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Abstract The strain versus fatigue life and fracture
behavior of spray-formed AI-Si composites reinforced
with SiC particles of two different sizes were studied under
total strain amplitudes. Both composites exhibit short low-
cycle fatigue (LCF) which follows a Coffin-Manson rela-
tionship, and display cyclic hardening at all strain ampli-
tudes. The LCF endurance of the composite with large
particles is higher than that of composite containing small
particles in the high strain amplitudes, however, at low
strains the difference in fatigue endurance between the two
composites decreased. Moreover, the decrease in particle
size results in a higher degree of hardening at low and
middle strains, but reduces the magnitude of hardening at
highest strain. Fractographic analysis reveals that particle/
matrix debonding is the main mechanism of failure in
composite with small particles, while fracture and deb-
onding of SiC particle are predominant in the large particle
reinforced composite.

Introduction

Al-Si alloy composites possess low thermal expansion
coefficient, high wear resistance and high strength to
weight ratio. As a result, they have emerged as structural
components for application in automotive and aerospace
industries [1]. These composites are produced by several
processing methods, such as stir casting, squeeze casting
[2], powder metallurgy [3], and spray forming, etc.
Amongst these methods, spray forming technique has
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drawn considerable research interest due to its scope of
forming near-net shape product with a reduced number of
process steps compared to the powder metallurgy. Apart
from this, the process offers advantage of rapid solidifica-
tion, such as refined equiaxed structure with negligible
segregation, extension of the solid solubility limit [4], and
wider compositional flexibility. With the engineering
application of metal matrix composites (MMCs), the fati-
gue behavior will become critical in design, life-prediction
and reliability analysis of the components made of these
materials.

Since in general MMCs show a lower tensile ductility
than their counterpart matrix materials [5], comprehensive
study of the fatigue behavior of MMC:s is essential for their
design and application. It has been reported that the pres-
ence of reinforcement in MMCs degrades the low-cycle
fatigue (LCF) characteristics when the MMCs are sub-
jected to strain-controlled cyclic loading [6-9]. There are
many factors belonging to reinforcement characteristics to
affect the fatigue properties, such as the volume fraction,
shape, size and dispersion of the reinforcement. Kaynak
et al. [10] have reported that increasing the volume fraction
of SiC particulates in cast Al-Si alloy promotes better high
cycle fatigue life. Koh et al. [11] have shown that SiC-
particulate reinforced Al-Si cast alloy containing higher
volume fraction of SiC particles exhibits a more pro-
nounced strain-hardening rate leading to shorter life at a
given strain amplitude. The effects of SiC volume fraction
and particle size on the fatigue behavior of powder met-
allurgy 2080 Al alloy have been investigated by Chawla
et al. [12]. They find that increasing volume fraction (from
10 to 30%) and decreasing particle size (from 23 down to
5 pm) result in an increase in fatigue resistance. Han et al.
[13] have pointed out that powder metallurgy SiCy/Al
composite displays cyclic softening while the unreinforced

@ Springer



1154

J Mater Sci (2011) 46:1153-1160

matrix show cyclic hardening. In addition, the evolution of
cyclic softening becomes faster when the particle size
increases. Varma et al. [14] have recognized that the cyclic
stress response behavior of the SiC,/Al-Cu-Mg compos-
ites has strong dependence on the size of the reinforcement.
And composite with finer size SiC particles shows higher
degree of cyclic hardening. Despite the great number of
investigations into the fatigue behavior of MMCs, the
effect of particle size on LCF behavior of this kind of
composites produced by spray deposition has been limited.
Thus, it is necessary to carry out a fundamental research
work in this respect. The purpose of the present study is to
understand the effect of particle size on strain versus fati-
gue life and fracture behavior of spray-deposited SiCy/Al
composites.

Experimental procedure

The Al-Si alloy with a nominal composition of Al-7Si—
0.3Mg-0.01Mn—-0.01Cu (mass%) and its composite rein-
forced with 15 vol.%SiC particles were prepared by mul-
tilayer spray deposition technology, the details of which
were mentioned in Ref. [15]. The composites with different
nominal particle sizes of 4.5 and 20 um were prepared,
hereafter denoted in this paper as 4.5 um SiC,/Al-Si and
20 pm SiC,/Al-Si, respectively. Then, the sprayed ingots
were extruded at a ratio of 17.3 to provide a rectangular
extrusion with 10 x 120 mm? cross-section at 450 °C.
Both the composites and unreinforced alloy were machined
with the loading axis parallel to the extrusion direction and
solution treated at 535 °C for 2.5 h, quenched in water and
then artificially aged at 160 °C to achieve the peak-aged
condition for the matrix. The aging time was 7 h for the
Al-Si alloy and 4.5 um SiC,/Al-Si composite, 11 h for
20 pm SiC,/Al-Si composite.

The tensile specimens with a gauge length of 25 mm
and a gauge diameter of 5 mm were made, according to

ASTM standard ES8. Strain-controlled LCF tests were per-
formed on a computer-controlled servo hydraulic test
machine, INSTRON 8871, according to ASTM E606 at
room temperature, using specimens of 15 mm gauge length
and 5 mm diameter. A sinusoidal waveform with total
strain amplitudes ranging from 0.3 to 0.5% was applied.
The tests were carried out at constant cyclic frequency of
0.03 Hz and the load ratio was R = —1. An axial 12.5 mm
clip-on extensometer was attached to the test specimen for
the purpose of monitoring total strain amplitude during
fully reversed strain amplitude-controlled fatigue tests. At
each strain level at least three specimens were tested. The
fracture surfaces of specimens were examined by scanning
electron microscope (SEM) to determine the predominant
fracture modes.

Results
Microstructure and tensile properties

The optical micrographs of the Al-Si composites with
initial average SiC,, sizes of ~4.5 and ~20 pm are shown
in Fig. la and b, respectively. In general, there appears to
be a reasonably uniform distribution of SiC,, reinforcement
within the matrix. The SiC particles in both composites are
partially aligned along the extrusion direction. This has
also been confirmed by recent three-dimensional visuali-
zation of the microstructure obtained by serial sectioning
technique [16]. Some clustering tendency is observed in the
4.5 um SiC,/Al-7Si composite and it decreases as the size
of the particulates increases.

The tensile test is the basis of the fatigue test. The
relationship between stress and strain can be used to predict
the level of the relative cyclic stress—strain. As shown in
Table 1, incorporation of the reinforcing particles promotes
the elastic modulus 15.84-18.94%. For a given volume
fraction, the fine particle reinforced composite has less

Fig. 1 Optical micrographs of longitudinal planes of the a 4.5 pm SiC/Al-Si composite, b 20 pm SiC/Al-Si composite
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g::)l::réesrl:;l tslﬂee Anll_eg?zﬁloc}?lan d SiC content  SiC size  Elastic modulus,  0.2% proof strength,  Ultimate tensile Elongation,
composites at room temperature (vol.%) (pm) E (GPa) o2 (MPa) strength, o, (MPa) A (%)
0 0 72.3 242.5 336.2 11.2
15 4.5 86.0 240.5 328.8 9.0
15 20 83.7 270.9 3213 8.6
interparticle spacing as compared to the composite with
large particles. Therefore, the reinforcements in the small
particle composite probably share more portion of loading, g \'\a&
giving rise to higher monotonic tensile strength and yield 10" oo
strength. In this case, the tensile strength of 4.5 um SiC,/ _-E_ \'\x
Al-7Si composite is higher than that of 20 pm SiC,/Al-7Si g .\'\
composite. These results are similar with the work of Han = N
et al. [13], for a powder metallurgic Al alloy, containing _E - . AL-TSi alloy W\M
10 pm particles. However, Table 1 shows that the com- L . ;i;ﬁ“;ggﬂg'
posite reinforced with 20 pm SiC,, has the largest yield @
strength. It does not fit the above relation that larger o
interparticle spacing in the 20 pm SiC, reinforced com- ) A

posite, lower yield strength. It is reasonable to be thought
that stress concentrations are generated around the clus-
tering particles in fine particles composite leading to an
earlier locally yield at relatively low loads.

Plastic-strain fatigue life

Plastic strain produces a number of damaging processes,
which affects the microstructure, cyclic stress response and
resultant LCF life during total strain amplitude-controlled
cyclic deformation [17]. The LCF life of MMCs follows
a Coffin-Manson relationship. Mathematically, Coffin-
Manson relationship is described as:

| .
EAsp = &(2Ny) (1)

where 2N is the reversal to failure, Asp is the plastic strain
range. & and ¢ are the fatigue ductility coefficient and
fatigue ductility exponent, respectively. The plastic strain
range can be determined from the cyclic hysteresis loop
according to the following relation:

Ag, = Ay — % (2)
where E is the Young’s modulus, Ag, is the total strain
range, and Ao is the applied stress range.

Figure 2 represents the variation of fatigue life cycles
with plastic strain amplitude for composites with various
SiC, sizes at a constant volume fraction. The parameters
associated with LCF properties are listed in Table 2. It is
obvious that the straight line for the Al-Si alloy is above
the other two straight lines for the composites. Therefore,
the Al-Si alloy has the best fatigue resistance. The absolute
value of ¢ for the Al-Si alloy is the highest and & is much

Reversals to failure (2N)

Fig. 2 Curves of plastic strain amplitude against number of reversals
to failure for the matrix and composites tested at room temperature

larger than the 4.5 and 20 pm SiC,/Al-Si composites. It
can be seen that for the Al-Si alloy, the fatigue ductility
coefficient, s’f, is very close to the fracture strain in a
monolithic tensile test. In strain control testing, a tendency
of decrease in fatigue life with addition of reinforcement
particles was also reported by Bonnen [18] in A2080-
15 vol.%SiC, Koh et al. [11] in cast Al-Si—SiC composites
and Han et al. [13] in powder metallurgy Al-20 vol.%SiC.
In comparison with the results reported for the casting
Al-Si/SiC composite by Rohatgi et al. [19], where the
fatigue ductility exponent (c) and the fatigue ductility
coefficient (&f) were —0.6066 and 0.0108, respectively, the
fatigue resistance for SiCp/Al-Si is better in this study
because of the lower absolute value of ¢ and higher &
values. The tendency that spray-processed composite
exhibits better cyclic-strain resistance than the as-cast
composite is also reported in Ref. [20]. This is possibly
attributed to the fine grain sizes, circular Si phases and
uniform distribution of SiC particles present in sprayed
materials.

It can be seen from Fig. 2 that the fatigue life differ-
ences between the matrix and the composites with particles
of two different sizes depend strongly on the strain
amplitude. The LCF endurance of the composite with large
particles is higher than that of composite containing small
particles in the high strain regions, however, at low strains
the difference in fatigue endurance between the two com-
posites decreased. In addition, the composite containing
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Table 2 Low cycle fatigue

) SiC content SiC size Fatigue ductility Fatigue ductility Linear relational
parameters (vol.%) (um) coefficient, & (%) exponent, ¢ exponent
0 0 10.46 —0.6657 0.9986
15 4.5 2.63 —0.5284 0.9735
15 20 5.60 —0.6094 0.9950

large SiC particles exhibits a higher fatigue-ductility
coefficient (¢f) than the small particles composite. Similar
with the observations reported in Ref. [13], the result from
comparison between the two composites is that the com-
posite with large particles shows a longer fatigue life at
high plastic strain regions, but the composite containing
small particles has a greater fatigue endurance at low strain
amplitudes.

Cyclic stress response

The cyclic stress response curves of the Al-Si alloy and the
two SiC,/Al-Si composites under various total strain
amplitudes at room temperature are shown in Fig. 3. The
stress amplitude is taken as the average of the peak values
of the stress in tension and in compression during cyclic
loading. Unlike the results reported for MMCs and alu-
minum alloy matrix [13], the cyclic response of reinforced
aluminum and the Al-Si alloy is similar to each other. All

the matrix and the composites show evidence of initial
hardening and the cyclic hardening rates for the composites
are greater than that for the matrix at initial several hundred
cycles for all total strain amplitudes. However, the Al-Si
alloy shows a second hardening at strain amplitudes
(0.35-0.5%), while a cyclic stable is observed at lowest
strain amplitude (0.3%) after initial hardening. In contrast,
the composites harden progressively to failure from onset
of fully reversed cyclic deformation. In addition, Strain
amplitude also affects the degree of cyclic hardening. The
specimen subjected to a higher strain amplitude shows
more cyclic hardening.

By comparing Fig. 3b with c, it is interesting to note that
the increase in particle size results in a slow evolution
cyclic hardening for a given strain amplitude. In order to
highlight the effect of cyclic hardening as a function of
applied total strain amplitude, the percentage degree of
hardening [(Ag,, — Aop)/Ac; x 100%] is plotted with the
applied total strain amplitude (%) in Fig. 4. Here, Ag,, and
Aoy are the stress range at half life and first cycle,

Fig. 3 Cyclic stress response (a) 300
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Fig. 4 Degree of hardening (%) as a function of total strain
amplitude (%)

respectively. It is evident from Fig. 4 that the degree of
cyclic hardening of 4.5 um SiC,/Al-Si composite is higher
than those of 20 pm SiC particulates reinforced composite
and matrix alloy, with applied total strain amplitudes
(£0.3, +£0.35, and £0.4%). However, it becomes lower
than those of 20 pm SiC particulates reinforced composite
and matrix alloy at the highest amplitude (£0.5%). In case
of the AI-Si, the magnitude of the degree of hardening
increases with increasing total strain amplitude at all the
strain amplitudes. Moreover, it become higher than those
of 4.5 and 20 pm SiC,/Al-Si composite at the highest
amplitude employed (£0.5%).

Furthermore, the finer particle reinforced composite
results in less interparticle spacing, then share more portion
of loading, giving rise to higher cyclic stress response.
However, the experiment cyclic stress is not the case. The
cyclic stress of the two composites is comparable at low
strain amplitudes (0.3-0.4%). but it becomes higher in case
of the composite with 20 um particles than that of the
4.5 pm particles reinforced aluminum at the highest strain
amplitude (£0.5%). One possible explanation is that the
finer particles in this study result in clustering, which can
easily initiate fatigue cracking because of the poor bonding
between the clustering particles and the matrix.

Fracture behavior

Fatigue fractographs of the composites and unreinforced
aluminum specimens are shown in Fig. 5. Fatigue striations
and secondary cracks along the fatigue striations are
observed on the fracture surface of the matrix as shown in
Fig. 5a. Plenty of small dimples of 3—4 um were due to the
decohesion of Si particles in the Al-Si alloy during cyclic
straining. No significant difference was observed in the
fracture characteristics of unreinforced alloy at low strain
(0.3%) and high strain (0.5%), Fig. 5a and b.

The fractographies of the composites are different from
that of the unreinforced aluminum. Fatigue striations in
composites are not obvious and most of them are covered
by the SiC particles. On the fracture surface of the com-
posite containing 4.5 um SiC particles there are a popu-
lation of unequiaxed dimples due to decohesion of SiC and
Si particles as shown in Fig. 5¢ and d. The amount of SiC,
appeared on the fracture surface is less than that shown in
Fig. 1a. Little of the SiC breakage is observed in Fig. 5c
and d. It means that fine particles is not easy to break and
the fracture surface had predisposition to avoid small SiC
particles, which is similar to the LCF fracture surface
features of the SiC/Al composite observed in Ref. [13]. In
addition, it can also be seen from Fig. 5d that at the higher
total strain amplitude of 0.5%, the fatigue cracks initiated
at multisources only propagate for a small distance and
rapidly through the matrix between the clusters of SiC
particles under higher stress applied, then final fracture
occurs due to the reduction of the effective loading area.
For the 20 pm SiC,/Al-Si composite the fracture surface
contains the fracture and debonding of SiC particle shown
in Fig. 5e and f. The number of SiC particles emerged on
the fracture surface is close to that in Fig. 1b. The reason is
that the large particles are hard to be avoided and consid-
erably likely to break. Moreover, Fig. Se and f also show
that a higher fraction of particles were fractured in the large
particle reinforced composite tested at high strain than at
low strain.

Discussion
The effect of particle size on fatigue life

Usually, composites containing larger particles should
exhibit worse fatigue properties than fine particles rein-
forced composite. The reasons for this behavior are that the
larger reinforcement particles contain more defects, and the
stress concentration is larger while a crack is propagating
to a particle. So, it seems easier for a large particle to crack
and for the crack to propagate. However, the experimental
results obtained in this study and Han et al. [13] have both
revealed that composite with large particles shows a longer
fatigue life at high plastic strain regions, but the composite
containing small particles has a greater fatigue endurance
at low strain amplitudes. Reasonable explanation is dis-
cussed in terms of the different fracture modes at different
strain amplitudes by Han et al. [13]. Under the high strain
amplitude, where the contribution of monotonic modes of
fracture dominates [21], the nucleation, growth and coa-
lescence of voids play the major role in the fracture. The
small SiC particles decohesion result in larger number of
voids, then this kind of composite is easier to fail than big
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Fig. 5 SEM micrographs of fatigue fracture surfaces for the a Al-Si
alloy, Ae/2 = 0.3%, b Al-Si alloy, Ae/2 = 0.5%, ¢ 4.5 pm SiCy/
Al-Si composite, Ae/2 = 0.3%, d 4.5 pm SiC,/Al-Si composite,

particle composite at high strain amplitudes, thus leads to
a shorter fatigue life. When low strain amplitudes are
applied, fatigue endurance of the composites mainly
depends on its strength. Small SiC particles are not easy to
break. Therefore, the small particle reinforced composite
has longer fatigue endurance at low strain ranges.

@ Springer

Ag/2 = 0.5%, e 20 um SiC,/Al-Si composite, Ag/2 = 0.3%, and
f 20 pm SiC,/Al-Si composite, Ag/2 = 0.5%

The effect of particle size on cyclic stress response

Based on the continuum theory, particle size should not
affect cyclic hardening/softening. However, the results
obtained in this study could not support the above view-
point (as shown in Fig. 4). The differences in the
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characteristics of cyclic hardening for the different com-
posites and the matrix alloy under total strain amplitude are
correlated with the conjoint and mutually interactive and
competitive influences of hardening and softening, which
occur simultaneously during fatigue process. Here the
hardening is intrinsic for the matrix alloy Al-Si alloy, and
the softening is due to initiation and growth or a large
number of voids or microcracks in the entire stressed
volume.

The hardening effect of the SiCy/Al-Si is observed at
the beginning of cyclic loading without any cyclic stable
region, resulted from the pre-existing high dislocation
density in the aluminum alloy matrix due to the presence of
the brittle SiC,, reinforcements [22, 23]. Then, the dislo-
cation density progressively increases with increasing
number of strain cycles, due to the interaction of mobile
dislocations with the brittle particles (SiC and Si) and more
dislocation—dislocation interactions. Besides, the magni-
tude of dislocation density is strongly dependent on the
particle size. Under the same amplitudes controlled con-
dition, the degree of hardening would become higher in the
4.5 um SiC,/Al-Si composite due to the increase in dis-
location density with decreasing reinforcement interparti-
cle spacing as a result of reduced particle size [24],
compared with 20 um SiC,/Al-Si composite.

The softening effect is attributed to the formation and
presence of a number of microscopic cracks, their growth
through the composite microstructure, and eventual coa-
lescence to form one or more macroscopic cracks. The
tendency toward softening is strongly dependent on the
applied strain amplitude and microstructure characteristics.
As mentioned in the “The effect of particle size on fatigue
life” section, at lower strain amplitude, the larger particles
in the 20 um SiC,/Al-Si composite have a higher proba-
bility of containing critical flaw, which generates high load
transferring from the plastically deformed aluminum
matrix to the elastically deformed particle, leading to their
crack, the process of which is easier to occur compared to
the 4.5 um SiC/Al-Si composite. Therefore, the degree of
cyclic hardening of 20 pm SiC,/Al-Si is lower as com-
pared to 4.5 pm SiC,/Al-Si at 0.3, +0.35, and £0.4%
total strain amplitude, may be attributed to its relatively
lower dislocation density and higher particle fracture.
However, at highest strain amplitude (£0.5%), the soft-
ening effect for the 4.5 pm SiC,/Al-Si composite is
exacerbated by the rapid growth and coalescence of void
once initiation has occurred in the composite due to the
agglomeration of SiC particulates, therefore the hardening
would be suppressed, which leads the decrease in observed
degree of cyclic hardening. The cause of highest cyclic
hardening for the Al-Si alloy at the highest total strain
amplitude may be due to the relatively lowest voids only
caused by Si decohesion.
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Fig. 6 Percentage decrease in elastic modulus of composites and
matrix alloy with total strain amplitude

The percentage decrease in elastic modulus, with
applied total strain amplitude is shown in Fig. 6. The
decrease in modulus is calculated by subtracting the elastic
modulus at half life with that before cycling. Composite
with 20 um SiC particles reveals significant decrease in the
elastic modulus at total strain amplitudes (0.3-0.4%) as
compared to that of 4.5 um SiC particles composite.
However, when the highest amplitude applied, the magni-
tude of decrease in elastic modulus of 20 um SiC particles
composite becomes smaller than that of fine particle
composite. This indicates that the fraction of particle
fracture and debonding during cycling for 20 um SiC,/
Al-Si composite at low strain amplitudes is greater, while
at highest strain amplitude the number of microcracks is
smaller as compared to the 4.5 pm SiC,/Al-Si composite,
thus confirming the above hypothesis.

Conclusions

The LCF life and cyclic stress response behavior of the
SiC,/Al-Si composites used in this study have strong
dependence on the size of the reinforcement.

(1) Both composites exhibit short LCF which follows a
Coffin-Manson relationship. The fatigue ductility
coefficient of the large particle composite (¢; = 5.60)
is higher than that of the small particle reinforced
composite (¢; = 2.63). The LCF endurance of the
composite with large particles is higher than that of
composite containing small particles in the high strain
regions, however, at low strains the difference in
fatigue endurance between the two composites
decreased.

(2) All the composites and the matrix cyclically harden
and the cyclic hardening rates for the composites are
greater than that for the matrix at initial several
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Acknowledgements

hundred cycles for all total strain amplitudes. How-
ever, the Al-Si alloy shows a second hardening at
strain amplitudes (0.35-0.5%), and cyclic stable at
lowest strain amplitude (0.3%) after initial hardening.
In contrast, the composites harden progressively after
the initial hardening for all strain amplitudes.

The cyclic hardening response of the composite is
dependent on the particle size of reinforcement and
the cyclic strain amplitude. The decrease in particle
size results in a higher degree of hardening at lower
strain amplitudes, but reduces the magnitude of
hardening at highest strain amplitude. Mechanisms
responsible for this behavior are ascribed to concur-
rent and competing influences of the increase in
hardening resulted from the increase in dislocation
density with decreasing reinforcement interparticle
spacing as a result of reduced particle size, and
various rate of softening induced by fracture or
debonding of the reinforcement particle depending on
the strain amplitude.

Fractographic analysis reveals that particle/matrix
debonding is the main mechanisms of failure in the
4.5 um SiCy/Al-Si composite, while fracture and
debonding of SiC particle are predominant in the
20 pm SiC,/Al-Si composite.
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