with yield and compressive
strengths exceeding that of pure Al by a factor of 2–3, while
retaining appreciable plastic deformation. The strength of
the material is further increased to 575 and 630 MPa for
the samples with 60 and 80 vol.% of b-Al3Mg2 phase, how-
, (b) 40 vol.%, (c) 60 vol.% and (d) 80 vol.% of b-Al3Mg2 reinforcement.
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ever, the composites show a remarkably reduced plastic
deformation of about 1–2% (Table 1). Nevertheless, it
was possible to evaluate a 0.2% offset yield strength for
these samples.

A high specific strength (tensile or compressive strength
divided by the density) is one of the most important aspects
of lightweight materials. In the current composites contain-
ing high volume fractions of reinforcement, the b-Al3Mg2
Fig. 3. Density of the consolidated samples as a function of the volume
fraction of b-Al3Mg2 reinforcement.

Fig. 4. Room temperature compression true stress–true strain curves for
the hot pressed and hot extruded pure Al (V = 0), composites with 20
vol.% (V = 20), 40 vol.% (V = 40), 60 vol.% (V = 60) and 80 vol.%
(V = 80) of b-Al3Mg2 particles.

Table 1
Experimental data of yield strength (ry) and strain at break (ef).

V (vol.%) ry (MPa) ef (%)

20 227 ± 10 46.0 ± 3.5
40 342 ± 15 15.0 ± 1.1
60 448 ± 20 2.0 ± 0.2
80 589 ± 20 1.5 ± 0.3
leads to a remarkable strengthening contribution to the
mechanical properties of the Al matrix. Moreover, the
addition of low-density b-Al3Mg2 particles decreases the
density of the composites below that of pure Al (Fig. 3).
The increase of strength together with the simultaneous
decrease of density remarkably increases the specific
strength of the current composites, as shown in Fig. 5.
The specific strength sharply increases from about
55 kN m kg�1 for pure Al to 180 kN m kg�1 for the com-
posite with 20 vol.% of b-Al3Mg2. The specific strength fur-
ther increases with increasing volume fraction of
reinforcement up to about 250 kN m kg�1 for the compos-
ite with V = 80. These values of specific strength are higher
than those reported for Al/SiCp [34] and Al/Al2O3 [35]
composites evaluated by compression or bending tests
(Fig. 5), which indicates that composites reinforced with
CMA particles may be a valid alternative to conventional
ceramic-reinforced composites.

3.2. Modeling of mechanical properties

The experimental values of the room temperature yield
strength of the composites are presented in Table 1 and the
normalized yield strength (normalized to the yield strength
of pure aluminum, r0

y = 113 MPa) is shown in Fig. 6 (data
points) as a function of the reinforcement content. The yield
strength is very sensitive to the volume fraction of reinforce-
ment and rises significantly with increasing V. For example,
the yield strength for the composite with V = 20 is 227 MPa,
which is two times higher than the unreinforced Al matrix.
The yield strength of the composites further increases with
increasing amount of reinforcement reaching a value of
589 MPa for the sample with V = 80 (five times higher than
that for the unreinforced material).

The strengthening effect of particles in metal matrix
composites can be mainly attributed to two factors [36]:
Fig. 5. Specific strength of the composites as a function of the amount of
CMA reinforcement. For comparison purposes, the values for Al-based
MMCs reinforced with SiCp [34] and Al2O3 [35] evaluated by compression
or bending tests are also reported.



Fig. 6. Normalized yield strength of the consolidated samples as a
function of the volume fraction of reinforcement: experimental data
(points) and calculated values (lines) from f1 (load-bearing effect), fd

(dislocation strengthening) and fs (matrix ligament size).

Table 2
Parameters used in the calculations.

Parameter (unit) Value Refs.

Em (GPa) 71 ± 1 [52]
mm 0.33 [51]
Ep (GPa) 49.8 [21]
mp 0.27 [21]
lm (GPa) 28.0 [53,54]
M 3.1 [53,54]
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(i) the load-bearing effect of the reinforcement, in which the
reinforcement can share the applied stress directly by stress
transfer from the matrix [37–39], and (ii) the dislocation
strengthening in the matrix, which is related to the nucle-
ation of additional dislocations in the matrix due to the
introduction of the reinforcement [40,41]. These two fac-
tors are interdependent and act simultaneously, resulting
in a combined effect. Few attempts [42–44] have been made
to quantitatively evaluate the combined effect of both the
load bearing and the dislocation strengthening. Among
these, Ramakrishnan [44] have proposed an expression to
incorporate the two factors as

ry ¼ r0
yð1þ f1Þð1þ fdÞ; ð1Þ

where r0
y is the yield strength of the unreinforced matrix, f1

is a reinforcing factor related to the load-bearing effect and
fd is the reinforcing factor related to the dislocation
strengthening. For particulate-reinforced composites the
general expression for f1 is [38,45]

f1 ¼ 0:5V : ð2Þ
fd is given by

fd ¼ Drdis=r
0
y ð3Þ

where Drdis is the increase of the yield strength caused by
dislocation strengthening as [46]

Drdis ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðDrorÞ2 þ ðDrtheÞ2 þ ðDrgeoÞ2

q
ð4Þ

where Dror is the Orowan stress or the stress increase
needed to pass a dislocation through an array of impeding
particles, Drthe is the stress contribution due to the statisti-
cally stored dislocation introduced by the thermal expan-
sion mismatch between matrix and second phase particles
and Drgeo is the stress contribution due to the strain gradi-
ent effects associated with the geometrically necessary dis-
tributions of dislocations required to accommodate the
plastic deformation mismatch between the matrix and par-
ticles. The analytical expressions for Dror, Drthe and Drgeo,
which are related to both the volume fraction and the size
of the reinforcements, can be found in Refs. [14,47–51].

The yield strength of the current MMCs was calculated
using Eqs. (1)–(4) and the parameters used in the calcula-
tions are summarized in Table 2. The calculated values of
the yield strength are shown in Fig. 6 as a dashed line.
The results reveal that Eq. (1) remarkably underestimates
the experimental values of the yield strength (data points
in Fig. 6) in particular for the composites with high volume
fractions of reinforcement. Therefore, this indicates that
calculations based on the combined effect of load bearing
and dislocation strengthening cannot accurately explain
the strengthening effect of the present particulate-rein-
forced composites. As a result, another strengthening
mechanism should be active in the current composites.

The use of large volume fractions of reinforcement and
the corresponding microstructure may explain this aspect.
As shown in Fig. 2, the Al matrix is partitioned by the rein-
forcing particles into discrete regions. The size of such
regions, i.e. the matrix ligament size k (see Fig. 2b)
decreases with increasing volume fraction and is reduced
to few micrometers in the composite with V = 80
(Fig. 2d). This size effect, similar to the strengthening by
grain refinement, can significantly contribute to the
strength of the material because the matrix/particle
interface can effectively inhibit dislocation movement [55].
Similarly to the well-known Hall–Petch relationship [56],
the strength increase (Drs) caused by the decrease of the
matrix ligament size can be expressed as

Drs ¼ k=
ffiffiffi
k
p

ð5Þ
where k is a strengthening constant. The variation of the
matrix ligament size as a strengthening effect can be taken
into account in the calculations by modifying Eq. (1) as

ry ¼ r0
yð1þ f1Þð1þ fdÞð1þ fsÞ; ð6Þ

where fs is the factor related to the matrix ligament size
effect and it is given by

fs ¼ Drs=r
0
y : ð7Þ

As a guideline to the experimental measurements of k, it
is simply assumed that the reinforcing particulates are
aligned cubes distributed in a simple cubic arrangement,
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which leads to the following relationship between the
matrix ligament size k, the volume fraction V (in vol.%)
and the diameter of the particles D [57]:

k ¼ D
1

ðV =100Þ1=3
� 1

" #
: ð8Þ

The prediction of k by using Eq. (8) is in good agreement
with the experimental results, as shown in Fig. 7a. In addi-
tion, Fig. 7a reveals that, besides on the volume fraction V,
the matrix ligament size k strongly depends on the particle
size of the reinforcement D. Fine reinforcing particles (10–
20 lm) will result in a small matrix ligament size
(k < 25 lm) for all volume fractions. On the other hand,
larger particles (D > 20 lm) have a stronger effect on k,
which span over a wider range of values, even exceeding
60 lm. In the present work, the average particulate size is
about 40 lm and the volume fraction of reinforcement is
Fig. 7. (a) Experimental data (points) and calculated values (lines) of the
matrix ligament size k as a function of the reinforcement content. (b)
Correlation between the predicted and the experimental values of k.
Experimental measurements of k for Al-based composites reinforced with
Al2O3 and B4C prepared by infiltrating method [58] are also shown for
comparison.
between 20 and 80 vol.%, which are responsible for the ob-
served significant size effect. Fig. 7b shows the correlation
between the predicted k and the experimental values (mea-
sured as explained in Section 2). The correlation is linear,
which indicates that the matrix ligament size can be ade-
quately described by Eq. (8). For comparison purpose,
experimental measurements of k for Al-based composites
reinforced with Al2O3 and B4C prepared by infiltrating
method [58] are also shown in Fig. 7b, revealing a strong
deviation from linearity of experimental and predicted val-
ues for k > 20 lm.

The values of the yield strength calculated using Eqs.
(6)–(8) with k � 380 MPa lm1/2 (calibrated from fitting)
are shown in Fig. 6 (solid line). The calculations are in
good agreement with the experimental results. This indi-
cates that the modified strengthening expression (Eq. (6)),
which considers the combined effect of load bearing, dislo-
cation strengthening and matrix ligament size, can be used
to accurately model the yield strength of composites with
high volume fraction of reinforcement. It is worth noticing
that the value of k used for the present calculations
(380 MPa lm1/2) is of the same order of magnitude as those
for Al–Mg alloys (k = 260 MPa lm1/2) determined using
the Hall–Petch relationship [59]. This suggests that the
reduction of matrix ligament size results in a similar
strengthening effect as that observed for grain refinement.
However, the matrix ligament size effect is a result of the
piling up of dislocations at the matrix/particle interface,
while the strengthening effect of grain refinement is due
to dislocation piling-up at the grain boundaries [55].

This behavior is schematically shown in Fig. 8a. In gen-
eral, an array of N dislocations (i.e. a dislocation pile-up)
will form when the dislocations encounter an obstacle
[55]. At the equilibrium, the net force on each of the N dis-
locations is zero. For edge dislocations, the local stress at
the leading dislocation in a pile-up (consisting of the
Fig. 8. (a) Schematic illustration of a dislocation pile-up moving from the
source S to the obstacle O (e.g. grain boundaries) and (b) schematic
illustration showing the deformation of the matrix ligament accommo-
dated by crystal slip parallel to the particle/matrix.
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applied stress and the sum of the stress fields of all the
other dislocations) is Nsbm, where s is the applied stress
and bm is the Burgers vector of the metal. In addition,
the leading dislocation encounters the short-range stress
field s� of the obstacle (e.g. grain boundaries or second-
phase particles), which gives rise to a repulsive force s�bm

[55]. At the equilibrium, the two stresses are balanced as

Nsbm � s�bm ¼ 0; or Ns ¼ s� ð9Þ
Similar equilibrium equations can be used for the following
dislocations in the pile-up. An analytical integral solution
has been proposed to solve these equations, giving the
number of dislocations in the pile-up [60,61] as

N ¼ pð1� vmÞls=lmbm ð10Þ
where vm and lm are Poisson’s ratio and shear modulus of
the metal, and l is the length of the pile-up zone. Combin-
ing Eqs. (9) and (10) gives the critical stress sc required to
propagate a dislocation through an obstacle

sc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

lmbms�

pð1� vmÞl

s
ð11Þ

sc is a material constant, which depends on interface energy
and dislocation source [55]. The above expression shows
that the applied stress at yield varies with l�1=2. With the
grain boundaries as barriers, the critical stress sc is that re-
quired for the dislocations to pass through the grain
boundaries. In this case, the largest pile-ups have length
l = d/2 (d:grain size), giving s (and r) / d�1=2, which is
the form of the Hall–Petch relationship [56]. On the other
hand, with rigid second phase particles as obstacles and
with the matrix enclosed by a high volume fraction of par-
ticles, the dislocation pile-ups do not easily pass through
the matrix/particle interface to propagate into the adjacent
particles. As a result, the yield of the matrix or the defor-
mation of the matrix ligament may be accommodated by
crystal slip parallel to the interface, as schematically shown
in Fig. 8b. In this case, Eq. (9) can be rewritten as

Ns cos h ¼ s�; ð12Þ

where h is the angle between the slip plane and the particle/
matrix interface plane and s* can be simply regarded as a
critical strength needed to drive the dislocations propagate
along the particle/matrix interface. The critical stress can
be then related to the matrix ligament size k by combining
Eqs. (10) and (12):

sc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

lmbms�

pð1� vmÞl cos h

s
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2lmbms�

pð1� vmÞk cos h

s
ð13Þ

where l ¼ k=2 and sc is now the critical stress needed to
drive the dislocation slip parallel to the particle/matrix
interface. Without loss of generality, by choosing h = 45�,
Eq. (13) can be rewritten as

sc ¼ k0=
ffiffiffi
k
p

; ð14Þ
where k0 is a material constant. Similarly to Eq. (5), Eq.
(14) is analogous to the classic Hall–Petch relationship
and predicts s (and r) to be proportional to k�1=2. Fig. 9a
shows the dependence of the flow stress (0.2% and 0.5% off-
set) on k�1=2. The relationship between flow stress and k�1=2

is approximately linear, corroborating the validity of Eq.
(13) and demonstrating that the metal ligament size effect
plays a dominant role in the strengthening of the
composites.

In order to compare the effect of the three reinforcing
factors, Fig. 9b and c displays the calculated values of fs

(matrix ligament size), f1 (load-bearing effect) and fd (dislo-
cation strengthening) as a function of the reinforcement
content. The results clearly show that the values of fs are
much larger than both f1 and, which is in agreement with
the observation that the dominant strengthening mecha-
nism in the current composites is related to the reduction
of the matrix ligament size. In addition, f1 is larger than
fd for all the volume fractions, indicating that the strength-
ening effect by load bearing is more effective than disloca-
tion strengthening, in particular for reinforcing particles
larger than 20 lm.

In order to further verify the validity of the present
strengthening model for metal matrix composites contain-
ing high volume fraction of reinforcements, experimental
data from Kouzeli and Mortensen [58], who have prepared
Al-based composites reinforced with 39–58 vol.% lm-sized
Al2O3 and B4C particles, have also been analyzed in the
framework of the present strengthening model. When the
yield strength (0.2% offset) reported by Kouzeli and
Mortensen [58] is related to the matrix ligament size k, a
linear relationship between ry and k�1=2 can be clearly
found for both the particle-reinforced composites, as
shown in Fig. 10a. The value of k (Eq. (5)), determined
from the slopes in Fig. 10a, is about 200 MPa lm1/2 and
250 MPa lm1/2 for the composites reinforced with Al2O3

and B4C particles, respectively. Such a linear relationship
is similar to what observed for the composites reinforced
with b-Al3Mg2 particles (Fig. 9a). Fig. 10b shows the cor-
relation between the predicted (through Eq. (6)) and the
experimental values of the yield strength for the composites
of Kouzeli and Mortensen [58]. The correlation is linear,
which indicates that the present strengthening model based
on the matrix ligament size effect can be successfully used
to describe the mechanical properties of different types of
Al-based metal matrix composites.

The present strengthening model describes remarkably
well the mechanical behavior of composites reinforced with
large volume fractions (P20 vol.%) of second phase parti-
cles. However, it is important to find the lowest volume
fraction where this strengthening model can be applied.
This aspect can be discussed with micromechanical consid-
erations, as schematically shown in Fig. 11. The present
model is based on the assumption that the slip bands in
the metal matrix are intensively blocked by the reinforcing
particles. In accordance with the model, Fig. 11 shows the
particles organized in a cubic arrangement. In such an
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arrangement, the most probable path to form unblocked
slip bands is parallel to the line AC. Small particle sizes
correspond to large values of ligament size, which conse-
quently leads to the easier formation of unblocked slip
Fig. 9. (a) Dependence of the flow stress (0.2% and 0.5% offset) of the
composites on k�1=2. Calculated values of (b) fs (matrix ligament size) and
(c) f1 (load-bearing effect) and fd (dislocation strengthening) as a function
of the volume fraction of b-Al3Mg2 reinforcement.
bands. At this point, the ligament size effect is negligible.
With increasing the particle size and/or decreasing the lig-
Fig. 10. (a) Dependence of the flow stress (0.2% offset) on k�1=2 for Al-
based composites reinforced with Al2O3 and B4C particles [58]. (b)
Correlation between the predicted (through the present strengthening
model) and the experimental values of the yield strength for the
composites of Kouzeli and Mortensen [58].

Fig. 11. Schematic illustration of a composite consisting of aligned
reinforcing cubic particles distributed in a simple cubic arrangement
showing the possible path of the slip bands (see text).
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ament size, the slip bands are prone to be blocked by the
surrounding particles. From simple geometrical consider-
ations (see Fig. 11) follows that the slip bands will be
blocked when the angle \BAE is larger than the angle
\BAC, therefore, when

tanð\BAEÞ > tanð\BACÞ ð15aÞ
or

D
k
>

Dþ k
Dþ k

¼ 1 ð15bÞ

Combining Eqs. (15b) and (8), the lowest volume fraction
where the present strengthening model can be applied
was found to be

V > 12:5%: ð16Þ
Although this value has been derived for a simple and reg-
ular arrangement of particles (cubic particles organized in a
cubic arrangement), it nevertheless can be used as a guide-
line for the application of the present model to composites
with more complex particle distributions.

Effective medium approximation (EMA) and related
methods have been successfully used to model the elasto-
plastic deformation of metal matrix composites reinforced
with lm-sized second-phase particles [14,62,63]. The EMA-
based modeling is also applicable for composites contain-
ing high volume fractions of reinforcement [14]. However,
the optimized estimation of the yield strength is a necessary
prerequisite for any successful modeling of the overall elas-
toplastic deformation using the EMA iterative calculations.
As a typical example, Fig. 12 shows the experimental
stress–strain curve for the composite with 40 vol.% of rein-
forcement (data points) along with the curves calculated
using the self-consistent EMA modeling (for details see
Ref. [14]). Different values of yield strength (corresponding
to the values estimated from Eq. (6)) have been used for the
Fig. 12. Room temperature compression stress–strain curve for the
consolidated sample with 40 vol.% (V = 40) of CMA reinforcement:
experimental data (points) and calculated values (lines) from f1 (load-
bearing effect), fd (dislocation strengthening) and fs (matrix ligament size).
calculation of the stress–strain curves. The curves obtained
using the yield strength evaluated by the load-bearing effect
f1 (dotted line) and by both the load bearing and disloca-
tion strengthening f1 and fd (dashed line) underestimate
the deformation behavior of the sample. On the other
hand, the use of the yield strength estimated by Eq. (6),
which considers the combined effect of load bearing, dislo-
cation strengthening and matrix ligament size, leads to a
calculated stress–strain curve which is in very good agree-
ment with the experimental results.

4. Conclusions

To test the validity of CMAs as strengthening agents in
MMCs, particulate-reinforced Al-based composites con-
sisting of pure Al reinforced with different volume fractions
of b-Al3Mg2 intermetallic particles have been produced by
powder metallurgy methods. Room temperature compres-
sion tests reveal that the addition of the b-Al3Mg2 rein-
forcement remarkably improves the mechanical
properties of pure Al. In particular, the composites with
20 and 40 vol.% of reinforcement display yield and com-
pressive strengths exceeding that of pure Al by a factor
of 2–3, while retaining appreciable plastic deformation
ranging between 45% and 15%. The strength of the mate-
rial is further increased for the samples with 60 and 80
vol.% of b-Al3Mg2 phase, however, the composites show
negligible plastic deformation. Furthermore, the addition
of low-density b-Al3Mg2 particles decreases the density of
the material below that of pure Al, considerably increasing
the specific strength of the composites.

The mechanical properties of the composites have been
modeled by taking into account the combined effect of load
bearing, dislocation strengthening and matrix ligament size
effect. The calculations are in very good agreement with the
experimental results and reveal that the reduction of the
matrix ligament size, which results in a similar strengthen-
ing effect as that observed for grain refinement, is the main
strengthening mechanism in the current composites.
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et al. J Mater Sci 2008;43:4518.
[14] Scudino S, Liu G, Prashanth KG, Bartusch B, Surreddi KB, Murty

BS, et al. Acta Mater 2009;57:2029.
[15] Schurack F, Eckert J, Schultz L. Philos Mag 2003;83:1287.
[16] El Kabir T, Joulain A, Gauthier V, Dubois S, Bonneville J, Bertheau

D. J Mater Res 2008;23:904.
[17] Tang F, Anderson IE, Biner SB. Mater Sci Eng A 2003;363:20.
[18] Harrigan Jr WC. Mater Sci Eng A 1998;244:75.
[19] Erich DL. Prog Powder Metall 1986;46:45.
[20] Urban K, Feuerbacher M. J Non-Cryst Solids 2004;334–335:143.
[21] Feuerbacher M, Thomas C, Makongo JPA, Hoffmann S, Carrillo-

Cabrera W, Cardoso R, et al. Z Kristallogr 2007;222:259.
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