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The tensile deformation and fracture behaviour of aluminium alloy 2014 discontinuously-
reinforced with particulates of Al,O; was studied with the primary objective of
understanding the influence of reinforcement content on composite microstructure, tensile
properties and quasi-static fracture behaviour. Results reveal that elastic modulus and
strength of the metal-matrix composite increased with reinforcement content in the metal
matrix. With increase in test temperature the elastic modulus showed a marginal decrease
while the ductility exhibited significant improvement. The improved strength of the Al-Al,O3
composite is ascribed to the concurrent and mutually interactive influences of residual
stresses generated due to intrinsic differences in thermal expansion coefficients between
constituents of the composite, constrained plastic flow and triaxiality in the soft and ductile
aluminium alloy matrix due to the presence of hard and brittle particulate reinforcements.
Fracture on a microscopic scale initiated by cracking of the individual or agglomerates of
Al, O; particulates in the metal matrix and decohesion at the matrix—particle interfaces.
Failure through cracking and decohesion at the interfaces increased with reinforcement
content in the matrix. The kinetics of the fracture process is discussed in terms of applied

far-field stress and intrinsic composite microstructural effects.

1. Introduction

The need for lightweight and high performance struc-
tural materials to satisfy the demands of the aero-
space, automotive and consumer-related industries
provided the necessary impetus for the development
and emergence of metal-matrix composites (MMEs)
‘as attractive and viable alternatives to the traditional
engineering alloys. A large majority of these com-
posite materials are metallic matrices reinforced with
high strength, high modulus and brittle ceramic
phases which can be either continuous in the form of
fibre or discontinuous in the form of whisker, platelet
and particulate reinforcements embedded in a ductile
metallic matrix. The reinforced metal matrices offer
potential for improvements in efficiency, mechanical
performance and reliability over the newer generation
monolithic alloys.

Ceramic fibre-reinforced MMCs offer a spectrum
of advantages in applications where high strength
and high stiffness are of primary concern. Although
the continuous fibre-reinforced metal matrices offer
highly directional properties such as high specific stiff-
ness along the reinforcement direction [1], the dis-
continuously-reinforced metal matrices based on
whiskers, particulates or nodules as the reinforcing
phase are preferred since they offer a number of ad-
vantages. In particular, incorporation of discontinu-
ous ceramic reinforcement$ in an aluminium alloy
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metal matrix offers improvements in elastic modulus,
wear resistance, strength, structural efficiency, reliabil-
ity and control of physical properties such as density
and coefficient of thermal expansion, thereby, provid-
ing improved mechanical performance in comparison
to the unreinforced metal matrix [2-11]. In fact, the
discontinuous ceramic particulate reinforced alumi-
nium alloy metal matrix offers advantages such as
a 15-40% increase in strength and a 30—50% increase
in stiffness [12, 137, low density, while generally main-
taining receptiveness to processing and characteriza-
tion techniques used for the conventional unreinfor-
ced counterparts. An increase in modulus of greater
than 100 per cent have been reported for aluminium
alloys reinforced with a volume fraction of 40% sili-
con carbide particulates (SiC,) [14]. From a design
perspective the attractiveness stems from an improve-
ment in specific modulus, i.e. density-compensated
increase in elastic modulus. Besides, the discontinu-
ously reinforced MMCs provide the additional ad-
vantage of being machinable and workable.

The ceramic particle reinforced aluminium alloy
metal matrices can be synthesized by ingot metallurgy,
powder metallurgy and mechanical alloying process-
ing techniques. Each of these processing techniques
results in a composite having different properties. The
aluminium alloy MMCs based on particulate rein-
forcements are particularly attractive because they can
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be made with properties that are isotropic in three
dimensions or in two dimension. Furthermore, con-
ventional aluminium alloy fabrication methods can be
used to deform the ingot or billet to produce a wide
range of product forms. However, the primary disad-
vantages with the ceramic particle-reinforced matrices
is that they suffer from low strain-to-failure, inad-
equate fracture toughness and inferior fatigue crack
growth and fracture resistance compared to that of the
unreinforced matrix material [15-25].

The present study was undertaken with the objec-
tive of evaluating the influence of ceramic particulate
reinforcements on the microstructure, tensile proper-
ties and fracture behaviour of an aluminium alloy
MMC. In the experimental programme the tensile
properties and fracture behaviour were evaluated for
two different volume fractions of the ceramic particle
reinforcement in the aluminium alloy matrix, at ambient
and elevated temperatures. The ambient temperature
properties are compared with those at the elevated
temperature in order to rationalize temperature
influences on tensile deformation and {fracture
behaviour.

2. Material

The composite material (MMC) selected for investiga-
tion in this study was based on aluminium alloy 2014
discontinuously reinforced with varying volume frac-
tions of Al,O; particulates. The aluminium alloy
MMCs were made using a proprietory casting tech-
nique by DURAL Aluminium Composites Corporation
(DURALCAN USA, San Diego, CA). Two different
volume fractions (10 and 15 vol %) of the discontinu-
ous particulate Al,O5 phase were chosen. The nom-
inal chemical composition (in weight percent) of the
matrix alloy is given in Table I. The iron and silicon
elements in the alloy are impurities. The ingot metal-
lurgy-based Al,O5 particulate-reinforced 2014 com-
posite was provided as an extruded billet. The billet
was obtained by extruding the cast ingot at 450°C
through a standard shear-face die. The starting ingot
was 178 mm and was extruded with an extrusion ratio
of 17:1 to produce rectangular blanks of size 19 mm
x 76 mm. The extruded material was solutionized at
502°C for 2 h, cold water quenched, and artificially
aged at 160 °C for 2 h to get the peak-aged (T6) condi-
tion. The 2014/A1,05/xxp MMCs were provided by
DURALCAN USA.

3. Experimental techniques

3.1. Microstructural evaluation
Metallographic samples were cut from the as-received
2014/A1,0;/xxp composites, mounted in bakelite and
wet ground on 320,400 and 600 grit silicon carbide

TABLE I Chemical composition of matrix Al-Cu-Mg alloy 2014
(wt %)

Element Cu Mg Mn Si Al
(wt %) 44 0.5 0.8 0.8 Balance
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(8iC) paper using water as lubricant and then mechan-
ically polished with one micron alumina-based pol-
ishing compound. Particle morphology, their size and
distribution in the aluminium alloy metal matrix, and
other intrinsic microstructural features were examined
in an optical microscope and photographed using the
standard bright-field technique.

Tensile test specimens were precision machined
from blanks of size 150 mm x 20 mm x 20 mm using
a diamond coated saw blade. The specimens were
machined with the stress axis parallel to the extrusion
direction and conformed to standards specified in
ASTM: E-8. The test specimens were smooth and
cylindrical in the gauge section which measured
6.25 mm in diameter and 25 mm in length. To minim-
ize the effects of surface irregularities and finish, final
surface preparation was achieved by mechanically
polishing the entire gauge section of the test specimens
through 600 grit silicon carbide paper to remove all
circumferential scratches and surface machine marks,

Uniaxial tensile tests were performed on a fully
automated, computer controlled servohydraulic test
machine equipped with a 10 000 kg load cell. The load
train was aligned prior to the initiation of testing to
minimize specimen bending. The tests were performed
at room temperature (27°C) and elevated temper-
atures of 100 and 180°C. The elevated temperature
tests were performed using an INSTRON Environ-
mental Chamber System (Model 3111) unit. The tem-
perature was controlled with the aid of a temperature
controller linked to a thermocouple fixed to the speci-
men’s surface. The maximum temperature variation
along the gauge length was +2°C. The composite
specimens were deformed at a constant strain rate of
0.0001 s~ *. The stress and strain parallel to the load
line was recorded on an X-Y recorder equipped with
a pen plotter.

Fracture surfaces of the deformed tensile specimens
were comprehensively examined in a scanning elec-
tron microscope (SEM) to characterize the predomi-
nant fracture mode and the fine-scale features on the
tensile fracture surface. Samples for SEM observation
were obtained from the deformed tensile specimens by
sectioning parallel to the fracture surface.

4. Results and discussion

4.1. Initial microstructure

The triplanar optical micrographs illustrating the
microstructure of the 2014/A1,05/xxp composites, for
two volume fractions of the discontinuous particulate
reinforcement phase, are shown in Figs 1 and 2. The
Al,O5 particulates, in the composite matrix, were
non-uniform in size, irregularly shaped and dispersed
randomly through the metal matrix. Few of the par-
ticles had sharp corners. At regular intervals clustering
or agglomeration of the Al,O5 particulates, of varying
size, was observed resulting in particulate-rich and
particulate-depleted regions. An agglomerated site
consisted of the smaller particles of varying sizes and
shapes intermingled with a few larger particles which
appeared either rectangular or oblong in shape. The
degree of agglomeration or clustering of the Al,Oj



Figure 1 Triplanar optical micrograph illustrating microstructure
of the 2014/A1,03/10p composite.

Figure 2 Triplanar optical micrograph illustrating microstructure
of the 2014/A1,05/15p composite.

particulates was found to increase with an increase in
the amount of reinforcement phase in the 2014 alumi-
nium alloy metal matrix (Fig. 3). The non-uniform
distribution of the Al,O; particulates along the three
orthogonal directions (extrusion, long transverse and
short transverse) results in an anisotropic microstruc-
ture of the 2014/A1,0,/xxp composites. No attempt
was made in this study to determine the particle size
distribution for the two composite materials.

4.2. Tensile properties

The tensile properties of the 2014/A1,0;/xxp MMCs,
for the two different volume fractions of ceramic par-
ticle (Al,Os) reinforcement, at ambient (27 °C) and

S

Figure 3 Optical micrograph showing clustering or agglomeration
of the Al,O5 particles: (a) 2014/A1,05/10p, and (b) 2014/A1,0,/15p

clevated temperatures (100 and 180°C), are sum-
marized in Table II. '

4.2.1. Elastic modulus

Tensile test results reveal an increase in elastic
modulus with an increase in Al,Oj; content in the
aluminium alloy metal matrix, at both ambient tem-
perature (27°C) and elevated temperature (100 °C).
However, at the elevated temperature of 180°C the
clastic modulus of the 2014/A1,0;/15p composite is
marginally lower than that of the 2014/A1,0,/10p
counterpart. The effect of reinforcement content and
test temperature on modulus of the composites is
shown in Fig. 4. At room temperature (27 °C) the
elastic modulus of the 2014 alloy with 15 vol % Al,O,
is 101 GPa, which is:

(a) 45 per cent more than the elastic modulus of the
matrix alloy with no reinforcement (71 GPa), that is,
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TABLE II Monotonic properties of 2014/A1,0; met_alimatrix composites

Reinforcement Temperature Young's Yield Ultimate tensile Fracture | (Ao)
al =2
As
Modulus stress strength stress
) (E) (oy) (ours) (o)
& RA
(%) 0 (Gpa)  (10°Ksi) (Mpa) (Ksi) (Mpa) (Ksi) Mpa) (Ks)) (%) (%) (%)
10 242 92 (13) 460 (64) 495 (69) 490 (68) 20 630 65
100 84 (12) 416 (58) 434 61) 400 (56} 52 934 98
180 83 (11.6) 325 45) 340 “n 255 (36) 6.6 11.60 124
15 242 101 (14) 470 (65) 510 71) 495 69) 27 470 49
100 89 (12) 420 (59) 445 (62) 400 (56) 56 784 82
180 79 (1) 310 (44) 325 45) 240 (34) 6.2 10.10 10.7
2Result based on average of two tests.
g — Strain to failure.
f, — Volume fraction (%) reinforcement.
RA - Reduction in area.
Ao
In <——) — Tensile ductility.
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Figure 4 Effect of test temperature and reinforcement content on elastic modulus of 2014/A1,0; composites. Key: (O} 10% Al,Os; (@) 15%

ALO,.

the unreinforced metal matrix (aluminium alloy 2014),
and

(b) 10 per cent more than the elastic modulus of the
2014 matrix with 10 vol % of Al,O3 (92 GPa).

Furthermore, for both volume fractions of the discon-
tinuous Al,Q; reinforcement phase in the metal
matrix, the elastic modulus decreased with an increase
in test temperature. The degradation was as high as 10
per cent for the 2014/A1,0,/10p composite and 20 per
cent for the 2014/A1,05/20p composite counterpart.

4.2.2, Strength
The yield strength, defined as the stress corresponding
to a plastic strain of 0.2%, increased with an increase
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in the Al,O4 particulate reinforcement phase in the
2014 aluminium alloy metal matrix. The observed
increase was however only marginal.

(a) At ambient temperature the 2014/A1,0,/15p
composite had only a two per cent higher yield
strength (470 MPa) than the 2014/A1,05/10p com-
posite counterpart (460 MPa).

(b) At 100°C, the improvement or increase in yield
strength of the 2014/A1,03/ 15p composite over the
2014/A1,04/10p counterpart is only marginal (one per
cent).

{(c) At 180°C, the composite with higher volume
fraction of the discontinuous Al,O; reinforcement
(15 vol %) had lower yield strength than the com-
posite with lower volume fraction of the discontinuous
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Figure 5 Effect of test temperature on engineering stress engineering strain curves of the 2014/A1,05/10p composite. Key: (O} 25°C;

(@) 100°C; (O) 180°C.

reinforcement (10 vol %). An observation consistent
with the lower modulus of this composite at this
temperature.

The ultimate tensile strength of the composite is
marginally more than the tensile yield strength indic-
ating that the work hardening rate past yielding is low.
The ultimate tensile strength followed the same trend
as the yield strength of the composite. The improve-
ment in strength of the 2014/A1,05/15p composite
over the 2014/A1,05/10p composite counterpart was
only marginal at the lower test temperatures (27 and
100 °C) and decreased at the higher test temperature of
186°C.

Whereas, the yield strength and ultimate tensile
strength of the 2014/A1,05 composites are only mar-
ginally influenced by competing and mutually inter-
active influences of Al,0 particulate reinforcement
phase in the ductile 2014 matrix and test temperature,
the ductility as measured by: (i) tensile elongation over
12.7 mm gauge length of the test specimen, and (ii)
reduction in cross-sectional area, decreases with an
increase in the Al,Oj; particle reinforcement phase in
the 2014 metal matrix. This observation is consistent
with the strength improvement, though marginal,
achieved with increased Al,O particulate reinforce-
ment phase in the 2014 matrix. However, for both
volume fractions of the Al,O; particulate reinforce-
ment phase, the reduction in area and tensile ductility
increases with an increase in test temperature. The
strain-to-failure (&) of the 2014/Al,05/xxp MMCs
increases with an increase in test temperature, and is
consistent with the degradation of both strength and
stiffness at the higher test temperatures. A comparison
of the stress—strain curves, of each MMC, at the three
test temperatures, is made in Figs 5 and 6. Variation of
strength with test temperature is exemplified in Fig. 7.

The manner in which reinforcement particle size
and volume fraction affects ultimate tensile strength
can be best described in terms of work hardening,
Beyond macroscopic yield ‘the stress—strain curve is
well represented by a simple power law. It is expressed
by the equation that relates flow stress to the plastic
strain:

o= K(g,)

where K is the monotonic strength coefficient (in-
tercept at plastic strain g, = 1) and » is the work-
hardening or strain-hardening exponent. An increase
in particulate reinforcement content in the 2014
metal matrix is observed to have no influence on the
monotonic strain hardening or work hardening expo-
nent (n) of the 2014/A1,0; MMCs. While an
increase in test temperature from 100 to 180°C
degraded both stiffness (elastic modulus) and strength
(yield strength and ultimate tensile strength) of the
2014/A1,05/xxp MM s, it was found to have little
to no influence on work hardening or strain harden-
ing. However, consistent with the degradation in
strength, the monotonic strength coefficient for both
the 2014/A1,03/10p and 2014/A1,0;/15p composites
decreased at the higher test temperature, that is, with
an increase in test temperature from 100 to 180°C.
The monotonic stress—strain curves for the two
MMCs, at the two test temperatures, are compared in
Fig. 8.

Several mechanisms of strengthening or hardening
have been proposed which, either independently or in
synergism, are considered responsible for the im-
proved strength of discontinuously-reinforced metal
matrices. The plausible mechanisms for discontinuous
particulate-reinforced aluminium alloy metal matrix
composites include:
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Figure 6 Effect of test temperature on engineering stress engineering strain curves of the 2014/A1,05/15p composite. Key: (Q) 25°C;

(®) 100°C; (0) 180°C.
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Figure 7 Variation of strength with test temperature: (a)
2014/A1,0,/10p composite; and (b) 2014/A1,03/15p composite.
Key: (O) yield; (O) ultimate; (&) Fracture.

1. An overall strengthening resulting from strength
of the individual constituents of the composite, as per
the classical rule-of-mixtures (ROM) theory [26].

2. Classical composite strengthening through load
transfer between the ductile aluminium alloy matrix
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Figure 8 Influence of test temperature on monotonic stress-strain
response of the composites: (a) 2014/A1,0,/10p composite, and (b)
2014/A1,0,/15p composite. Key: (O) 180°C; (@) 100°C.

and the hard and brittle ceramic particle reinforce-
ment [27-29]. Load transfer is largely dependent on
bond integrity at the particulate—matrix interfaces.

3. Enhanced dislocation density in the aluminium
alloy matrix due to the presence of the hard, brittle



and discontinuous particulate reinforcement phase
[30-33]. The generation of dislocations arises from
intrinsic differences in coefficients of thermal expan-
sion (CTE) between the continuous metal matrix and
the discontinuous particulate reinforcement phase
[34,35]. When the composite is cooled from the elev-
ated temperatures of annealing and/or processing,
misfit strains result due to differences in thermal con-
traction at the matrix—particle interface. The resultant
misfit stresses are:

(a) relieved by the generation of dislocations
through the “punch-out” mechanism to accommodate
both the misfit strain and shape change the matrix
cannot make due to the presence of the hard partic-
ulate reinforcement phase, and/or

(b) stored as thermal residual stresses.

Continunum-based and dislocation-based models have
shown that the misfit strains are highly localized, with
concomitant high residual stresses and/or high density
of dislocations adjacent to the particulate reinforce-
ments. The higher dislocation density tends to locally
work harden the matrix and thus modify plastic re-
sponse. The dislocation density can be estimated from
the equation:

g, = pLb

where ¢, is the plastic strain, p is the dislocation
density (m~?) generated, L is the distance moved by
the generated dislocation, and b the Burgers vector
of aluminium. The magnitude of dislocation density
increase is related to both the volume fraction of
reinforcement particles (V) and their size. Smaller-
sized particles will increase the average dislocation
density and thus the resultant residual stresses. The
residual stresses are large enough to promote plastic
deformation, i.e. the generation of dislocations. These
dislocations can be defined as slip dislocations.

4. By the inhibition of plastic relaxation at the
matrix—particle interfaces. Plastic relaxation is a
mechanism by which local stress concentration due to
accumulating dislocations is relieved and the mecha-
nism also results in the generation of secondary dislo-
cations at the interface [36,37]. The ease and extent of
plastic relaxation is governed by competing and mu-
tually interactive influences of dislocation density, vol-
ume fraction of the discontinuous particulate rein-
forcements and matrix strengthening precipitates and
particles. When plastic relaxation is restrained, void
formation is favoured to occur due to dislocation
build-up at the reinforcing particles.

5. The presence of an increased dislocation density
favours formation of smaller subgrain size in the dis-
continuously-reinforced metal matrix resulting in sub-
grain strengthening being a significant contributing
factor to the strength of the composite [30,38,39].
A small subgrain size results from a high density of
dislocations generated by the thermal stress mismatch.
The most appealing rationale for the formation of
subgrain boundaries is that it presents an ideal lower-
energy dislocation configuration [39].

6. Residual stresses generated in the composite
matrix and plastic strains achieved adjacent to the

particulate reinforcements due to competing and mu-
tually interactive influences of: (a) mismatch (6:1) in
coefficients of thermal expansion between components
of the composite; the matrix and the reinforcement
[40-42], and (b) during far-field tensile loading [43].
The residual stress induced in an aluminium alloy
matrix will be tensile in nature [44—46]. The magni-
tude of this stress depends on:

(i) volume fraction, morphology and size of the
discontinuous reinforcement phase, and

(i) effective temperature change during heat treat-
ment.

In the case of particulate reinforcements, in the form of
spheres, the average residual stress in the matrix will
be pure hydrostatic tension which has little to no
influence on long-range dislocation motion. The aver-
age residual stress decreases as the size of the rein-
forcement phase increases. Since the residual stress is
in tension, it is a negative contribution to the overall
strengthening of the aluminium alloy-based MMC.

7. Strengthening arising from constrained plastic
flow and triaxiality in the ductile matrix due to the
presence of discontinuous particulate reinforcements
[39,47,48]. As a result of the elastically deforming
particulates resisting plastic flow of the ductile metal
matrix, an average internal stress or back stress {c,,} is
developed.

8. Contributions arising from competing influences
of back stress in the plastically deforming composite
matrix [49] and due to plastic relaxation by the
formation of prismatic dislocation loops around the
hard and brittle reinforcing particles [33,41].

9. Intrinsic differences in texture between the alu-
minium alloy composite matrix and the unreinforced
matrix material [39].

In this 2014/A1,0;/xxp MMC, with large CTE mis-
match strain, the plastic deformation of the soft and
ductile 2014 matrix, in the presence of the hard and
brittle discontinuous Al,O; particulate reinforce-
ments, is non-uniform primarily due to the elastic
particles resisting plastic flow of the metal matrix. The
plastic deformation induced dislocations or slip dislo-
cations become dominant when the plastic strain ex-
ceeds the thermal mismatch strain, at which point the
two effects act in synergism so that they can be lumped
together. The increased strength of this Al,O; partic-
ulate-reinforced 2014 aluminium alloy MMC, due to
dislocation generation, can be estimated using the
relationship:

Ao, = aGbp®3

where Ao, is the increase in yield strength of the
composite over that of the unreinforced matrix mater-
ial, G is the shear modulus (GPa) of the matrix metal,
b is the Burgers vector, p is the average increase in
dislocation density of the composite matrix over that
of the matrix density, and o is a geometric constant
and equal to 1.25 for aluminium [ 50]. The dislocation
generation due to CTE mismatch, in a two-phase
material, has been confirmed by other investigators
[33,39,51]. Taya and Mori [52] and subsequently
Mochida et al. [46] have shown that the punching of
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dislocations generated by CTE mismatch strain in
a particulate-reinforced metal matrix is sufficiently
extensive to cover most of the matrix domain. The
dislocations generated by CTE mismatch strain can at
best be considered as an example of “geometrically
necessary” dislocations defined by Ashby [53]. The
“geometrically necessary” dislocations occur in order
to permit compatible deformation in a system having
geometrical constraints such as hard Al,O; particles
which deform elastically while the surrounding 2014
aluminium alloy metal matrix is ductile and under-
goes plastic deformation. The “geometrically neces-
sary” dislocations become essential when deformation
occurs without the formation of voids around the hard
and elastically deforming particles.

The primary factor contributing to the increase in
flow stress of the discontinuous Al,Oj particulate-
reinforced 2014 matrix over the unreinforced matrix
alloy is due to the thermal residual stresses. The ther-
mal stress is proportional to the CTE mismatch strain
if the dislocations generated by CTE mismatch strain
is dominant. The mismatch strain g, induced in the
reinforcing particulate is:

g, = (o, — am) AT
where

(i) o, and oy are coefficients of thermal expansion
(CTE) of the reinforcing particle and the aluminium
alloy metal matrix, respectively, and both the matrix
and the reinforcing particle are assumed to be iso-
tropic in stiffness and CTE.

@) AT 1is the net temperature (T, — Tambient)
change when the particulate-reinforced metal matrix
is quenched from an elevated temperature.

Based on the results obtained in this study and an
examination of all of the plausible strengthening
mechanisms, the contributions to strengthening of this
Al,O5 particle-reinforced 2014 metal matrix arises
from the concurrent and mutually interactive influen-
ces of the following three mechanisms:

(a) Strengthening due to large differences in coeffi-
cients of thermal expansion between constituents of
the composite, aluminium alloy and the Al,O; partic-
ulate reinforcements, resulting in misfit strains due to
differential thermal contraction at the matrix—particle
interfaces. The misfit strain and resultant misfit stress
generates dislocations. The increased dislocation den-
sity generated to accommodate the misfit strain pro-
vides a significant contribution to strengthening of the
metal matrix.

(b) The dislocations which are introduced during
processing are not completely annihilated by the an-
nealing treatment. Consequently, they become trap-
ped at the Al,O; particles resulting in local regions of
high dislocation density, that is, the density is highest
near the reinforcement particle and tends to decrease
at regions away from the particle. A high dislocation
density results in a small subgrain size with concomi-
tant contribution to strength of the composite matrix.

(c) Strengthening arising from constrained plastic

flow and triaxiality in the ductile metal matrix due to
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the presence of discontinuous particulate reinforce-
ments [39,48,49]. As a result of the elastically deform-
ing particles resisting plastic flow of the metal matrix,
an average internal stress or back stress {g,} is
generated.

4.3. Tensile fracture behaviour

The tensile fracture surfaces are helpful in elucidating
microstructural effects on the ductility and fracture
properties of the 2014/A1,0./xxp composites. It is
fairly well established that the fracture of unreinforced
alloys is associated with the events of void nucleation
and growth, with the nucleation occurring at coarse
constituent particles present in the microstructure
[54,55]. An essential requirement for void nucleation
is the development of a critical normal stress across
the particle or at the particle—matrix interfaces [56].
In the unreinforced metal matrix the nucleation of
cavities and voids occurs by the concurrent and mu-
tually competitive influences of:

(a) cracking of the hard and brittle inclusions that
deform elastically, and

(b) decohesion at the interfaces between the elasti-
cally deforming particle and the plastically deforming
metal matrix.

At room temperature (27 °C) the 2014/A1,05/xxp
composites exhibited limited ductility, on a macro-
scopic scale, with fracture essentially normal to the
tensile stress axis. However, high magnification exam-
ination of the tensile fracture surface revealed features
reminiscent of both ductile and brittle mechanisms,
Representative fractographs of the tensile fracture sur-
face of the 2014/A1,03/10p and 2014/A1,0:/15p com-
posites are shown in Figs 9-14.

4.3.1. Composite 2014/AL0O3/10p

On a macroscopic scale, fracture surfaces of this com-
posite were essentially flat and normal to the tensile
stress axis at both room temperature (27 °C) and the
elevated temperature (180 °C). However, the surfaces
were relatively rough when viewed on a microscopic
scale (Fig.9a). At ambient temperature (27°C) the
fractured surfaces revealed the Al,O; particles sur-
rounded by ductile regions described as tear ridges
(Fig. 9b), particle cracking (Fig. 9c) and decohesion at
the matrix—particle interfaces (Fig. 9d). No major
difference in tensile fracture features was evident at
the higher test temperature (180°C). The matrix of
this composite was covered with microvoids of vary-
ing size (Fig. 10a). The voids were intermingled with
tear ridges and isolated regions of dimpled rupture
(Fig. 10b). The submicrometre-sized dimples are in-
dicative of the improved ductility at this temperature.

4.3.2. Composite: 2014/A1,03/15p

At both 27°C (Fig. 11) and 180°C (Fig. 12) tensile
fracture surfaces of this composite were flat and nor-
mal to the stress axis when viewed on a macroscopic
scale but rough when viewed on a microscopic scale



Figure 9 Scanning electron micrograph of the tensile fracture surface of the 2014/A1,03/10p composite deformed at 27 °C.

(Fig. 11a). The matrix of this composite revealed com-
binations of tear ridges (Fig. 11b), cracking of the
particles and decohesion at the interfaces (Fig. 11c).
Following an early initiation of damage, subsequent
accumulation, growth and linkage in the matrix re-
sulted in brittle failure. At the higher test temperature
(180 °C) the degree of particle cracking (Fig. 12b) and
decohesion at particle-matrix interfaces increased
(Fig. 12¢). The matrix of the composite was covered
with isolated microvoids of varying size (Fig. 11a).
Two distinct types of dimples were observed, one
surrounding the Al,O; particles (Fig. 12d) and the
other, smaller and shallower, with the matrix phases
and inclusions. Multiple microcracks were observed in
regions of particulate agglomeration, which contrib-
uted to the observed degradation of ductility.

The constraints in deformation caused by the pres-
ence of the hard and brittle Al,O; particles in the soft
and ductile aluminium alloy matrix and the resultant

development of a triaxial stress state, in the soft and
ductile metal matrix, aids in limiting flow stress of the
composite matrix and favours:

(a) void initiation and growth in the matrix, and
(b) debonding at the particle-matrix interfaces.

Furthermore, as a consequence of the deformation
constraints induced by the hard and brittle Al,O4
particulate reinforcements, a higher applied stress is
required to initiate plastic deformation in the matrix.
This translates to a higher elastic constant and higher
yield strength of the composite. Under the influence of
a far-field tensile load the voids appeared to have
undergone limited growth confirming a possible con-
tribution from particle constraint-induced triaxiality
on failure of the composite matrix. Particle failure is
governed by competing influences of local plastic con-
straints, particle size and agglomeration. The local
plastic constraints are particularly important for the
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Figure 10 Scanning electron micrograph of the tensile fracture surface of the 2014/A1,0,/10p composite deformed at 180°C.

larger-sized particles and for particle clusters during
composite fracture [43]. Examination of the fracture
surfaces revealed damage to be highly localized at the
AL O; reinforcing phase through cracked particles
and interfacial failure or decohesion with little evid-
ence of void formation away from the cracked or
fractured particle. This suggests that the plastic strain
becomes localized during the early stages of tensile
deformation. The intrinsic brittleness of the reinforc-
ing particles (Al,O3) coupled with the propensity for it
to fracture due to localized deformation results in
particle cracking and particle-matrix interface debon-
ding (Fig. 13) being the dominant damage mode. The
higher yield strength coupled with damage to the
composite microstructure from the conjoint influence
of particle cracking and decohesion at the interfaces
results in a decrease in strain-to-failure or inferior
ductility of the 2014/A1,0;/xxp MMC. Furthermore,
neglecting any contribution from the matrix—particle
interfaces, the triaxial stresses generated during far-
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field tensile loading favours limited growth of the
microvoids in the matrix of the composite. The limited
growth of the voids during far-field tensile loading
coupled with lack of their coalescence as a dominant
fracture mode for the 2014/A1,05/xxp MMCs clearly
indicates that the deformation properties of the 2014
matrix are significantly altered by the presence of the
discontinuous Al,Q; particulate reinforcements. The
presence of Al,O; particulates raises the hydrostatic
component of stress and, hence, their distribution is an
important factor governing fracture of the composite
[32]. In particulate-rich regions of the matrix, fracture
occurs early and the damage propagates rapidly
among the reinforcing particle agglomerate. However,
the reinforcement-lean regions, i.e. the metal matrix,
aids in retarding the progression and linkage of the
damage.

Fracture of the brittle Al,O; particles coupled with
concurrent failure of the surrounding matrix results
in the formation of fine voids at the particle-matrix



Figure 11 Scanning electron micrograph of the tensile fracture surface of the 2014/A1,03/15p composite deformed at 27 °C.

interfaces. Very few of the fine microvoids coalesce
and the halves of these voids are the shallow dimples
observed surrounding the cracked particles. The lack
of formation of ductile dimples in the matrix, as
a dominant fracture mode, is attributed primarily to
the constraints on plastic flow caused by the presence
of the discontinuous Al,Oj; particles, ie. the de-
formation incompatibility between the plastically de-
forming metal matrix ‘and the elastically deforming
Al,O4 reinforcement phase, and not due to limited
ductility of the 2014 aluminium alloy metal matrix.
The constraints imposed on plastic flow favours the
formation of tear ridges at and between the reinforcing
particulates. With an increase in reinforcement con-
tent, fracture was found to be dominated by cracking
of the Al,O; particles on account of their intrinsic
brittleness (Fig. 12b). With a progressive increase in
strain, the larger-sized particles fracture first, at low
values of applied strain, followed by the smaller-
sized particles. Based on an observation of the tensile

fracture surfaces, it is seen that the fracture plane of
cracked particles is perpendicular to the loading axis,
suggesting the importance of the tensile stress in in-
ducing particle fracture (Fig. 13a). The early cracking
of reinforcing Al,O; particles coupled with rapid
damage propagation in the particle-rich regions are
the two contributing factors responsible for the lower
tensile ductility of the 2014/A1,04/xxp composites.

The overall “damage” resulting from uniaxial
straining of the 2014/A1,0;/xxp MMC arises from the
conjoint action of:

(a) Damage associated with the discontinuous
Al,O; reinforcement such as particle cracking and
decohesion at the particle-matrix interfaces.

(b) Lattice damage such as dislocations and point
defects, coupled with residual stress effects associated
with the presence of Al,O3 particles [43].

For the AL,Oj3 particulates, dispersed in the 2014
matrix, to completely fracture they must be loaded to
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Figure 12 Scanning electron micrograph of the tensile fracture surface of the 2014/A1,05/15p composite deformed at 180 °C.

their fracture stress. This is achieved globally by
the tensile stress and locally by shear loading through
the interface. The extent of particle loading by
the shear mechanism is dependent on the aspect ratio
of the reinforcing Al,O; particles. For the case
of symmetrically packed particles in the metal
matrix, the aspect ratio (S,) for maximum loading
is [43]:

S = 0'A1203/Ti

where o 41,0, is the strength of the particle and z; is the
interfacial shear strength. The shear mechanism ignor-
es any end loading effects which would tend to exert
additional stress on the particle. A careful observation
of the tensile fracture surface of the two composites
revealed in excess of 50 per cent of the reinforcing
Al, O, particles had fractured during tensile deforma-
tion. This indicates that not all of the particles were
loaded to their fracture stress suggesting the non-
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uniform distribution of the particles in the metal-
matrix. This situation is further complicated by:

1. The mismatch strain and concomitant internal
stress in the composite matrix due to differences in the
thermal expansion coefficient (6: 1) between the Al,O4
particles and the matrix. Assuming near spherical
shape particles, the mismatch strain (g,) that will be
induced in the particles will be given by Equation 4.
For the Al,Oj; particles fracture to occur, the applied
far-field tensile stress will have to first overcome any
internal stress present in the particle.

2. Loading the particles through the misfit strain
generated during plastic flow as a result of the differ-
ence in elastic modulus between the hard and brittle
Al,O; particle and the soft and ductile 2014 matrix.

For this particulate-reinforced 2014 metal matrix
the majority of damage is associated with particulate
clusters, and is in the form of cracked particles and



Figure 13 Scanning electron micrographs showing cracked particles and debonding at matrix—particle interface.

voids which have formed around the particles (Figs
11d and 12b). The fracture initiates by particle crack-
ing coupled with decohesion of the matrix surround-
ing and between the particulate reinforcements.
Final fracture is achieved by damage propagation
through the matrix between particle-rich regions. Few
of the voids generated by particle cracking did not
grow extensively in the tensile stress direction, which is
generally the case in ductile fracture of unreinforced
aluminium alloys. The lack of extensive void growth
in this Al,O; particulate-reinforced 2014 aluminium
alloy metal matrix also suggests that the fracture
strain is critically controlled by both the void nuclea-
tion strain and associated linkage strain.

5. Conclusions

Based on the results of this investigation on the influ-
ence of volume fraction of particulate reinforcement
and test temperature on tensile deformation and frac-
ture behaviour of 2014 aluminium alloy discontinu-
ously-reinforced with Al,O; particulates, the follow-
ing are the key observations:

1. The microstructure of the as-received 2014/
Al,O; composites revealed a non-uniform dispersion
of the Al,O; particles along the three orthogonal
directions of the extruded plate. At regular intervals,
an agglomeration of the Al,O; particles, of varying
size, was observed.

2. Increase in the amount of discontinuous Al,O;
particulate reinforcement in the 2014 aluminium alloy
metal matrix increased the elastic modulus at ambient
temperature and elevated temperature of 100°C.
However, at the elevated temperature of 180°C the
elastic modulus decreased with increased particulate
reinforcement in the 2014 metal matrix.

3. The increased strength of this 2014/A1,0; com-
posite is rationalized in terms of mutually competitive
influences of mechanisms based on: (a) an increase in

dislocation density in the matrix due to the presence of
Al,O5 particulate reinforcements, (b) residual stresses
generated in the matrix due to intrinsic differences in
thermal expansion coefficients between the composite
constituents, and (c) strengthening from constrained
plastic flow and triaxiality due to the presence of
discontinuous particulate reinforcements.

4. The non-uniform size and dispersion of the
Al,O; particulates caused the particles to crack at low

~values of applied stress. The cracks initiated both

at and near particle-matrix interfaces in regions of
particle agglomeration. The tensile fracture surface
revealed limited ductility or brittle appearance on
a macroscopic scale, but at the microscopic level fea-
tures reminiscent of locally ductile and brittle rupture
mechanisms. The fracture surface revealed combina-
tions of tear ridges, cracked particles and decohesion
at interfaces.

5. Fracture of the particles coupled with failure of
the matrix between particle clusters and decohesion
of the matrix surrounding particles permits the micro-
cracks to grow rapidly and link by fracture through
the matrix resulting in macroscopically brittle appear-
ance and resultant low ductility of the composite.
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