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Influence of heat treatment on the tensile
properties and fracture behaviour of an
aluminium alloy—ceramic particle composite
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The tensile deformation and fracture behaviour of aluminium alloy 2124 reinforced with
different amounts of silicon carbide particulates was studied, in the as-extruded and
heat-treated conditions, with the objective of investigating the influence of heat treatment and
composite microstructural effects on tensile properties and quasi-static fracture behaviour.
Results indicate that for a given microstructural condition, the elastic modulus and strength of
the metal-matrix composite increased with reinforcement content in the metal matrix. For a
given volume fraction of reinforcement, the heat-treated composite exhibited significantly
improved modulus and strength—ductility relationships over the as-extruded counterpart. The
increased strength of the Al-SiC composite is attributed to the competing and synergistic
influence of strengthening precipitates in the matrix metal, residual stresses generated due to
intrinsic differences in thermal expansion coefficients between components of the composite
and strengthening from constrained plastic flow and triaxiality in the ductile matrix due to the
presence of brittle reinforcement. Fracture on a microscopic scale is initiated by cracking of
the individual or clusters of SiC particles present in the microstructure. Particle cracking was
dominant for the as-extruded composite microstructure. For both the as-extruded and
heat-treated conditions, particle cracking increased with reinforcement content in the matrix.
Final fracture of the composite resulted from crack propagation through the matrix between
clusters. Although these composites exhibited limited ductility on a macroscopic scale, on a
microscopic scale the fracture mechanism revealed features reminiscent of ductile failure.

1. Introduction

The emergence of novel processing techniques
coupled with the need for lighter materials with high
specific strengths and stiffnesses has catalyzed con-
siderable scientific and technological interest in the
development of numerous high-performance com-
posite or hybrid materials as serious competitors to
the traditional engineering alloys. The majority of
such materials are metallic matrices reinforced with
high-strength, high-modulus and often brittle second
phases, in the form of fibres, whiskers or particulates,
embedded in a ductile metal matrix. The reinforced
metal matrices offer potential for significant improve-
ments in efficiency, reliability and mechanical per-
formance over the traditional and newer generation
monolithic alloys.

Reinforced metal-matrix composites (MMCs) offer
advantages in applications where low density, high
strength and high stiffness are of primary concern. The
aligned continuous fibre-reinforced composites offer
very high directional properties such as high specific
stiffness along the reinforcement direction [1]. Con-
versely, in applications where such extreme properties
are not a requirement, the discontinuous metal-matrix
composites consisting of particulates, whiskers or no-
dules are preferred, because they offer substantially
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improved strength and modulus properties compared
to the monolithic alloy and provide the additional
advantage of being machinable and workable. In par-
ticular, the particulate-reinforced metal-matrix com-
posites are attractive because they exhibit near isotro-
pic properties when compared to the continuously
reinforced counterparts, and are easier to process
using standard metallurgical processing such as pow-
der metallurgy, direct casting, rolling and extrusion.
The primary disadvantage of all MMCs, however, is
that they suffer from low ductility, inadequate fracture
toughness and inferior fatigue crack growth per-
formance compared to that of the constituent matrix
material [2-8]. A large body of published literature
covering both theoretical and experimental aspects is
available on the mechanical behaviour of metal-mat-
rix composites [9-39].

The addition of silicon carbide particles to alumi-
nium alloys results in an increased elastic modulus,
due to the higher elastic modulus of the silicon carbide
(SiC), which may also be accompanied by an increased
flow stress, depending on the matrix alloy chosen, heat
treatment and manufacturing method used [40].
Other significant advantages of discontinuously re-
inforced aluminium alloy metal-matrix composites are
enhanced resistance to wear [41], corrosion [42] and
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fatigue crack initiation resistance [43] when com-
pared to the matrix material.

The present study was undertaken with the objec-
tive of evaluating the influence of heat treatment on
the tensile properties and fracture behaviour of SiC
particulate-reinforced aluminium alloy metal-matrix
composite. In the experimental programme an evalu-
ation of tensile properties and fracture behaviour was
carried out for different volume fractions of ceramic
particle reinforcement in the aluminium alloy matrix.
The properties of the heat-treated composite material
are compared with those in the as-extruded condition
in order to rationalize composite microstructural in-
fluences on tensile properties and fracture behaviour.

2. Material

The material used in this experimental investigation
was a powder metallurgy aluminium alloy (2124) re-
inforced with varying volume fractions of silicon car-
bide particulates (SiC,). Three different volume frac-
tions (20, 25 and 30 vol%) of SiC,, were chosen. The
chemical composition (in weight pér cent) of the ma-
trix alloy is listed in Table I. The material was do-
nated by DWA Composite Specialties Inc. Chatsworth,

TABLE I Chemical composition (wt %) of matrix alloy 2124

Cu Mg Zn Mn Si Fe Ti Al
4.65 1.65 0.01 0.9 0.04 0.30 - Bal.
Short
transverse

direction {ST)

Extrusion
direction
Long (L)
transverse

direction (LT)

CA and is manufactured using standard powder met-
allurgy techniques. The silicon carbide particulates
were mechanically mixed with the aluminium alloy
powder, which is then hot compacted and sub-
sequently extruded to bars of length 350 mm and
having a rectangular cross-section approximately
95 mm (b) x 35 mm (t). Extrusion ratios are unknown.
The metal-matrix composites were received in the as-
extruded and heat-treated (T4) condition. The heat
treatment consisted of solution treating the as-ex-
truded MMCs at 920°F (498°C) for 2h, water
quenching and subsequently precipitation ageing at
250 °F (120 °C) for 18 h to give the T4 temper. In order
to establish a basis for the comparison of the mechan-
ical behaviour of the composite, the matrix alloy
(synthesized from the same powder batch) with no SiC
reinforcement and with an identical processing history
and heat treatment (T4) was also studied.

The initial microstructure of the as-received mater-
ial was characterized by optical microscopy after
standard metallographic preparation techniques.

3. Experimental procedure

Tensile test specimens were machined such that the
longitudinal direction or major stress axis of each
specimen was parallel to the extrusion direction of the
as-received plate. Thus, the gross fracture plane was
perpendicular to the extrusion direction in each case.
The cyclindrical tensile specimens conformed to
standards specified in ASTM E-8, with threaded ends
and a gauge length which measured 26 mm long and
6.25 mm diameter. To minimize the effects of surface
irregularities and finish, the gauge sections were
ground, using 600 grit silicon carbide paper, in order
to remove all circumferential scratches and machine
marks. Uniaxial tensile tests were performed on a
computer-controlled servohydraulic test machine in

Figure I Triplanar optical micrographs illustrating the microstruc-
ture of the as-extruded 2124 composite with (a) 20 vol% SiC,, and
(b) 30 vol% SiC,,.
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the room temperature (300 K) environment. Com-
posite specimens were deformed at a constant strain
rate of 107*s~ !, The load and displacements parallel
to the load line were recorded.

Fracture surfaces of the deformed tensile specimens
were examined in a scanning electron microscope in
order to characterize the fracture mode and the fine-
scale features on the fracture surface.

4. Results and discussion

4.1. Initial microstructure

The triplanar optical micrographs illustrating the
grain structure of the as-extruded, and heat-treated
and aged composites, for different volume fractions of

Short
transverse

direction {ST)

Extrusion
direction

(L)

Long
transverse
direction (LT}

SiC reinforcement, are shown in Figs 1 and 2. For the
as-extruded material, the discontinuous SiC partic-
ulates were found dispersed randomly through the
matrix of the aluminium alloy. At regular intervals
clustering or agglomeration of SiC particulates was
found. The non-uniform distribution of particulates
along the three orthogonal directions (extrusion, long-
transverse and short transverse) of the as-extruded
plate results in an anisotropic microstructure of the
composite.

The microstructure of the heat-treated composite is
shown in Fig. 2. Heat treatment of the as-extruded
composite was found to have no influence on partic-
ulate size, agglomeration and distribution. Agglomer-
ation of silicon carbide particulates was evident along
all three directions of the as-received plate. The matrix
of the heat-treated composite consisted of very fine
grains which could not be clearly resolved in the
optical microscope.

4.2. Tensile properties
The ambient temperature tensile properties of the
aluminium alloy metal-matrix composite (2124

Figure 2 Triplanar optical micrographs illustrating the microstruc-
ture of the heat-treated 2124 aluminium alloy composites with (a) 20
vol% SiC,, and (b) 30 vol% SiC,.

TABLE II Monotonic mechanical properties® of 2124 Al-SiC composite, F-temper

Silicon EP Yield Ultimate Elongation Reduction Fracture
carbide (GPa) strength tensile (%) in area stress
content (MPa) strength (%) (MPa)
(%) (MPa)

20 87 198 312 6.2 6.5 332

25 102 199 337 7.8 5.8 356

30 109 217 352 3.8 4.1 390

* Results are mean based on two tests
" Tangency measurements based on extensometer trace.
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TABLE III Monotonic mechanical properties® of 2124 aluminium alloy, T-4 temper

Silicon Modulus of Yield Ultimate Elongation Reduction True n K
carbide elasticity® strength tensile (G.L.=11n) in area fracture (MPa)
content (GPa) (MPa) strength (%) (%) stress

(%) (MPa) (MPa)

0 71 327 491 18 17.5 535 013 625
20 95 351 537 10.5 12.4 603 017 874
25 108 360 545 8.5 10.2 600 015 863
30 114 387 543 52 7.84 586 015 847

 Results are mean based on two tests
® Tangency measurements based on extensometer trace.

+ SiC,), for different volume fractions of ceramic
particle reinforcement, are summarized in Table II for
the as-extruded composite and Table III for the heat-
treated (T4) composite. The results are the mean
values based on duplicate tests.

4.2.1. Elastic modulus

Tensile test results reveal, for a given microstructural
condition, an increase in elastic modulus (Fig. 3) with
an increase in SiC, content in the aluminium alloy
matrix. For the as-extruded composite microstructure
the elastic modulus of the matrix alloy (2124) with 30
vol% SiC is 109 GPa which is:

(i) 25% more than the elastic modulus of the matrix
alloy with 20 vol% SiC reinforcement (87 GPa), and

(ii) 55% more than that of the alloy with no SiCp
reinforcement (0 vol%) (69 GPa), that is, the un-
reinforced matrix.

For the heat-treated composite the elastic modulus
of the matrix material with 30 vol% reinforcement is
114 GPa, which is:

(i) 20% more than the elastic modulus of the matrix
having 20 vol% reinforcement (95 GPa), and

(i) 61% more than that of the alloy with no re-
inforcement (0 vol%) (71 GPa).

Furthermore, for a given volume fraction of reinforce-
ment, heat treatment of the aluminium alloy metal-
matrix composite was observed to have a marginal
influence on the elastic modulus of the composite. The
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Figure 3 Variation of elastic modulus with reinforcement content.
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improvement was as high as 15% for the composite
with 30 vol% reinforcement.

4.2.2. Strength

The increase in yield strength (which is defined as the
stress required at a plastic strain of 0.2%) due to the
addition of SiC reinforcement was only marginal for
the as-extruded composites. The matrix alloy with
30vol% SiC had a 10% higher yield strength
(217 MPa) than the aluminium alloy matrix with 20
vol% SiC reinforcement (198 MPa). A similar im-
provement in yield strength was noticed for the heat-
treated composites (Table IIT). The variation of yield
strength with reinforcement content (vol%) in the
matrix is shown in Fig. 4.

The maximum increase in ultimate tensile strength
with an increase in SiC reinforcement content from 20
vol% (312 MPa) to 30 vol% (352 MPa) is 13% for the
as-extruded composite microstructure and nearly
equal for the heat-treated counterpart. The variation
of ultimate tensile strength as a function of heat
treatment and reinforcement content is exemplified in
Fig. S.

Whereas the yield strength and ultimate tensile
strength of the composite increase with an increase in
particulate (SiC,) reinforcement in the ductile alumi-
nium alloy matrix, the ductility of the 2124 + SiC
MMCs as measured by elongation over a 1 in.
(2.54 cm) gauge length of the specimen decreases for
both the as-extruded and heat-treated microstruc-
tures. The decrease in elongation with an increase in
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Figure 4 Variation of yield strength of the aluminium alloy com-
posite with reinforcement content.
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Figure 5 Variation of ultimate tensile strength of the aluminium
alloy composite with reinforcement content.
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Figure 6 Influence of reinforcement content and heat treatment on
tensile elongation of the Al-SiC, composite.

SiC, content from 20 vol% to 30 vol% in the alumi-
nium alloy matrix is:

(a) as high as 39% for the as-extruded composite
microstructure, and

(b) as high as 51% for the heat-treated composite
microstructure.

However, for a given volume fraction of SiC, in the
aluminium alloy matrix, heat treatment was found to
improve the elongation of the MMC. The improve-
ment in elongation was highest for the MMC with
20 vol% SiC,, reinforcement. The variation of elonga-
tion with reinforcement content and heat treatment is
shown in Fig. 6. An increase in SiC reinforcement
content caused a decrease in reduction in area for both
the as-extruded and heat-treated composite micro-
structures. However, for a given volume fraction of
reinforcement, the reduction in area of the composite
significantly improved with heat treatment (Fig. 7).

Beyond macroscopic yield the stress—strain curve is
well represented by a simple power law. It is expressed
by the equation

c = K(g,) (1)

where K is the monotonic strength coefficient (inter-
cept at £, = 1) and n is the strain-hardening exponent
(slope). The monotonic strain hardening or work
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Figure 7 Influence of heat treatment and reinforcement content on
reduction in area of the Al-SiC, composite.
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Figure 8 Monotonic stress-strain curves for the Al-SiC, composite
(+) 20 vol% SiC, (@) 25 vol% SiC, () 30 vol% SiC.

hardening exponent, n, of the Al/SiC, composite de-
creases with an increase in reinforcement content. The
value of strain-hardening exponent, n, of the MMCs is
only marginally larger than the value of n for the
matrix material with no reinforcement (0.13). The
observed marginally higher strain-hardening expo-
nent of the Al/SiC, MMCs, in the heat-treated condi-
tion, as compared to that of the unreinforced matrix
material, is attributed in part to particulate-induced
changes in matrix triaxiality., The monotonic
stress—strain curve for the three composites is shown
in Fig. 8.

Several mechanisms of strengthening or hardening
have been proposed which, either independently or
concurrently, are considered responsible for the over-
all strength of the metal-matrix composite. The plaus-
ible mechanisms for this SiC particulate-reinforced
2124 aluminium alloy include:

(a) an overall strengthening resulting from strengths
of the individual components of the composite as per
the rule of mixtures theory [44];

(b) load transfer between the ductile aluminium
alloy matrix and the hard and brittle carbide particle
reinforcement [18, 44, 457,

(c) development of strengthening precipitates in the
ductile aluminium alloy matrix during heat treatment
resulting in the observed improvement in strength of
the heat-treated composite over the as-extruded coun-
terpart, for a given volume fraction of SiC reinforce-
ment. In a comprehensive study of microstructural
development in 2124 aluminium alloy reinforced with
SiC whiskers, Christman and Suresh [22] observed
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the strengthening S’ (Al,CuMg) precipitates to nu-
cleate on dislocations in the matrix of the composite.
The extent of matrix precipitation was found to be
significantly more than along the interfaces;

(d) enhanced dislocation density in the ductile alu-
minium alloy matrix due to the presence of the hard
and brittle SiC particle [ 14, 16]. The increased disloc-
ation density facilitates the nucleation of strengthen-
ing S’ precipitates in the matrix during heat treatment;

(e) strengthening arising from constrained plastic
flow and triaxiality in the ductile aluminium alloy
matrix due to the presence of brittle silicon carbide
reinforcements [9, 11, 27]. As a result of the SiC
particulates resisting plastic flow of the matrix, an
average internal stress in the matrix or back stress, 6,
is generated. The amount of back stress can be estim-
ated by a dislocation-based model [46], or a con-
tinuum model [47, 48];

(f) contributions arising from competing influences
of back stresses in the plastically deforming composite
matrix [47] and due to plastic relaxation by the
formation of prismatic dislocation loops around the
hard particles [487;

(g) residual stresses generated in the matrix and
plastic strains introduced near the reinforcement par-
ticles during cooling from the processing temperature
as a result of mismatch in thermal expansion coef-
ficients (CTE) between the components; the matrix
and reinforcement [10, 49, 50];

(h) intrinsic differences in texture between the com-
posite matrix and the matrix material without re-
inforcement [51].

In this metal-matrix composite (2124 4 SiC,) with
large CTE mismatch strain, the plastic deformation of
the ductile aluminium alloy matrix, in the presence of
SiC reinforcement, is likely to be non-uniform. The
plastic deformation-induced dislocations would be-
come dominant when the plastic strain exceeds the
thermal mismatch strain and the two effects would
then act in synergism, so they can be lumped together.
The strengthening, Ao, in the metal matrix of this
particulate-reinforced MMC, due to dislocation gen-
eration, can be estimated by

Ac = aGh(p)'? 2

where o is a constant, G is the shear modulus (GPa)
of the matrix metal, b is the Burgers vector of the
matrix metal and p is the average density of disloc-
ations generated in the matrix by CTE mismatch. The
dislocation generation due to CTE mismatch in the
two-phase material has been confirmed by several
other investigators [52, 53]. Taya and Mort [54]
showed that the punching of dislocations generated by
CTE mismatch strain in a particulate-reinforced
MMC is sufficiently extensive to cover most of the
matrix domain. This observation was subsequently
confirmed by transmission electron microscopy stud-
ies on aluminium alloy 2124 reinforced with SiC
whiskers by Christman and Suresh [22]. The disloc-
ations generated by the CTE mismatch strain can be
at best be considered as an example of geometrically
necessary dislocations defined by Ashby [46]. The
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increase in flow stress, Ao, of the reinforced metal
matrix over the unreinforced metal matrix is propor-
tional to the square root of CTE mismatch strain if the
dislocations generated by the CTE mismatch strain is
dominant.

Based on results obtained in this study and an
examination of the plausible strengthening mech-
anisms, we feel that major contributions to strength of
the 2124 + SiC, composite arise from the competing
and synergistic influences of several of these mech-
anisms, the most important being:

(i) presence of strengthening S’ precipitates in the
matrix,

(i) strengthening due to mismatch in thermal coef-
ficients of expansion, tcrg, and

(iii) the back stress (oy,).

4.3. Fracture behaviour

The monotonic fracture surfaces are helpful in elucida-
ting microstructural effects on ductility and fracture
properties of the metal-matrix composite. It is well
established that the fracture of unreinforced alloys is
associated with void nucleation and growth, with the
nucleation occurring at the coarse constituent par-
ticles in the microstructure [55, 56]. An essential
requirement for void nucleation is the development of
a critical normal stress across the particle or the
particle-matrix interface [57]. In the metal matrix
with no reinforcement, nucleation of cavities occurs
by:

(a) decohesion at an interface between the consti-
tuent particle and the matrix, and
(b) by cracking of the elastic inclusion.

Although the Al-SiC metal-matrix composites used
in this study exhibited limited ductility on a macro-
scopic scale, with fracture essentially normal to the
stress axis, examination of the fracture surface at high
magnification revealed features reminiscent of a
locally ductile mechanism. Few tear ridges were evid-
ent on the tensile fracture surfaces (Fig. 9). On a
macroscopic scale the fracture surfaces were flat, but
relatively rough when viewed on a microscale. The
matrix of the composite was covered with a popula-
tion of microvoids of a wide range of sizes (Fig. 10).
The voids were homogeneously distributed through-
out the fracture surface. The voids were intermingled
with shallow dimples (Fig. 11). The constraints in-
duced by the brittle SiC particles in the adjoining
matrix and the resultant development of matrix triax-
iality influences the flow stress of the composite, and
also ductile void growth. Under the influence of far-
field tensile loading the voids appear to have under-
gone limited growth confirming a possible contribu-
tion from particle constraint-induced triaxiality on
failure of the composite matrix. Assuming that the
particle-matrix interface is strong, the triaxial stresses
generated during far-field tensile loading favours lim-
ited growth of microvoids in the matrix of the com-
posite. The limited growth of voids during far-field
tensile loading and lack of their coalescence as a



Figure 9 Scanning electron micrograph of the heat-treated tensile sample showing tear ridges and isolated patches of dimples: (a) 25 vol%

SiC,, (b) 30 vol% SiC,,.

Figure 10 Scanning electron micrographs of the tensile sample showing microvoids of a range of sizes for the heat-treated composite: (a) 25

vol% SiC,; (b) 30 vol% SiC,.

fracture mode for this 2124A1-SiC, composite clearly
indicates that the deformation properties of the alumi-
nium matrix are significantly altered by the SiC par-
ticles. The presence of these particles raises the hydro-
static component of stress, oy, and hence, their dis-
tribution is an important factor governing fracture of
the composite.

For the as-extruded composite microstructure, the
build-up of large stresses in the immediate vicinity of
the reinforcing SiC particles coupled with mismatch
that exists between the hard and brittle particle and
the ductile aluminium alloy matrix, results in a large
concentration of stress at and near the particle causing
it to crack (Fig. 12a), and the matrix in the immediate
vicinity to fail prematurely (Fig. 12b). Fracture of the

brittle SiC particle and concurrent failure of the sur-
rounding matrix results in the formation and presence
of voids. Very few of the fine microvoids coalesce and
the halves of these voids are the shallow dimples
visible on the fracture surface (Fig. 9). With an in-
crease in reinforcement content in the aluminium alloy
matrix, fracture was found to be dominated by crac-
king of the SiC particles (Fig. 12b) on account of their
intrinsic brittleness. The early cracking of the particles
is largely responsible for the lower tensile ductilities of
the as-extruded composites.

Intrinsic differences in the strain localization ten-
dencies in the as-extruded and heat-treated composite
microstructures also has an important influence on
particle fracture. For a given volume fraction of re-
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Figure 11 Scanning electron micrograph of tensile fracture surface
of heat treated Al-SiC, showing shallow dimples.

inforcement, in the aluminium alloy matrix, the dens-
ity of fractured particles was found to be higher in the
as-extruded composite microstructure than in the heat
treated and aged temper. The overall “damage” res-
ulting from uniaxial straining of this Al-SiC metal-
matrix composite is due to the conjoint action of:

(a) damage associated with the reinforcement, such
as SiC particle cracking and/or decohesion at the
particle-matrix interface, and

(b) lattice damage such as dislocations and point
defects, coupled with residual stress effects associated
with the particles.

For the SiC particles to fracture they must be
loaded to their fracture stress. This can be achieved, in

principle, by shear loading through the interface. The
extent of particle loading by the shear mechanism is
dependent on the aspect ratio of the reinforcing par-
ticle. For symmetricaily packed particles, the aspect
ratio, S, for maximum loading is

Oc:
S — SiC
= G

1

where o is the strength of the particle and 7, is the
interfacial shear strength. The strength of monolithic
SiC is about 2000 MPa, and assuming 1, = 5,/2,
where o, is the maximum stress achieved in the
aluminium alloy matrix (about 550 MPa), the critical
aspect ratio is 7. This shear mechanism approach
ignores any end-loading effects, which would exert
additional stress on the particle. Considering that
during uniaxial tensile deformation a close observation
of the fracture surface revealed less than 15%-20% of
the SiC particles had fractured, either for the as-
extruded or heat-treated composite microstructures,
majority of the particles are, therefore, not loaded to
their fracture stress. This situation is complicated by:

(1) the mismatch strain and concomitant internal
stress in the composite due to differences in thermal
expansion coefficient between the SiC particles and
the aluminium alloy matrix. Assuming spherical sha-
ped particles, the mismatch strain, o, will be induced in
the particulates, and is equal to

o = (o, — op)AT 4)

where o, and o, are CTE of the particulate and
matrix, respectively, and both the aluminium alloy
matrix and the silicon carbide particulates (SiC,) are
assumed to be isotropic in CTE and stiffness. For
particle fracture to occur the applied stress will have to
overcome any residual stress present in the particle;

(i1} loading the particulates through the mismatch
or misfit strain generated during plastic flow as a

Figure 12 Scanning electron micrographs of the Al-SiC, composite showing cracking at the reinforcement particle: (a) 20 vol% SiC,; (b) 30

vol% SiC,.
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Figure 13 Scanning electron micrograph of the Al-SiC  composite
showing fracture through the matrix.

result of the difference in elastic modulus between the
hard particle and the soft matrix.

The stress, o,, at the interface of an elastic inclusion
embedded in a plastic matrix was found to be tensile in
nature, and is given by [57-59]

o, ~ o(g,) + o (5)

where o(g,) is the matrix yield stress at the plastic
strain locally attained adjacent to the SiC particle, and
or is the tensile hydrostatic stress developed in the
immediate vicinity or neighbourhood of the reinfor-
cing particle. When the radial stresses generated at an
interface exceed the SiC particle strength, particle
cracking occurs. However, for SiC particle cracking to
be important, a critical level of cracking is required
before macroscopic tensile fracture results by crack
growth through the ductile aluminium alioy matrix.

The essential difference in the tensile elongations
between the unreinforced metal matrix (2124) and the
reinforced metal matrices brings out:

(a) the presence of cracked particles in the com-
posites, and

(b) the existence of higher triaxial tensile stresses in
the composite matrix due to the presence of reinforce-
ments.

For the reinforced metal matrix the majority of dam-
age is associated with the particle clusters, and is in the
form of voids which have grown between the particles
or as cracked particles. The fracture initiates by par-
ticle cracking coupled with decohesion of the matrix
between the particles, and final fracture is achieved by
fracture through the matrix between the particle clus-
ters (Fig. 13). The few voids generated by particle
cracking did not grow extensively in the tensile direc-
tion, which is generally the case in ductile fracture of
unreinforced alloys (Fig. 14) [60, 61]. The lack of
extensive void growth in these high particulate volume
fraction reinforced composites also suggests that the

Figure 14 Scanning electron micrograph of tensile fracture surface
of the unreinforced 2124 alloy.

fracture strain is controlled by the void nucleation
strain and any linkage strain.

5. Conclusion

Based on the results of this investigation on the influ-
ence of heat treatment on tensile properties and quasi-
static fracture behaviour of discontinuous SiC-Al
composites, for different volume fractions of SiC re-
inforcement, the following key observations were
made.

1. The microstructure of the as-extruded composite
showed the silicon carbide particulates to be dispersed
randomly through the metal matrix with agglomer-
ation of particulates at regular intervals. Heat treat-
ment of the composite was found to have no influence
on particulate size, distribution and agglomeration.

2. For a given condition, increasing the discontin-
uous SiC reinforcement increased both elastic modu-
lus and strength of the metal-matrix composite.

3. The heat treated, i.e. aged, composite exhibited
improved strength and ductility over the fabricated
(as-extruded) counterpart.

4. Essentially, the increased strength of the dis-
continuous SiC-Al composite can be rationalized in
terms of mechanisms based on a change in micro-
structure of the matrix due to the presence of the
reinforcement. Presence and/or precipitation of ma-
trix-strengthening precipitates during ageing, coupled
with residual stresses generated due to intrinsic differ-
ences in thermal expansion coefficients between the
components of the composite, and constrained plastic
flow due to the presence of the reinforcement, contrib-
ute to the overall strengthening of the composite.

5. The non-uniform distribution of SiC particles
caused fine microcracks to initiate at low stresses. The
cracks initiated both at or near particle-matrix inter-
faces within clusters of particles. Fractography re-
vealed an overall macroscopically brittle appearance,
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but microscopically features were reminiscent of duc-
tile rupture.

6. The tensile elongation is very sensitive to matrix
microstructure. The low tensile ductility of the as-
extruded composites is attributed to the early initia-
tion of microcracks in the particle clusters due to
elastic misfit coupled with plastic constraints imposed
by the reinforcing particles. The matrix between the
particles is subjected to high triaxial stress which
results in fracture of the matrix between the particle
clusters.

7. Fracture of the matrix between particle clusters,
coupled with particle fracture, allows the microcrack
to grow rapidly and link by fracture through the
matrix resulting in macroscopic fracture.
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