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Strain-controlled low cycle fatigue (LCF) characteristics of an extruded Al–Cu–Mg aluminum alloy rein-
forced with SiC particles (SiCp/AA2009 composite) in the T4 and T6 heat treatment conditions were
investigated. In comparison with the T6 condition with Al2CuMg precipitates, the composite in the T4
condition had a higher ductility and equivalent ultimate tensile strength despite a lower yield strength,
leading to a higher strain hardening exponent and hardening capacity. Unlike the extruded magnesium
alloys, the SiCp/AA2009 composite exhibited symmetrical hysteresis loops in tension and compression
due to the dislocation slip-dominated deformation in the aluminum matrix. Cyclic hardening occurred
at higher strain amplitudes with a more pronounced hardening in the T4 condition, and cyclic stabiliza-
tion remained at lower strain amplitudes (0.1–0.3%). Fatigue life in both conditions was equivalent,
which can be well described by the Coffin–Manson law and Basquin’s equation. Strain ratio significantly
affected cyclic deformation characteristics of the composites in both conditions, with a large amount of
plastic deformation observed in the tensile phase of the first cycle of hysteresis loops at zero or positive
strain ratios. A mean stress relaxation was observed. Fatigue crack was observed to initiate from the spec-
imen surface and crack propagation was characterized predominantly by particle cracking along with de-
bonding.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Due to the tremendous environmental concerns and rising glo-
bal energy demand in recent years, lightweighting of vehicles is
being deemed as a prime design tool for improving the fuel econ-
omy and reducing anthropogenic environment-damaging, climate-
changing, costly and human death-causing1 emissions [1–5]. It has
also been reported that the fuel efficiency of passenger vehicles can
be improved by 6–8% for each 10% reduction in weight [6–9]. This
has drawn a considerable interest in the application of lightweight
metals and alloys in the automotive and aerospace industry [10].
Metal-matrix composites (MMCs) are one of the attractive light-
weight materials since they can offer significant weight reduction
and improve fuel efficiency due to their excellent combination of
physical and mechanical properties, such as low density, high tensile
strength, enhanced stiffness, superior wear and creep properties, as
well as improved fatigue resistance compared with their counterpart
monolithic alloys [11–17]. MMCs, such as aluminum matrix compos-
ites (AMCs) reinforced with ceramic particles, often silicon carbide
(SiCp), have found a lot of applications in the automotive industry
for the production of pistons, cylinder liners, cam shafts, connecting
rods, main bearings, brake rotors and calipers, and in the aerospace
industry for the production of structural components [18]. AMCs can
be reinforced with continuous fiber or discontinuous particles or
whiskers. Compared with the long fiber reinforced AMCs, particle-
reinforced AMCs are rapidly developed because of their lower costs,
isotropic properties, and desirable deformability [19,20]. The struc-
tural application of the AMCs involves inevitably fatigue and cyclic
deformation characteristics due to the fact that structural compo-
nents experience dynamic loading, which results in the occurrence
of fatigue failure [14,15,21–26]. Hence, an understanding of fatigue
and cyclic deformation behavior of AMCs is critical for the design,
durability evaluation and life prediction of engineering components.

Studies have been conducted to understand the influence of par-
ticulate reinforcements on high cycle fatigue (HCF) behavior [27,28]
and tensile fracture behavior [12,29] of AMCs. Several studies also
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Fig. 1. Microstructures of the extruded SiCp/AA2009 composites in the longitudinal
(L), transverse (T), and short transverse (ST) directions in the (a) T4, and (b) T6
conditions.
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reported the effect of particulate reinforcements on LCF behavior of
AMCs [11,13–15,30,31], e.g., cyclic plastic strain response and frac-
ture behavior of AMCs reinforced with Al2O3p [15,31] and SiCp
[11,13,14,30], respectively. Uyger and Külekcì [14] reported the
influence of volume fraction, particulate size and strain ratio on
the LCF behavior of SiCp/AA2124-T4 composites. Srivatsan et al.
[11] also reported the effects of temperature on the LCF properties
and fracture characteristics of an AMCs reinforced composite with
SiCp. In addition, high cycle fatigue resistance and tensile properties
of friction stir welded SiCp/AA2009 composites were also reported
by Ni et al. [32,33]. To the authors’ knowledge, no systematic studies
have been conducted to understand the effect of heat treatment
conditions on the LCF behavior of AMCs reinforced with SiCp. It is
unclear whether these composites exhibit cyclic hardening or soft-
ening and how the heat treatment and strain ratio affect the tensile-
compressive yield symmetry and fatigue life. The present study was,
therefore, aimed at exploring the cyclic deformation behavior of an
extruded Al–Cu–Mg aluminum alloy reinforced with SiCp (SiCp/
AA2009) in T4 and T6 temper at varying strain amplitudes and
strain ratios.

2. Material and experimental procedure

The material used in the present investigation was an alumi-
num alloy (designated by the Aluminum Association as AA2009)
based composite reinforced with 17 vol.% SiCp. The chemical com-
position of the AA2009 alloy was: 4.0 Cu-1.5 Mg (wt.%). SiCp with
an average particle size of �7 lm were adopted. The composite
material was produced by powder metallurgy and the hot pressed
ingot was extruded into plates of 30 mm � 200 mm. The extruded
material was then subjected to (a) T4 heat-treatment: solutionized
at 515 �C for 1 h, water quenched, and then aged at room temper-
ature, and (b) T6 heat-treatment: solutionized at 515 �C for 1 h,
water quenched, and then aged at 175 �C for 6 h, respectively.

Microstructural examinations were performed using an optical
microscope (OM) equipped with Clemex quantitative image analy-
sis software and a scanning electron microscope (SEM) JSM-6380LV
equipped with an Oxford energy dispersive X-ray spectroscopy
(EDS) system. Standard metallographic sample preparation tech-
niques were used with an etchant based on Keller’s reagent contain-
ing 10 ml hydrofluoric acid, 30 ml nitric acid, and 50 ml H2O. X-ray
diffraction tests for phase identification were conducted with Cu Ka
radiation source at an accelerating voltage of 45 kV and a current of
40 mA.

Sub-sized fatigue samples, which had a gauge length of 25 mm
(or a parallel length of 32 mm) and a cross section of 6 mm � 6 mm
in the gauge area, were machined with the length of the samples
parallel to the extrusion direction (ED). The gage section of fatigue
samples was ground along the loading direction with emery papers
up to a grit number of 600 to remove the machining marks and to
achieve a consistent surface.

Strain-controlled, pull–push type fatigue tests were conducted
using a computerized Instron 8801 fatigue testing system via the
Fast Track Low Cycle Fatigue (LCF) program at a constant strain
rate of 1 � 10�2 s�1, zero mean strain (Re = �1) and room temper-
ature of 25 �C. Triangular loading waveform was applied during all
tests. The low-cycle fatigue tests were conducted at total strain
amplitudes of 0.1%, 0.2%, 0.3%, 0.4%, 0.5% and 0.6%, with at least
two samples tested at each level. Additionally, to study the effect
of strain ratio on the LCF behavior of the composite, tests were also
carried out at five different strain ratios of Re = +0.5, 0, �1, �3, and
�1. All the strain ratio tests were performed using a total strain
amplitude of 0.5% and at a constant strain rate of 1 � 10�2 s�1.
The fracture surfaces of fatigued specimens were examined via
SEM to identify fatigue crack initiation sites and propagation
characteristics.
3. Results and discussion

3.1. Microstructure and tensile properties

Fig. 1 shows the microstructures of the extruded SiCp/AA2009
composites in different heat treatment conditions in the longitudi-
nal (L), transverse (T), and short transverse (ST) directions. It is seen
that uniform-sized SiCp were dispersed almost evenly in the
AA2009 matrix. At regular intervals, some clustering and agglomer-
ation of the reinforcing SiCp could be observed along the longitudi-
nal orientation of the composites. It is seen that those agglomerated
sites consisted of a few larger SiCp intermingled with smaller, more
uniform, and regular shaped SiCp. Similar types of microstructures
were also reported in extruded SiCp/AA2009/15p composites by Sri-
vatsan et al. [11,12], 2xxx series aluminum alloy (Alcoa MB85) rein-
forced with 15 vol.% SiCp by Bonnen et al. [27], extruded SiC/
AA2009/15p-T42 composites by Manigandana et al. [29], and
extruded SiC/X2080/20p composites by Srivatsan and Prakash
[13]. Though the matrix of the composites revealed grains following
deep etching of the polished surfaces, the size and shape of the
grains was not easily discernible at low magnifications.

X-ray diffraction patterns obtained from the T4 and T6 heat-trea-
ted samples are shown in Fig. 2. In addition to Al and SiCp peaks in
both samples, Al2CuMg peaks were also detected in the T6 heat-
treated sample. This indicates that precipitates were formed when
heat-treatment extended to aging treatment at 175 �C for 6 h. The
presence of Al2CuMg has been also reported in similar AMCs
[34,35]. Other common precipitates, including Al2Cu and Mg2Si,
reported in the extruded SiCp/AA2009 composites [36,37] were
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Fig. 2. X-ray diffraction patterns of heat-treated SiCp/AA2009 composites.
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not seen in the XRD patterns of the present composites. Similar find-
ings have been reported for T6 heat-treated SiCp/AA2009 compos-
ites by Rodrigo et al. [38], where it was noted that the lack of
these precipitates was indicative of a good solution treatment of
the composite materials.

Fig. 3 shows the typical tensile stress–strain curves of the com-
posites determined at a strain rate of 1 � 10�3 s�1. The correspond-
ing tensile properties, i.e., the mean values based on duplicate
tests, are listed in Table 1. Despite only a slight increase in the
ultimate tensile strength (UTS), the T6 samples exhibited a signif-
icantly higher yield strength (YS) than the T4 samples, i.e.,
�421 MPa vs. �358 MPa, due to the presence of Al2CuMg precipi-
tates caused by age hardening. The slight increase in the UTS of the
T6 sample was due to the fact that it did not reach its full capacity
prior to failure with a ductility of 3%, in comparison with 4.4% in
the T4 condition (Table 1). The obtained tensile properties were
basically in agreement with those reported for extruded SiCp/
AA2009 composites [11,12,29]. Young’s modulus for current com-
posites was obtained to be about 121 GPa. Using the rule of mix-
tures [39], the Young’s modulus of the present composites could
be estimated to be about 118 GPa, where the following values were
used: Em = 70 GPa (aluminum matrix) [39], Ep = 350 GPa (SiCp)
[39], Vm = 0.83, and Vp = 0.17 (17 vol.% SiCp in the current compos-
ites). The estimated and measured values of Young’s modulus in
the current composites were in fairly good agreement. These
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Fig. 3. Tensile stress–strain curves of the extruded SiCp/AA2009 composites in
different heat-treatment conditions tested at a strain rate of 1 � 10�3 s�1.
values also approximately concurred with the reported results,
e.g., about 100 GPa for SiCp/AA2009 composites (15 vol.% SiCp) in
the T42 condition [11,12]. The strain hardening exponent (n) eval-
uated according to the Hollomon equation [40] and hardening
capacity (Hc) according to the equation proposed by Afrin et al.
[41] are listed in Table 1. It is seen that both strain hardening expo-
nent and hardening capacity became lower in the T6 state. This
was due to the fact that the initially hardened material had a lower
dislocation storage capacity. In the present T6 samples, this was
mainly due to the precipitation of Al2CuMg particles (Fig. 2). How-
ever, the strain hardening exponents obtained for the present com-
posites in both T4 (n = 0.21) and T6 (n = 0.16) conditions were
higher than that (n = 0.124) of the T42 heat-treated AA2009 alloy
reinforced with 15 vol.% SiCp reported by Srivatsan et al. [12]. Sim-
ilarly, the present heat-treated composites also showed signifi-
cantly higher n values, as compared with the X2080 matrix alloy
reinforced with 16 lm SiCp particles [13].

3.2. Cyclic deformation response

Fig. 4 shows typical stress–strain hysteresis loops of the first
and mid-life cycles at a given strain amplitude of 0.6% and strain
ratio of Re = �1 for the composites in different heat-treated condi-
tions. It is seen from Fig. 4 that both the composites exhibited
nearly symmetrical hysteresis loops at both the outset and mid-
life, representing an isotropic response. This was in sharp contrast
with the cyclic deformation characteristics in the rare-earth free
extruded magnesium alloys due to the occurrence of twinning in
the compressive phase caused by the presence of strong basal tex-
tures [21–23]. Such symmetrical tension–compression behavior
was a result of dislocation slip-dominated deformation since the
matrix material (aluminum) has face-centered cubic (fcc) crystal
structure, rather than twinning often occurring in the hexagonal
close-packed (hcp) metals during deformation. Similar symmetri-
cal behavior was reported in other fcc metals (e.g., Cu, Ni) [28],
SiCp/2124 [14], and Al2O3p/6061 [15].

Fig. 5 shows the evolution of stress amplitudes with respect to
the number of cycles over a range of total strain amplitudes on a
semi-log scale for the composites in different heat-treated condi-
tions. As the total strain amplitude increased, the stress amplitude
increased and the fatigue life of the material decreased in both the
T4 and T6 heat-treated composites. For the T4 heat-treated com-
posites (Fig. 5(a)), a pronounced cyclic hardening effect was
observed at strain amplitudes of 0.4% and higher, whereas the
composites remained cyclically stable at lower strain amplitudes
(0.1–0.3%). However, for the T6 heat-treated composites
(Fig. 5(b)), while the cyclic hardening tendency was remained the
same, it was weaker. The variation of cyclic stress amplitude with
fatigue cycling is mainly dependent on the composite microstruc-
ture and the cyclic strain amplitude applied [13]. The cyclic hard-
ening behavior during fully reversed cyclic straining at higher
strain amplitudes (Fig. 5) could be attributed to competing and
synergistic effects of stress (load) transfer between the soft and
ductile AA2009 matrix and the hard and brittle ceramic particle
(SiCp) reinforcement [42,43], the presence of a pre-existing dislo-
cation density in the alloy matrix caused by the presence of the
SiCp [44–46], Al2CuMg precipitates in the matrix (Fig. 2) and initial
precipitate-dislocation interactions, the thermo-residual stress dis-
tribution in the composite and the related plastic strains intro-
duced near the reinforcement particles due to mismatch in the
coefficients of thermal expansion (CTE) between the soft matrix
and hard SiCp particle reinforcement [47,48].

In the low cycle fatigue tests, plastic strain amplitude was con-
sidered as a physical quantity that resulted in several damaging
processes and influenced the internal microstructure, which was
closely related to the strain resistance and eventually the fatigue



Table 1
Tensile properties of the extruded SiCp/AA2009 composites in the T4 and T6 conditions.

Specimen Yield strength (ry), MPa Ultimate tensile strength (rUTS), MPa Elongation, % Strain hardening exponent (n) Hardening capacity (Hc)a

As-extruded + T4 358 556 4.4 0.21 0.55
As-extruded + T6 421 559 3.0 0.16 0.33

a According to Afrin et al. [41] the hardening capacity Hc was defined as Hc ¼ rUTS�ry

ry
¼ rUTS

ry
� 1.
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Fig. 4. Typical stress–strain hysteresis loops of the extruded SiCp/AA2009 com-
posites at a given total strain amplitude of 0.6% and strain ratio of Re = �1, (a) first
cycle, and (b) mid-life cycle.
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life [21,45,47]. The variation of the plastic strain amplitude (Dep/2)
during cyclic deformation is shown in Fig. 6 at different strain
amplitudes for the composites in different heat-treated conditions.
A decrease in the plastic strain amplitude at higher strain ampli-
tudes (Fig. 6) corresponded well to an increase in the stress ampli-
tude (Fig. 5) in both composites. As with the stress amplitude, the
plastic strain amplitude remained cyclically stable at lower strain
amplitudes. The cyclic hardening at higher strain amplitudes, as
indicated by the decrease in the plastic strain amplitude, was
stronger in the T4 state than in the T6 state. This was closely
related to the higher monotonic strain hardening exponent and
hardening capacity (Hc) in the T4 condition (Table 1). Furthermore,
while the initial cyclic deformation characteristics were similar
(i.e., cyclic hardening occurred) in both heat-treated conditions,
both the cyclic stress amplitudes and plastic strain amplitudes at
a given total strain amplitude were different, except at lower strain
amplitudes of 0.1–0.3%. For example, at a total strain amplitude of
0.5% the stress amplitude was �369 MPa in the T4 state, and
�415 MPa in the T6 state (Fig. 5). The difference in the stress
amplitude also increased with increasing strain amplitude applied.
3.3. Fatigue life and fatigue parameters

The total strain amplitudes (Det/2) as a function of the fatigue
life (i.e., the number of cycles to failure, Nf) is plotted in Fig. 7, in
comparison with the data reported in the literature for various Al
composites [13–15,30,31]. As seen from Fig. 7, the present compos-
ites in both heat-treated conditions had more or less the same fati-
gue lives. It is also seen that the present SiCp/AA2009 composites
were stronger than several existing Al composites and comparable
to even those materials reinforced with ultra-fine particles. Specif-
ically, the fatigue life of the present composites was significantly
higher at all strain amplitudes than that of a similar as-cast SiCp
reinforced A356 composite [30], SiCp reinforced Al–Cu–Mg–Zr
(X2080) composite [13], AA2009 composite reinforced with
20 vol.% SiCp [31], and (Al2O3 + TiB2)/Al composite [31]. Similar
improvements in the fatigue life was also observed for spray-atom-
ized SiCp reinforced AA2009 composites [30] and Al–Cu–Mg–Mn
(2124) composite reinforced with sub-micron scale SiCp [14].
However, aluminum alloys reinforced with ultra-fine SiCp (i.e.,
with an average particle size of 0.7 lm) were found to have slightly
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longer fatigue life than the present SiCp/AA2009 composites
[14,15]. This was due to the fact that ultra-fine particles could
restrict the movement of dislocations most effectively. The
improved fatigue resistance of the present SiCp/AA2009 compos-
ites indicated that the volume fraction of 17% and choice of
reinforcement (i.e., 7 lm SiCp) resulted in optimal interfacial
matrix-particle bonding.
Based on the Basquin equation and Coffin–Manson relation, the
total strain amplitude could be expressed as two components of elas-
tic strain amplitude and plastic strain amplitude [23–25,49–51], i.e.,

Det

2
¼ Dee

2
þ Dep

2
¼

r0f 2Nf
� �b

E
þ e0f ð2Nf Þc; ð1Þ

where E is the Young’s modulus, Nf is the fatigue life or number of
cycles to failure, r0f is the fatigue strength coefficient, b is the fatigue
strength exponent, e0f is the fatigue ductility coefficient, and c is the
fatigue ductility exponent. In addition, cyclic deformation behavior
is normally considered to be predominantly dependent on the por-
tion of the plastic strain amplitude and independent of the elastic
strain amplitude, which could be expressed by the following equa-
tion [23],

Dr
2
¼ K 0

Dep

2

� �n0

; ð2Þ

where Dr
2 is the mid-life stress amplitude, Dep

2 is the mid-life plastic
strain amplitude, n0 is the cyclic strain-hardening exponent and K0

is the cyclic strength coefficient. Fig. 8 presents the total, elastic
and plastic strain amplitudes as a function of the number of rever-
sals to failure (2Nf) for the extruded SiCp reinforced AA2009 matrix
composites in different heat-treated conditions, where the values of
the strain amplitudes were taken from the mid-life cycles. The fati-
gue life parameters in both extruded composites evaluated on the
basis of Eqs. (1) and (2) are summarized in Table 2. It is seen from
Fig. 8 that the Basquin and Coffin–Manson relations are obeyed
fairly well, and the obtained fatigue parameters were in agreement



Table 2
Low cycle fatigue parameters obtained for the extruded SiCp/AA2009 composites in
the T4 and T6 conditions.

Low cycle fatigue parameter As-extruded + T4 As-extruded + T6

Cyclic strain hardening exponent, n0 0.13 0.14
Cyclic strength coefficient, K0 , MPa 1139 1181
Fatigue strength coefficient, r0 f, MPa 1010 899
Fatigue strength exponent, b �0.13 �0.11
Fatigue ductility coefficient, e0 f 0.25 0.13
Fatigue ductility exponent, c �0.95 �0.83
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Fig. 9. Cyclic stress–strain curves for SiCp/AA2009 composites in the (a) T4, and (b)
T6 conditions, where the corresponding monotonic stress–strain curves are plotted
for comparison.
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Fig. 10. Typical stress–strain hysteresis loops of different cycles for different strain
ratios at a given total strain amplitude of 0.5% of SiCp/AA2009 composites in the T4
state, (a) first cycle, and (b) mid-life cycle.
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with the data of other Al composites reported in the literature
[11,13,15], except for the cyclic strength coefficient (K0) which
was higher than the reported data. Fig. 9 shows the monotonic
and cyclic stress–strain curves of the T4 and T6 heat-treated sam-
ples. The steeper slope of the cyclic stress–strain curves in both con-
ditions demonstrated a more pronounced hardening effect in the
extruded AA2009 composite in the cyclic loading than the mono-
tonic tensile loading, especially in the T4 condition. This hardening
behavior could be attributed to the interactions of dislocations dur-
ing deformation in the plastic domain [11]. More specifically, dislo-
cation multiplication during deformation increased the dislocation
density in the matrix and subsequently increased the interactions
among dislocations, as well as interactions between dislocations
and the SiCp particles [11]. The situation shown in Fig. 9 where
the cyclic stress–strain curve is positioned above the monotonic
stress–strain curve indeed reflects cyclic hardening behavior of a
material, as noted in [49]. This corresponded well to the change
in the cyclic stress amplitude and plastic strain amplitude (Figs. 5
and 6). It is also well known that materials with a high monotonic
strain hardening exponent (n > 0.15) undergo cyclic hardening;
those with a low monotonic strain hardening exponent (n < 0.15)
experience cyclic softening. As seen from Table 1, the present com-
posites had a monotonic strain hardening exponent of 0.21 in the T4
condition and 0.16 in the T6 condition. It follows that cyclic harden-
ing occurred in both conditions, with T4 condition exhibiting a
higher extent of cyclic hardening than T6 condition, as seen from
Figs. 5, 6 and 9.

3.4. Effect of strain ratio on LCF

Figs. 10 and 11 show typical stress–strain hysteresis loops of the
(a) first and (b) mid-life cycles at different strain ratios, Re, and at a
given strain amplitude of 0.5% in the T4 and T6 heat-treated SiCp/
AA2009 composites, respectively. It is seen from Figs. 10 and 11(a)
that at all strain ratios in both conditions, the initial tensile phase
of the first cycle was synchronized and followed essentially the
same path, which suggested the occurrence of Masing-like behav-
ior, representing a special cyclic stress–strain response in some
materials as reported by Chirst and Mughrabi [52]. It was also
reported that Masing behavior appeared due to the lack of signifi-
cant microstructural changes during the fatigue tests performed
for different strain ratios [53,54]. With increasing strain ratio from
�1 (negative infinity) to 0.5, the maximum/peak tensile stress rmax

increased from nearly zero to about 480 MPa (Fig. 10(a)) and to
about 530 MPa (Fig. 11(a)) in the T4 and T6 heat-treated SiCp/
AA2009 composites, respectively, and the plastic deformation in
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Fig. 11. Typical stress–strain hysteresis loops of different cycles for different strain
ratios at a given total strain amplitude of 0.5% of SiCp/AA2009 composites in the T6
state, (a) first cycle, and (b) mid-life cycle.
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Fig. 12. Number of cycles to failure vs. strain ratio of SiCp/AA2009 composites in
the (a) T4 and (b) T6 conditions at a given total strain amplitude of 0.5% and strain
rate of 1 � 10�2 s�1.
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the tensile phase became much more remarkable in both conditions
(Figs. 10 and 11(a)). To be more specific, a large amount of plastic
deformation appeared in the tensile phase for zero or positive strain
ratio (i.e., Re = 0 and 0.5). This was attributed to the high positive
mean strain values, which forced the occurrence of a large amount
of plastic deformation in the tensile and compressive phase of the
first cycles. The significantly larger shifts of the hysteresis loops
from Re = 0 to Re = 0.5 were also due to the influence of strain limits.
As the strain ratio was reduced from 0.5 to �1, the peak compres-
sive stress rmin decreased from about�290 MPa to about�420 MPa
(Fig. 10(a)) and from about �200 MPa to about �520 MPa
(Fig. 11(a)) in the T4 and T6 heat-treated samples, respectively.
Tests performed at Re = 0.5 and Re = 0 did not reach the compressive
yielding point of the present composites due to the high positive
lower strain limits (i.e., emin = 1% for Re = 0.5 and emin = 0 for
Re = 0). It is seen from Figs. 10 and 11(b) that the mid-life cycles
shifted towards the zero-stress line due to the occurrence of mean
stress relaxation to a certain extent. While the Re = �1 test gave
essentially symmetrical hysteresis loops, the tests at other strain
ratios apparently gave rise to slight asymmetrical hysteresis loops
with respect to the zero-stress line (Figs. 10 and 11(b)). However,
these results differed from those in the extruded magnesium alloys,
in which twinning–detwinning activities resulted in asymmetric
hysteresis loops reported in [21–23].

Fig. 12 shows the fatigue life (i.e., the number of cycles to failure,
Nf) as a function of strain ratio in the T4 and T6 heat-treated sam-
ples. It is seen that in both cases, the fatigue life appeared to be high-
est at Re = �1, while it decreased as the strain ratio deviated both
positively and negatively from Re = �1. This suggests that the
strength of the material is optimized when uniform tensile and
compressive stresses are applied (i.e., with a mean stress of zero
at Re = �1). The mean stress of the T4 and T6 heat-treated samples
as a function of normalized cycle ratio (N/Nf), where Nf is the fatigue
life (the number of cycles to failure), is shown in Fig. 13. As the nor-
malized cycle ratio N/Nf increased, the mean stress decreased for
Re > �1 and increased for Re < �1. That is, the mean stress tended
to become closer to zero. Quasi-stabilization of these curves
occurred after�10–20% of the fatigue life. Accordingly, the strength
of the material may be related to how effectively the sample was
able to approach a zero mean stress. This phenomenon is often
referred to as the mean stress relaxation. It is clear that the mean
stress relaxation occurred more drastically at the outset of cyclic
deformation within the initial cycles of the fatigue life, beyond
which (especially beyond the mid-life) it became increasingly stabi-
lized. The mean stress at Re = �1 remained fairly stable at nearly
zero. The absolute value of the maximum mean stress was
�100 MPa and �200 MPa for the T4 and T6 heat-treated samples,
respectively. This was associated with the higher strength of the
composites in the T6 condition. Similar findings have been reported
for 2124 Al-alloy T4 composites reinforced with SiCp particles [14].

3.5. Fractography

Fig. 14 shows an overall view of the fracture surfaces at a lower
magnification in the T4 and T6 conditions tested at a total strain
amplitude of 0.2%. The propagation area can be classified into three
major regions based on the slightly different colors; (i) the area
near the crack initiation site, (ii) the intermediate propagation
area, and (iii) the final fast fracture region. Fatigue crack initiation
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Fig. 13. Mean stress vs. a normalized cycle ratio (N/Nf) of SiCp/AA2009 composites
in the (a) T4 and (b) T6 conditions at different strain ratios at a total strain
amplitudes of 0.5%.
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was observed to occur from the specimen surface. This could be
better seen from Fig. 15, where the crack growth near the initiation
site appeared to occur primarily through the matrix, with no evi-
dence of particle/matrix interfacial cracking or particle cracking.
Figs. 16 and 17 show the intermediate propagation region tested
at a total strain amplitude of 0.2% for the T4 and T6 heat-treated
specimens, respectively, at a higher magnification. The composites
in both T4 and T6 conditions exhibited a similar fractograph. The
location and orientation of fractured SiCp particles could be clearly
Fig. 14. SEM images of overall fracture surfaces of SiCp/AA2009 composites in t
identified from the SEM back-scattered electron images (Figs. 16
and 17(b)), while the topography of the fracture surface could be
observed from the SEM secondary electron images (Figs. 16 and
17(a)). SiCp cracking, indicated by the arrows in Figs. 16 and 17,
was the predominant failure mechanism observed, indicating a
strong interfacial bonding between SiCp and the AA2009 matrix,
in spite of the occurrence of particle de-cohesion as well. Similar
fracture characteristics were also reported for similar SiCp/
AA2009 composites [11,12].

4. Conclusions

Strain-controlled low cycle fatigue tests were conducted on
extruded SiCp/AA2009 composites in different heat treatment con-
ditions of T4 and T6 at varying strain amplitudes and strain ratios.
The following conclusions can be drawn from this investigation:

(1) Microstructural observations of the SiCp/AA2009 compos-
ites revealed even-sized SiCp uniformly dispersed through-
out the AA2009 matrix, with little agglomerated sites
observed. After T6 heat treatment, Al2CuMg precipitates
appeared.

(2) In comparison with the T6 condition, while the SiCp/AA2009
composite in the T4 condition exhibited a lower yield
strength, it had a higher ductility and equivalent ultimate
tensile strength. This gave rise to a higher strain hardening
exponent and hardening capacity in the T4 condition.

(3) The SiCp/AA2009 composites exhibited basically symmetrical
hysteresis loops in tension and compression, representing an
isotropic response in the composites. This was due to the dis-
location slip-dominated deformation in face-centered cubic
(fcc) aluminum matrix, rather than twinning in the hcp
metals.

(4) Cyclic hardening was observed at strain amplitudes of 0.4%
and higher in both T4 and T6 conditions, with a more pro-
nounced hardening in the T4 condition. The hardening
behavior was mainly attributed to the interactions of dislo-
cations in the plastic domain and the resistance of SiCp dur-
ing cyclic deformation. Cyclic stabilization occurred at lower
strain amplitudes (0.1–0.3%).

(5) The fatigue life of the SiCp/AA2009 composites in both T4
and T6 conditions was equivalent within the experimental
scatter, which can be well described by the Coffin–Manson
law and Basquin’s equation.

(6) Strain ratio significantly affected the cyclic deformation
characteristics of the composites in both T4 and T6 condi-
tions. A large amount of plastic deformation occurred in
he (a) T4 and (b) T6 conditions fatigued at a total strain amplitude of 0.2%.



Fig. 15. SEM micrographs of the fracture surfaces near fatigue crack initiation site of SiCp/AA2009 composites in the (a) T4 and (b) T6 conditions fatigued at a total strain
amplitude of 0.2%.

Fig. 16. (a) SEM secondary electron and (b) back-scattered electron micrographs of the fatigue crack propagation region of the T4 heat-treated specimen fatigued at a total
strain amplitude of 0.2%.

Fig. 17. (a) SEM secondary electron and (b) back-scattered electron micrographs of the fatigue crack propagation region of the T6 heat-treated specimen fatigued at a total
strain amplitude of 0.2%.
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the tensile phase of the first cycle of hysteresis loops at zero
or positive strain ratio (i.e., Re = 0 and 0.5), which was related
to the high positive mean strain values.

(7) Fatigue crack initiation was observed to occur from the spec-
imen surface. SiCp particle cracking was the predominant
failure mechanism observed, indicating a strong interfacial
bonding between SiCp and the AA2009 matrix. Additionally,
some particle de-cohesion was also observed in the interme-
diate propagation area.
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