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The low cycle fatigue (LCF) resistance of two different 6061 Al/20 vol% alumina particulate
metal matrix composites (MMCs) in a peaked-aged condition has been evaluated under
fully reversed strain control testing. Test results were combined with scanning electron and
optical microscopy investigations to determine the effects of reinforcement particles and
strain amplitude on the LCF behaviour of these MMCs. Both materials show three stages of
response to LCF: initial fast hardening or softening in the first few cycles; gradual softening
for most of the fatigue life; and a rapid drop in the stress carrying capability prior to failure.
Both MMCs exhibit short LCF life which follows a Coffin-Manson relationship. All tested
specimens demonstrate ductile fracture morphology at final failure. The experimental
results are discussed in respect of strain amplitude, matrix composition and reinforcement
shape and crack initiation. C© 2000 Kluwer Academic Publishers

1. Introduction
Metal matrix composites (MMCs) are promising ma-
terials for lightweight, high strength structural applica-
tions. In particulate MMCs non-metallic particles are
incorporated in metallic alloys to improve their elastic
modulus and strength. However, introducing reinforce-
ment particles with high modulus to the matrix alloy can
reduce the fracture toughness [1] and change the fatigue
resistance of the material. The effects of reinforcement
on cyclic fatigue damage and crack initiation, its role
on constraining matrix plastic flow during cyclic defor-
mation and the response of the material are important
aspects in low cycle fatigue (LCF) of MMCs.

The effect of non-metallic particles as inclusions on
fatigue crack initiation of metallic alloys is well estab-
lished [2]. For example calcium aluminates and alu-
mina particles in steel played an important role to re-
duce the fatigue life [3, 4]. Knottet al. [5] found that
non-metallic particles could influence the fatigue be-
haviour of conventional alloys in a number of ways:
crack initiation, short crack growth and growth of a
long crack. Toda [6] observed faster short fatigue crack
intiation in a metal matrix composite, compare to its un-
reinforced matrix. Hurd [7] studied low cycle fatigue
of Al-Mg-Si and Al-Si composites and unreinforced
alloys. He found that the Al-Si composite was weaker
than the unreinforced material due to the addition Saffil
fibres and its LCF properties were also inferior. In the
case of fibre reinforced Al-Mg-Si alloys the LCF prop-
erties were however comparable to plain alloys. Hassen
et al. [8] studiedLCF and high cycle fatigue (HCF)
of several particulate and whisker reinforced 6061 Al
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alloys. While the composites showed superior proper-
ties in HCF, no particular advantage was observed over
the unreinforced alloy in low cycle fatigue. Harris [9]
showed that in the case of Saffil fibre reinforced Al-Cu-
Mg alloy, where the yield strength of the composites
exceeded that of the unreinforced alloy, their fatigue
strengths for both HCF and LCF were superior. Otani
et al.[10] studied cyclic fatigue degradation and cumu-
lative fatigue damage in an aluminum alloy reinforced
with 20 vol% SiC by using LCF tests. It was found
that fatigue damage is cumulative in the tested MMC
and fatigue process of the material is governed by the
internal crack density. A study of fatigue crack initia-
tion in a titanium matrix composite [11] concluded that
the fatigue crack growth resistance of the composite in
the short-crack region was controlled by the fibre frac-
ture and matrix work hardening near the fractured fibre.
Pernget al.[12] reported poor LCF behaviours of differ-
ent volume fraction alumina reinforced 6061 Al matrix
when compared to their unreinforced matrix at room
and elevated temperatures. Levineet al. [13] tested
low cycle fatigue properties of unreinforced 6061 Al,
15 vol% SiC particulate reinforced 6061 Al and 20 vol%
of short Saffil fibre in 6061 Al. They found that at low
strain amplitudes the particulate composites showed the
largest tolerance against plastic strain cycling. But at
high strain amplitudes the unreinforced matrix was su-
perior to the composites. Bhatt and Grimes [14] investi-
gated the low cycle fatigue behaviour of 25 and 44 vol%
SiCf/Ti MMCs and found that their fatigue life was re-
duced compared to the unreinforced material at a given
stress amplitude. Robleset al.[15] reported that, at low
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strain amplitudes, the fatigue lifetimes of a copper alloy
strengthened by dispersed oxide particles and the plain
alloy were similar. However the former was more sus-
ceptible to cracking at stress concentration sites. Llorca
et al. [16] studied the LCF behaviour of an Al-3.5%Cu
alloy reinforced with 0, 6, 13 and 20 vol% SiC particu-
lates. It was shown that although the monotonic defor-
mation of the composite was strongly influenced by the
volume fraction of SiC reinforcement, the cyclic defor-
mation was relatively unaffected. Elzey and Arzt [17]
demonstrated that the presence of non-metallic disper-
soids in nickel-based alloy suppressed crystallograpic
micro-cracking thereby improving the low cycle fatigue
life of the composite compared to the plain alloy.

For efficient use of MMCs a comprehensive under-
standing of their behaviour under cyclic stresses must
be obtained. Therefore, the aim of this work was to de-
termine the resistance of particulate MMCs subjected
to repeated straining and to evaluate those factors that
might affect their low cycle fatigue (LCF) behaviour.

2. Experimental work
2.1. Materials
Two different particulate metal matrix composites were
used in this work. The first composite material was
Duralcan-20% (D20), a 6061 aluminum alloy rein-
forced with 20 vol% angular alumina particles. The sec-
ond composite was Comral-85 (C85), a 6061 aluminum
alloy reinforced with 20 vol% alumina microspheres.
Fig. 1a and 1b show the microstructures of these
materials. Both materials were tested in peak-aged (T6)
condition. To produce peak-aged material the speci-
mens were subjected to the following heat treatments:
solution heat treated at 530 C for 1.5 h, then cold water
quenched, and natural aged at room temperature for 24
h which was followed by artificial ageing at 175 C for
8 h.

2.2. Fatigue specimens
Since the materials were extruded plates of 75 mm
width and 25 mm thickness, a rectangular cross-section
specimen with a gauge length 12.5 mm was selected.
The fatigue specimens were fabricated with the gauge
length parallel to the extrusion direction, and with di-
mensions according to ASTM E606-92. During ma-
chining, care was taken in obtaining a surface finish
with minimum damage or distortion. The machined
surfaces of the specimens were ground with 1200 grit
silicon carbide paper and then mechanically polished
to 1µm by diamond-based polishing compound. The
specimens were polished parallel to the load axis until
a smooth scratch-free surface was obtained. After pol-
ishing the thickness and width of the specimens were
measured by an optical projector with×20 magnifi-
cation. A layer of cellophane tape was applied around
the specimen at the knife edge contact points to reduce
slippage of the knife edges and prevent surface damage
of the specimen by the extensometer.

2.3. Low cycle fatigue fixture
One of the most critical aspects of strain-controlled fa-
tigue testing is the alignment of the specimen. Any mis-
alignment in applied load produces a bending moment

Figure 1 Microstructure of (a) D20 (200×) (b) C85 (200×).

and causes experimental error. Therefore the fixture
has an important role in alignment and load transfer.
The alignment was also monitored by strain gauges
mounted on both sides of the specimen. When satisfac-
tory alignment was achieved, the fixture was then fas-
tened. The test specimen was friction-gripped by steel
plates tightened with four bolts on each half and was
positioned to enable the specimen axis to pass through
the centre of fixture (see Fig. 2). A maximum bending
strain of no more than 4% of the minimum axial strain
was permitted at all times during testing.

2.4. Test procedures
All low cycle fatigue tests were performed at room tem-
perature under laboratory conditions and fully reversed
strain-controlled tension-compression with a stress ra-
tio R=−1. The specimens were subjected to strain-
controlled uniaxial cyclic loading in an Instron 8501
machine, which utilised a closed loop servo-hydraulic
system, with 100 KN load cell capacity.

An Instron dynamic electromechanical strain exten-
someter model 2620-602 with strain range±20% was
used for measuring the longitudinal deformation. The
mean strain was zero and strain function exhibited a
sinusoidal wave form. A cyclic frequency of 0.4 c/s
was employed for all tests.

The cyclic response of the material was monitored in
real time through a computer-controlled data acquisi-
tion system. Both the load and displacements were si-
multaneously and continuously recorded. To determine
the LCF behaviour of materials, 10 specimens were
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Figure 2 Experimental fixtute for LCF test.

tested from each composite material. The strain ampli-
tude at which the tests were performed was selected so
as to be above or equal to the yield strain and below the
fracture strain of the materials. Total separation or frac-
ture of the specimen into two parts was considered as
failure and the final life of the specimen. Stress-strain
data was obtained to construct the hysteresis loops for
analysis. The plastic strain computed from the hystere-
sis loop was given in Fig. 3 and calculated according
to:

1εp = 1εt − 1σ
E

(1)

where1εp and1εt are the plastic and total strain range,
respectively, and1σ is the applied stress range which
is taken from the half-life of the specimen (because
no steady-state stress amplitude or saturation level was
observed).

Tensile properties of the materials were also deter-
mined using the same specimen geometry, machine and

Figure 3 The total strain, elastic strain and plastic strain from hysteresis
loop.

extensometer as those for low cycle fatigue tests. The
fracture surfaces of the LCF specimens were examined
using an optical stereo microscope and a scanning elec-
tron microscope (SEM) to determine the predominant
fracture modes and fracture surface features.

3. Results
The tensile properties of the MMC materials are listed
in Table I, wheren andk are strain hardening expo-
nent and strength coefficient, respectively, of the stress-
strain equation:σ = kεn. Note thatσy was obtained at
0.2% offset.

The cyclic stress response of specimens subjected to
plastic straining for D20 and C85 composites are shown
in Figs 4 and 5 respectively. Each curve refers to the
response of a single specimen subjected to half the total
strain range (1εt/2) given. With D20, hardening occurs
during the initial stage of cyclic deformation, followed
by softening for most of the fatigue life. In C85 a period
of rapid initial softening during the first few cycles of
straining was observed. This period was followed by
progressive softening for most of the fatigue life and
then immediately prior to failure a rapid drop in cyclic
stress due to crack growth in the material. The cyclic
response curves demonstrate generally, three stages in
both materials, firstly fast hardening or softening in the
first few cycles, secondly gradual softening for most of
the fatigue life in which the stabilisation stage is not

TABLE I Tensile properties and LCF parameters of tested MMCs

Material True True
(T6 E UTS σy εf k k′
condition) GPa MPa MPa % n MPa c n′ MPa

D20 92.6 374 339 2.9 0.162 961−0.67 0.146 869
C85 89 365 320 3.6 0.152 643.5−0.75 0.140 824
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Figure 4 Cyclic stress response (1σ/2) of D20 specimens subjected to
the total strain range (1εt/2) indicated.

Figure 5 Cyclic stress response (1σ/2) of C85 specimens subjected to
the total strain range (1εt/2) indicated.

clear and finally a rapid drop in stress carrying capa-
bility prior to failure. As shown in Figs 4 and 5 the
average peak stress versus number of cycles relation-
ship depends strongly on the level of the total strain
range applied.

The hysteresis loops for D20 and C85 composites are
shown in Figs 6 and 7 respectively. When the hysteresis
loops for these materials were closely examined, the
above three different stages were recognised again. The
hysteresis loops for both materials were symmetrical in
the early stages where hardening or softening took place
and also in the second stage.

The cyclic stress-strain curves could be obtained
from a series of strain-controlled tests at different strain
amplitudes. These curves describe the relation between

Figure 6 Hysteresis loop of D20 specimen at the first, second and third
straining cycle showing fatigue hardening.

Figure 7 Hysteresis loop of C85 specimen at the first, second and third
straining cycle showing fatigue softening.

cyclic flow stress and cyclic plastic strain amplitude,
and can be expressed by a power function i.e.

1σ

2
= k′

(
1εp

2

)n′

(2)

where1σ/2 is the steady-state stress amplitude,1εp/2
is the cyclic plastic strain amplitude,n′ is the cyclic
strain hardening exponent which provides a measure
of the material’s response to cyclic strain andk′ is the
cyclic strength coefficient. Since both materials show
a changing stresses amplitude with increasing number
of cycles, no steady-state stress amplitude (saturation
level) could be achieved,1σ and1εp are therefore both
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taken at the fatigue half life of the specimens. Values
of k′ andn′ are also given in Table I.

The number of cycles to failure as a function of plastic
strain amplitude (1εp) for D20 and C85 composites can
be described by the Coffin-Manson relationship:

1εp

2
= ε′f (2Nf )

c (3)

whereε′f andc are the fatigue ductility coefficient and
fatigue ductility exponent respectively. Taking the log-
arithmic of both sides,

log

(
1εp

2

)
= logε′f + c log(2Nf ). (4)

Figs 8 and 9 plot the data according to Equation 4
which gives a linear relationship between log(1εp) and
log Nf for both composites. The slope of the straight

Figure 8 Log-log plot number of cycles to failure (Nf ) verses plastic
strain amplitude (1εp/2) for D20.

Figure 9 Log-log plot number of cycles to failure (Nf ) verses plastic
strain amplitude (1εp/2) for C85.

Figure 10 a) Crack profile in a D20 specimen, fractured at high strain
amplitude; and b) Crack profil in a D20 specimen, fractured at low strain
amplitude.

line gives the fatigue ductility exponentc. Thusc is
−0.67 and−0.75 for D20 and C85 respectively. The
corresponding values forε′f are 0.12 and 0.09. Con-
sequently at a given strain level the number of cycles
required for failure of D20 was greater than C85 due to
the slightly higher fatigue ductility coefficientε′f and a
lower fatigue ductility exponentc.

Photographs were taken from crack profiles of
LCF specimens fractured under cyclic plastic strains
Figs 10 and 11. There is evidence of crack path depen-
dence on strain amplitude. At high plastic strain ampli-
tudes the crack profile is smooth with little shear in both
MMCs (Figs 10a and 11a). At higher magnification,
however, some micro-deflection of the crack was
observed. Conversely, at low strain amplitudes, the
crack path is rough and there is clear evidence of crack
deflection during propagation (Figs 10b and 11b). In
some areas the fracture path is at 45◦ to the applied
stress, suggesting it fails by the maximum resolved
shear stress. All specimens tested at low strain ampli-
tudes for both materials show some degree of cracking
at 45◦ to the crack plane.

Scanning electron micrographs of the fracture sur-
faces of the tensile and LCF specimens revealed ductile
failure by nucleation and growth of voids. The frac-
ture surfaces of all specimens showed dimples, i.e. a
typical ductile fracture feature. Matrix dimpling was
accompanied by particle fracture and debond from the
metal/particle (m/p) interface. The initiation of fatigue
cracks was always at a specimen edge where the surface
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Figure 11 a) Crack profile in a C85 specimen, fractured at high strain
amplitude; and b) Crack profile in a C85 specimen, fractured at low strain
amplitude.

finish was at its worst. While initiation took place at sev-
eral sites at high strain amplitudes, only one initiation
site was found for specimens fractured at low strains.
There are some differences between the fracture surface
feature of specimens which fractured at high strains and
those fractured at low strains in both MMC materials.
The fracture morphology of specimens that fractured at
low strains is essentially characterised by well formed
voids centred around fractured and/or debonded parti-
cles with very thin matrix ligaments between the pri-
mary voids. Nucleation and growth of small secondary
voids is observed in the matrix ligaments between the
reinforcement. In contrast, fracture surfaces of speci-
mens that fractured at high level of strain amplitudes,
were covered with large and small shallow voids around
the fractured and/or debonded particles. The matrix be-
tween neighbouring voids was ruptured by the forma-
tion of small dimples. Image analysis of fracture sur-
faces showed that while the area of the particles was
14.8% and 13.1% for D20 and C85 composites respec-
tively at low strain amplitudes, it was 22.1% for D20
and 23.3% for C85 at high strain amplitudes.

Investigation of fracture surfaces of both materi-
als showed that there were some differences in frac-
ture morphology. While both displayed extensive shear
deformation and drawing of matrix material to form
shear lips between the alumina particles at low strain
amplitudes, in D20 the matrix between alumina parti-
cles formed sharp shear lips with few small secondary

Figure 12 Fracture surface of a D20 specimen, fractured at low levels
of strain amplitude.

Figure 13 Fracture surface of a C85 specimen, fractured at low levels
of strain.

dimples (Fig. 12), whereas in C85, primary dim-
ples around alumina particles are separated by larger
secondary dimples (Fig. 13). In addition, both frac-
tured and debonded particles were observed in the two
MMCs at high and low strain amplitudes. In the D20
material at low strains, most particles were damaged
due to fracture and a small number of them debonded
from the m/p interface. The observed number of m/p
interface debonded particles was markedly higher in
C85 at a similar level of straining. At high strain am-
plitudes, the number of debonded particles from m/p
interface increased to approximately 10% in D20 and
7.2% in C85.

4. Discussion
Cyclic deformation plays an important role in crack
nucleation and growth during the fatigue process. The
cyclic strain response, which was measured during to-
tal strain-controlled fatigue, provides useful informa-
tion in describing the behaviour of the material under
cyclic strain. Irreversible deformation of the material is
strongly influenced by variables such as alloy composi-
tion, microstructure and heat treatment condition, test
condition and prior load history. Besides these factors,
in MMC materials, other factors such as high dislo-
cation density in the matrix due to thermal contrac-
tion mismatch between the reinforcement and matrix,
m/p interface properties and accelerated aging are also
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important in determining the LCF behaviour. The fa-
tigue response of the two tested MMCs is discussed
below with respect to some of these factors.

4.1. Fatigue response of MMCs (fatigue
hardening/softening)

Monitoring the stress response of the specimens dur-
ing total strain-controlled tests and also their hystere-
sis loops indicate that D20 and C85 show different
responses to cyclic strain. While D20 showed cyclic
hardening at the very first stage of deformation and
then cyclic softening, C85 demonstrate cyclic soften-
ing from the first stage of loading. It has been ob-
served [18,19] that the fatigue hardening and softening
responses are strongly dependent upon material mi-
crostructure and heat treatment condition. Previous
investigations [20] show that there are some differ-
ences in chemical composition of both reinforcement
and matrix of D20 and C85. Therefore the different be-
haviour of these two composites could be related to their
different chemical composition. Excessive amounts of
secondary inclusions in C85 providing more misfit dis-
locations due to quenching, together with a different
matrix composition, may lead to different atomic dif-
fusion rates during ageing treatment compared to D20.
Since the diffusion rate is a key factor in ageing reac-
tions and accelerated ageing, different diffusion rates
may cause slightly different ageing conditions which
were reported [21] for these two materials leading to
different LCF responses.

Experimental results indicate that the strain harden-
ing/softening rate is maximum in the first few cycles.
Although both composites did not exhibit complete sat-
uration during cyclic deformation, their rate of cyclic
softening progressively decreased with increasing num-
ber of strain cycles. Numerical analysis performed by
Llorcaet al.[16] shows the same behaviour for MMCs
under cyclic deformation.

The basic mechanism leading to saturation harden-
ing/softening is the changing of dislocation structure
and dislocation movement barriers from one equilib-
rium position to another [18]. During fatigue hardening
or softening the dislocation structure changes gradually
from the initial position, which is dependent on mi-
crostructure of the material, to the saturation position.
At saturation, the dislocation structure undergoes no
further change, therefore the stress-strain response of
the material is constant. No saturation phenomenon was
observed in the tested MMCs. This can be attributed to
the fact that any change in dislocation structure takes
place gradually and over a large number of cycles. If
crack growth starts in the specimen before the dislo-
cation structure reaches the final equilibrium stage, the
specimen will fail before showing saturation. The short
LCF life of the tested MMCs provides further evidence
of this phenomenon.

Fatigue softening typically occurs in hardened ma-
terial by precipitation hardening. In these materials
strength is controlled by the precipitate/dislocation in-
teraction. Fatigue softening occurs by the gradual elim-
ination of obstacles to the motion of the dislocations. A
possible mechanism for the elimination of obstacles to

dislocation movement is given as follows [18]. When
dislocations pass through coherent or semi-coherent
particles, the particles are split into segments, which
are shifted along the slip plane. The repeated to-and-
for motion of dislocations in cyclic deformation may
thus reduce the average precipitate size to the point at
which the precipitate becomes thermodynamically un-
stable and revert to solid solution.

Another possible explanation for fatigue softening
comes from the pile-up of dislocations at the barriers
during the first tensile part of the cycle thus decreasing
the back stress for reverse flow [22]. In other words plas-
tic relaxation occurs in MMCs during reversed loading
as a consequence of the removal of Orowan loops, lead-
ing to fatigue softening.

The change in the dislocation substructure in the
gauge length of a low cycle fatigue specimen during
the initial fast softening stage could be the reason for
fast softening. Increases in dislocation density and rear-
ranged substructure into well developed veins and walls
at the end of softening process have been observed [23]
in LCF of steel specimens. During this stage, it is sug-
gested that hardening processes due to increase dislo-
cation density are suppressed by the dislocation multi-
plication operation which spreads to new areas during
the first cycle. The change in softening rates after the
first stage is related to formation of the soft low disloca-
tion density channels and persistent slip bands (PSBs)
within the matrix of hard veins [24]. Additionally, frac-
ture or debonding of reinforcing particles could induce
softening by reducing the amount of load carried by the
material, and produce sites for the nucleation of voids
within the matrix. This process is especially important
to the final life just before failure.

4.2. Effect of strain amplitude
The results obtained in this work show a strong depen-
dency of fatigue life and fatigue behaviour of tested
MMCs on strain amplitude. Although both MMCs ex-
hibit a change in stress amplitude with number of cy-
cles it is less pronounced at low strains. In addition,
depending on the level of the applied strain amplitude,
the fatigue life and failure behaviour of these materials
are varied. The higher the strain amplitude, the higher
is the rate of decay and the lower the fatigue life. At low
strain amplitude the crack profile shows some degree
of deflection and 45◦ shear failure, but at high strain
amplitude the crack path exhibits a smooth planer pro-
file. As fatigue cracks pass through low particle density
areas there is less m/p interface debonding at low strain
levels. However as they pass through high particle den-
sity areas, more debonding at m/p interface and less
plastic deformation in the matrix metal at high strain
levels occur.

At high strain amplitudes a crack with a given size
will have a larger fracture process zone than at low strain
amplitudes. This large fracture process zone at high
strain levels covers more reinforcing and secondary
particles. Because the strain is higher at this stage, parti-
cles can be damaged easily and accelerate crack growth
rate; whereas at low strains, these particles act as barri-
ers to crack growth. Hence, the weaker barriers which
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could arrest crack growth at a low strain level cannot
have the same effect as at a high strain level.

Since at high strain amplitude cracks start from
more than one site, crack growth occurs by coalesc-
ing with other cracks. Therefore crack growth is fast.
At low strains, the weakened barriers such as reinforc-
ing particles can arrest the growing crack and deflect
it. Crack deflection due to reinforcement particles pro-
duces rough fracture surfaces and crack profiles lead-
ing to increased crack closure. The roughness of the
cracked surface represents a greater degree of closure
and this can reduce crack growth rates especially at
lower strain amplitudes when the crack opening dis-
placement is small compared to the surface roughness.

One possible reason for the different behaviour of
the materials at different strain amplitudes might be
the change in dislocation substructure with increasing
plastic strain. Saxena and Antolovich [25] have reported
this change in copper polycrystals. The change in dis-
location substructure features at high and low strain
amplitudes was observed by Davidsonet al. [26] in
low carbon steel and by Roven [23] in mild steel. How-
ever, we have not yet done any work on the two tested
MMCs to confirm this explanation.

4.3. Effect of matrix composition
and reinforcement shape

It is apparent that D20 is slightly superior in low cycle
fatigue than C85 with a somewhat longer fatigue life at
a given strain amplitude. Also the micromechanisms of
crack growth are different in these two MMCs. While
at low strain amplitudes the fracture mechanisms are
governed by fractured particles, m/p interface debond-
ing also has an important role in the failure of C85.
Although at high strain levels both materials show an
increase in m/p interface debonding, this increase is
greater in D20. It seems that the difference in the fa-
tigue properties of D20 and C85 composites is due to
the difference in microstructure of these materials.

Chemical analyses of both D20 and C85 [20] show
additional amounts of iron, silicon and chromium in the
C85 material compared to D20. For C85 the presence of
Fe impurities leads to the formation of weak inclusions
that change the material properties under monotonic
and cyclic deformation. Iron-rich inclusions, which are
potential void nucleation sites, damage at low strain
amplitudes and cause the material to fail early. Fracture
mechanism analysis [20, 27] and fractography results
show large and deep voids around damaged alumina
particles which grow with further straining. With in-
creasing local strain second phase particles start to pro-
duce secondary voids within the ligament between the
primary voids. This reduces available space for primary
void growth and prevents further deformation. The ex-
istence of Si in the reinforcement particles in C85 to-
gether with additional iron in the matrix produce weaker
m/p interfaces in this material compared to D20. There-
fore the observed lower cyclic life in the C85 composite
is ascribed to the synergistic influence of coarse iron-
rich second phase particles and weak m/p interface.

The difference in particle morphology is another fac-
tor affecting the behaviour of these materials. The an-
gular particles in D20 have higher stress concentration

compared to the spherical reinforcement in C85. This
gives a higher stress level near particles in D20 leading
to more particle fractures than in C85.

4.4. Fatigue damage and crack initiation
Investigation of fracture surface and crack profile of
the failed LCF specimens indicates that the crack al-
most always started from the specimen edge, where the
surface finish was worst. These observations show that
the effective local strain raisers in the edge surface re-
gion was somewhat higher than the reinforcement par-
ticles and secondary particles in the interior. Levinet
al. [13] showed by finite element simulation that the
reinforcement particles intersected by free surfaces are
subjected to a higher stress than particles which are
completely embedded in the matrix. The magnitude of
this increase exceeds 1.5 times. Also, the magnitude of
strain in the matrix near the particles is higher at the
free surface than in the interior of material. The max-
imum local strain in the matrix region of the MMC
material reaches a level much higher than that which
would occur in an unreinforced matrix strained to an
equivalent strain level [28], due to stress concentra-
tion by particles or the development of a large triaxial
stress in the ductile matrix of composite as a result of
constrained matrix plastic flow between reinforcement
particles [29]. Therefore the crack resistance of the ma-
terial decreases, and crack growth is enhanced and takes
place from particle to particle by fracturing or debond-
ing along the soft matrix until the final stage when the
crack grows by rapid failure.

5. Comparison with other LCF data
Fig. 14 shows a comparison between results of this work
and other results for 6061 aluminium based particulate

Figure 14 Comparison results obtained in this work with other pub-
lished data.
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MMCs in peak-aged condition obtained from the lit-
erature. There is good agreement between all results
cited and this work. All the experiment data show the
same trend and exhibit an inverse power law relation-
ship between total strain amplitude and number of cy-
cles to failure. At high strain levels when the number
of cycles to failure is less than 500 there is little differ-
ence between the data. At low strain levels when the
number of cycles to failure is grater than 1000, 6061
Al/15 vol% alumina [12] has better fatigue life a at given
total strain. C85, D20 and 6061 Al/20 vol% Saffil fibres
[13] show very similar behaviour. The results for 6061
Al/15 vol% SiC [13] and 6061 Al/20 Vol% alumina [12]
lie slightly below the result of 6061 Al/15 vol% alumina
and slightly above results of D20 and C85. It seems
that the low cycle fatigue behaviour of these MMCs
is largely dependent on the ductility of the material.
Therefore D20, C85 and 6061 Al/20 vol% saffil with
elongation to failure of 3.6%, 3.2% and 3.1% respec-
tively, have similar but lower resistance to low cycle fa-
tigue when compared to 6061 Al/15 vol% alumina [12]
with an elongation to failure of 5.1%.

6. Conclusions
(a) Under cyclic plastic straining both D20 and C85
composite in peak-aged condition display a short cycle
fatigue life. However, D20 has a slightly superior low
cycle fatigue resistance to C85.

(b) The LCF life of both composites may be assessed
according to the Coffin-Manson type relationship.

(c) Results indicate that D20 and C85 composites
exhibit different responses to cyclic plastic straining.
D20 demonstrates cyclic hardening during the initial
stage of cyclic deformation, followed by softening and
near-cyclic stability; whereas C85 shows a period of
rapid initial cyclic softening during the first few cycles
and then slow softening for most of the fatigue life.

(d) Both MMCs shows three stages in their response
to LCF: firstly, fast hardening (D20) or softening (C85)
in the first few cycles; secondly, gradual softening for
most of the fatigue life; and finally, a rapid drop in the
stress carrying capability prior to failure.

(e) Although all fracture specimens loaded by cyclic
strain show typical ductile fracture features consisting
of nucleation and growth of voids, it was observed that
the applied strain amplitude has a strong influence on
the crack path, surface fracture morphology and frac-
ture behaviour of the tested MMCs.
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