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Fatigue crack propagation (FCP) and fracture mechanisms have been studied for two
orientations in powder metallurgy 2024 aluminium alloy matrix composites reinforced with
three different sizes of silicon carbide particles. Particular attention has been paid to make a
better understanding for the mechanistic role of particle size. The FCP rates of the
composites decreased with increasing particle size regardless of orientation and were
slightly faster in the FCP direction parallel to the extrusion direction. After allowing for
crack closure, the differences in FCP rate among the composites and between two
orientations were significantly diminished, but the composites showed lower FCP rates
than the corresponding unreinforced alloy. Fracture surface roughness was found to be
more remarkable with increasing particle size and in the FCP direction perpendicular to the
extrusion direction. Taking into account the difference in the modulus of elasticity in
addition to crack closure, the differences in FCP rate between the unreinforced alloy and the
composites were almost eliminated. C© 2001 Kluwer Academic Publishers

1. Introduction
Metal matrix composites reinforced with discontin-
uous phases in the forms of short fiber, whisker, and
particulate essentially exhibit a considerably enhanced
strength and stiffness compared with the correspond-
ing unreinforced alloys. Among those discontinuously
reinforced materials, aluminium-based metal matrix
composites reinforced with silicon carbide particu-
lates (SiCp/Al) are particularly attractive since the
conventional metallurgical and machining processing
techniques, such as direct casting, powder metallurgy,
rolling, forging, and extrusion can be applied for their
fabrication. Although the second phase additions can
cause reduced tensile ductility, lower fracture tough-
ness, and in some cases, decreased fatigue resistance
compared with the constituent matrix alloy, SiCp/Al
composites still have potential in structural applications
because of considerable weight saving due to their spe-
cific properties.

Since fatigue properties are critical for load bearing
applications, a number of studies have been reported
so far. In SiCp/Al composite systems, there are sev-
eral microstructural parameters such as volume frac-
tion, distribution and size of SiC particles, interface
properties, and matrix properties, each of which may

exert a significant influence on the fatigue properties.
The volume fraction of particles is one of the most im-
portant variables in determining the fatigue properties,
thus many previous works have been concentrated on
this issue. Particle size is assumed to be another key
factor for a given volume fraction and matrix property,
but only a few studies concerning the effect of parti-
cle size on fatigue strength have been reported. Hall
et al. [1] showed that fatigue life increased as particle
size decreased. The present authors [2] also indicated
that fatigue strength increased in the composite with
fine particle size, but decreased with increasing parti-
cle size, compared with the unreinforced alloy. In the
composites with coarse particle sizes, fatigue cracks
were initiated at or near the particle/matrix interface
and then cracks tended to grow along the interface,
leading to the decreased fatigue strength. Fatigue crack
propagation (FCP) is another important property for en-
gineering applications, thus the purpose of the present
study is to develop a better understanding for the effect
of particle size on FCP behaviour and fracture mecha-
nisms, because the role of particle size in the propaga-
tion stage of large cracks is expected to differ from that
observed in crack initiation and subsequent small crack
growth.
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There have been many FCP studies in SiCp/Al com-
posite systems, in which the role of microstructural
variables such as volume fraction of particles [3, 4],
matrix property [5–9], particle distribution [10, 11] and
orientation [6, 9] was discussed, but very limited studies
on the effect of particle size have been reported. Shang
et al. [12] examined the FCP behaviour in SiCp/MB78
composites with two different particle sizes and showed
that FCP rates in the fine-SiC composite are faster, and
threshold stress intensity was lower, compared with the
coarse-SiC composite. Li and Misawa [13] found a con-
siderable influence of particle size on FCP behaviour
in SiCp/6061Al composites and indicated that the ef-
fect of particle size disappeared after allowing for crack
closure.

In the present work, FCP behaviour was studied in
SiCp/2024Al composites with three different particle
sizes for a given volume fraction of the reinforcement,
and the effect of particle size and fracture mechanisms
were discussed on the basis of crack closure measure-
ment, crack path and fracture surface observation. In
addition, the effect of orientation on FCP behaviour
was also discussed.

2. Experimental details
2.1. Material and microstructure
Aluminium alloy 2024 fabricated by powder metallurgy
was used in the unreinforced condition and with 10 wt%
SiCp reinforcement. The chemical composition (wt%)

Figure 1 Microstructures of unreinforced alloy and SiCp/Al composites. Note that the magnification of micrographs for the 5 µm SiCp/Al composite
differs from that for the unreinforced alloy and other composites.

is; Si 0.13, Fe 0.24, Cu 4.57, Mn 0.63, Mg 1.65, Cr 0.01,
Zn 0.091, Ti 0.02, balance Al. Gas atomized powders
of 2024 alloy were blended with SiC particles, cold
compacted and then degassed at 450◦C. The same pro-
cessing procedure was employed for the unreinforced
alloy. Extrusion at 430◦C was used to produce bars with
a diameter of 35 mm. Three different nominal particle
sizes of 5, 20 and 60 µm were evaluated. Hereafter,
each composite is denoted as 5 µm SiCp, 20 µm SiCp,
and 60 µm SiCp.

Fig. 1 shows the microstructures of the sections per-
pendicular (R-plane) and parallel (L-plane) to the extru-
sion direction in the unreinforced alloy and the compos-
ites. It can be seen that SiC particles tend to be weakly
aligned in the extrusion direction. Microstructural pa-
rameters measured on the both planes are listed in
Table I. Particle size which was obtained as the average

TABLE I Quantitative analysis of microstructural parameters in
SiCp/Al composites

Particle size Interparticle Area fraction
Alloy Plane (µm) spacing (µm) of particle (%)

5 µm SiCp R 3.2 11.1 10.8
L 3.3 9.8 10.9

20 µm SiCp R 11.6 39.4 10.4
L 14.0 39.8 11.2

60 µm SiCp R 37.7 113.9 12.1
L 41.7 109.5 11.9
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diameter of circles having equivalent area and area frac-
tion of particles were measured on an image analysis
system and interparticle spacing was measured manu-
ally from photomicrographs. As can be seen in the table,
the average particle sizes are smaller than the nominal
particle sizes in all the composites and are slightly larger
in L-plane than in R-plane because of the aspect ratio of
particles of approximately 1.7. As expected, the inter-
particle spacing increases with increasing particle size,
but no differences were seen between both planes. The
area fraction of particles ranges from 10.4 to 12.1%
regardless of particle size and plane.

2.2. Specimen preparation
Tensile specimens with a diameter of 8 mm and CT
specimens with a width of 24 mm and a thickness of
5 mm were machined from the as-received bars. CT
specimens with two different orientations were pre-
pared, i.e. R-L and L-R orientations, where R and L
represent the directions perpendicular and parallel to
the extrusion directions, respectively. Specimens were
solution treated at 495◦C for 1h, quenched in water
and then aged at 190◦C to achieve peak-aged condi-
tion. With increasing particle size, the artificial ageing
time was decreased and the Vickers hardness increased,
which were 5 h and 129 for the unreinforced alloy, 5 h
and 135 for the 5 µm SiCp composite, 3 h and 137 for
the 20 µm SiCp composite, and 2.5 h and 144 for the
60 µm SiCp composite, respectively.

2.3. Mechanical properties
Tensile properties of the unreinforced alloy and the
composites studied are listed in Table II. Proof stress
is slightly decreased with the addition of SiC particles
and a little effect of particle size can be seen. For all but
the largest particle size, the presence of SiC particles
increases tensile strength. Compared with the unrein-
forced alloy, the elongation and reduction of area of
all the composites significantly decrease, but the par-
ticle size dependence cannot be seen. The modulus of
elasticity is almost the same for all the composites and
there is a 17% increase compared with the unreinforced
alloy.

2.4. Procedures
Experiments were conducted on an electro servohy-
draulic fatigue testing machine operating at a frequency

T ABL E I I Mechanical properties of unreinforced alloy and SiCp/Al
composites

Proof
stress Tensile Reduction Elastic
(σ0.2) strength Elongation of area modulus

Alloy (MPa) (σB) (MPa) (φ) (%) (ψ) (%) (E) (GPa)

Unreinforced 373 454 9 26 61
5 µm SiCp 365 462 5 8 71
20 µm SiCp 357 479 6 10 70
60 µm SiCp 356 452 4 8 72

of 10 Hz in laboratory air at ambient temperature. In-
creasing and decreasing stress intensity factor range,
�K , tests were performed at a fixed stress ratio, R, of
0.05. For the latter tests, load shedding techniques with
a load reduction of 5% were employed. Prior to ex-
periment, a fatigue precrack of approximately 2 mm in
length from the notch root was introduced under a de-
creasing �K condition. Crack length was monitored by
a travelling microscope with a resolution of 10 µm and
crack closure was measured by a compliance method
using a strain gauge mounted on the back face of the
CT specimen.

Crack path profiles and fracture surfaces were exam-
ined in detail using an optical microscope and scanning
electron microscope (SEM), respectively.

3. Results and discussion
3.1. Relationships between FCP rate, da/dN,

and �K
Fig. 2 shows the relationships between da/dN and �K ,
where Fig. 2a and b represent the data for L-R and R-L
orientations, respectively. As can be seen in the figures,
above approximately da/dN = 5 × 10−6 mm cycle−1

the da/dN -�K relationships for the unreinforced alloy
and all the composites can be expressed by the Paris
law.

For L-R orientation (Fig. 2a), the 5 µm SiCp com-
posite shows the fastest FCP rates in the entire �K
region tested, while the FCP rates of the 20 µm SiCp
and 60 µm SiCp composites and the unreinforced alloy
are nearly the same in intermediate and high �K re-
gions, but the 60 µm SiCp composite exhibits the high-
est FCP resistance in low �K region. Also included in
the figure are the data of the unreinforced alloy with-
out heat treatment (solid symbol) and the FCP rates are
slightly faster than, or almost the same as, those of the
5 µm SiCp composite. It is thought that the difference
in FCP behaviour between the unreinforced alloys with
and without heat treatment is probably attributed to the
effect of residual stress, as will be discussed later.

The effect of particle size is rather small in R-L ori-
entation (Fig. 2b). However, the FCP rates of the 5 µm
SiCp and 20 µm SiCp composites are identical, but the
60 µm SiCp composite appears to show slightly lower
FCP rates compared with those composites in the entire
�K region. The unreinforced alloy exhibits the lowest
FCP rates in intermediate �K region, while the fastest
in low �K region. From the comparison of Fig. 2a
and b, the FCP rates of R-L orientation are slightly
faster than those of L-R orientation in all the materials.

It is summarized from Fig. 2 that the FCP resistance
of the SiCp/Al composites tends to increase with in-
creasing particle size regardless of orientation. How-
ever, the FCP behaviour of the unreinforced alloy makes
difficult to understand the effect of the addition of SiC
particles. Macroscopic examination of fracture surfaces
revealed a very large curvature of the crack front in the
unreinforced alloy compared with the composites, i.e.
the crack front considerably advanced at the midthick-
ness. This may suggest the existence of significantly
large compressive residual stresses at or near the spec-
imen surfaces.
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Figure 2 Relationships between crack propagation rate and stress inten-
sity factor range: (a) L-R orientation, (b) R-L orientation.

3.2. Crack closure behaviour
Crack closure behaviour, Kop/Kmax, is shown in Fig. 3
as a function of Kmax, where Kop and Kmax are the crack
opening and maximum stress intensity factors, respec-
tively. The data for all the materials exhibit the same
general form, showing increasing closure level with de-
creasing Kmax. For L-R orientation (Fig. 3a), the closure
levels of the 20 µm SiCp and 60 µm SiCp composites
are almost the same and attain to extremely high value
in low Kmax region and the 5 µm SiCp composite shows

Figure 3 Crack closure behaviour: (a) L-R orientation, (b) R-L
orientation.

lower closure levels in the entire Kmax region. Remark-
able crack closure is obtained for the unreinforced alloy
[3, 12], which is almost comparable to that of the 20 µm
SiCp and 60 µm SiCp composites. On the contrary, it
should be noted that the unreinforced alloy without heat
treatment represents very low closure levels. This seems
to give another evidence of the existence of compres-
sive residual stresses in the unreinforced alloy, which
causes remarkable crack closure.

A slightly different behaviour can be seen for R-L
orientation (Fig. 3b), where the lowest closure levels
are obtained in the 20 µm SiCp composite and the
5 µm SiCp and 60 µm SiCp composites exhibit the
same closure levels. In the unreinforced alloy, the crack
closure behaviour is found to depend strongly on the
types of FCP experiments. Under increasing �K con-
dition (open symbol), the closure levels are extremely
high and increase with decreasing Kmax, as well as for
L-R orientation. However, under decreasing �K con-
dition (solid symbol), the closure levels decrease with
decreasing Kmax. Fig. 4 represents the crack closure
behaviour under both test conditions as a function of
crack length. This result also provides further evidence
showing the effect of compressive residual stress in the
unreinforced alloy. Under decreasing �K condition,
the closure levels decrease with increasing crack length
in spite of the decrease in �K . This indicates that the
decrease in closure level due to the release of compres-
sive residual stress with increasing crack length takes
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place more rapidly than the increase with decreasing
�K . However, further study is needed to make clear
the reason why such large compressive residual stress
was introduced.

Figure 4 Crack closure behaviour in unreinforced alloy as a function of
crack length.

Figure 5 Optical micrographs showing crack path profiles in SiCp/Al composites. Note that the magnification of micrographs for the 5 µm SiCp/Al
composite differs from that for other composites.

3.3. Fracture surface morphology
The crack paths of the unreinforced alloy were rather
smooth regardless of �K and orientation. This clearly
indicates that the remarkable crack closure seen in
Fig. 3 cannot be attributed to fracture surface roughness.
Fig. 5 reveals crack path profiles at two different �K
values in all the composites. Tortuous crack paths can
be seen, which becomes more remarkable with increas-
ing particle size, because there is a strong propensity
that cracks grow avoiding particles, as will be described
later. Crack paths are also more tortuous for L-R orien-
tation compared with R-L orientation. This results from
the alignment of SiC particles to the extrusion direction
(L-plane) (see Fig. 1) and the aspect ratio of particles.

Representative examples of the fracture surface mor-
phology are shown in Fig. 6, which were obtained at
the midthickness of the specimens at �K = 6 MPa

√
m

in all the composites. As described above, two particu-
lar points are clearly noticed: one is increasing surface
roughness with increasing particle size and the other
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Figure 6 Fracture surface roughness observed at �K = 6 MPa
√

m in SiCp/Al composites.

is much rougher surface for L-R orientation than for
R-L orientation. Although there is an exception that
crack closure behaviour does not correspond to frac-
ture surface roughness (remarkable crack closure, but
low roughness for R-L orientation in the 5 µm SiCp
composite), crack closure of the present SiCp/Al com-
posites is assumed to be mainly induced by fracture
surface roughness resulting from crack path deflection.

3.4. Particle size dependence of intrinsic
FCP resistance in the composites

The FCP behaviour characterized in terms of the effec-
tive stress intensity factor range, �Keff, is represented
in Fig. 7. It should be noticed that the FCP rates of all the
composites after allowing for crack closure are nearly
the same regardless of orientation, i.e. the differences in
FCP rate among the composites seen in Fig. 2 are almost
diminished, indicating that crack closure is responsible
for the particle size dependence of FCP behaviour. It
has also been indicated that with the closure effects ac-
counted for, the effects of volume fraction and particle
size were significantly diminished or eliminated [3, 13].
Also noticed in the figures is the superior intrinsic FCP
resistance of the composites to the unreinforced alloy.
From the comparison of L-R (Fig. 7a) and R-L (Fig. 7b)

orientations, the FCP behaviour for both orientations is
almost identical, with the exception of a slight differ-
ence in high �Keff region, showing that crack closure
is also responsible for the effect of orientation. There-
fore, it is concluded that the intrinsic FCP resistance
of the composites does not depend on particle size and
orientation.

3.5. FCP mechanisms of the composites
Figs 8–10 reveal SEM micrographs of the fracture sur-
faces at two different �K values in all the composites.
In the 5 µm SiCp composite (Fig. 8), there is no remark-
able difference in fracture surface appearance between
both orientations and no SiC particles can be seen even
in high �K region where the reversed plastic zone size
becomes large, indicating that the crack grow predom-
inantly within the matrix. This also suggests that the
particle/matrix interface is strong enough to inhibit in-
terfacial cracking. Although the crack grows avoiding
particles, the resulting fracture surface roughness is rel-
atively small (see Fig. 6) because of the fine particle
size.

The features of fracture surface appearance are very
similar between the 20 µm SiCp and 60 µm SiCp com-
posites (Figs 9 and 10). Regardless of orientation, some
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Figure 7 Relationships between crack propagation rate and effective stress intensity factor range: (a) L-R orientation, (b) R-L orientation.

Figure 8 SEM micrographs of fracture surfaces in 5 µm SiCp/Al composite.

particles can be seen on the fracture surfaces and the
number of particles tends to increase with increasing
�K . It should be noted that most of particles appear-
ing on the fracture surfaces are fractured. If particles
are located ahead of the crack tip, then particle fracture
would occur; this propensity would be marked in the
composites with coarser particles because the particle
strength decreases with increasing particle size [1]. In
addition, no interfacial crackings or voids around par-
ticles are seen independent of �K , also suggesting the
strong interfacial strength.

Fig. 11 shows the area fraction of particles appear-
ing on the fracture surfaces in the 20 µm SiCp and
60 µm SiCp composites as a function of �K . As al-
ready described, no particles were seen in the 5 µm
SiCp composite regardless of �K . With the excep-
tion of larger fractions in the 60 µm SiCp composite
than the 20 µm SiCp composite over the �K range
examined, both composites exhibit the same tendency.
Three particular points are noticed; the first point is
the increased fraction of particles with increasing �K
[3], but the fractions of particles at all �K values are
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Figure 9 SEM micrographs of fracture surfaces in 20 µm SiCp/Al composite.

Figure 10 SEM micrographs of fracture surfaces in 60 µm SiCp/Al composite.

smaller than those examined on the metallographic sec-
tion. This suggests that cracks tend to avoid particles
even in high �K region. The second point is the larger
fraction of particles for R-L orientation than for L-R
orientation, resulting from larger area of each particle
due to the aspect ratio and the number of particles in
the former orientation. The third point is nearly the
same fraction of particles in a pair of fracture surfaces.
This results from the fact that most of particles appear-
ing on the fracture surfaces were fractured as seen in
Figs 9 and 10.

3.6. Correlation of FCP data with �K
normalized by the modulus of elasticity

It has been well known that FCP rates are strongly de-
pendent on the modulus of elasticity, E . FCP rates of
materials with smaller E are generally faster than those
of materials with larger E , but when FCP data are char-
acterized by �K normalized with respect to E , �K/E ,
differences in FCP response tend to be largely dimin-
ished. Such a result was also obtained in SiCp/6061Al
composite [11], in which crack closure measurement
has not been done. As shown in Table II, the particle
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Figure 11 Area fraction of SiC particles appearing on fracture surfaces as a function of stress intensity factor range: (a) 20 µm SiCp/Al composite,
(b) 60 µm SiCp/Al composite.

Figure 12 Relationships between crack propagation rate and effective stress intensity factor range normalized with respect to elastic modulus:
(a) L-R orientation, (b) R-L orientation.

size exerted no significant influence on the E values
of the composites which were 17% larger compared
with the unreinforced alloy. Fig. 12 shows the FCP be-
haviour characterized in terms of �Keff/E . It can be
clearly seen that the differences in FCP rate between
the unreinforced alloy and the composites observed in
Fig. 7 almost disappear regardless of orientation. There-
fore, the intrinsic FCP resistance after taking into ac-
count crack closure and the modulus of elasticity does
not depend on the addition of the reinforcement and
particle size.

4. Conclusions
FCP behaviour was studied in SiCp/2024Al compos-
ites with three different particle sizes, 5 µm, 20 µm

and 60 µm, for a given volume fraction of the rein-
forcement, and the effects of particle size and fracture
mechanisms were discussed on the basis of crack clo-
sure measurement, crack path and fracture surface ob-
servation. The effect of orientation was also discussed.
The following conclusions can be made.

1. When the FCP data were characterized in terms
of �K , FCP rates tended to decrease with increasing
particle size regardless of orientation. After allowing
for crack closure, the differences in FCP rate among the
composites were almost diminished and the composites
exhibited lower FCP rates than the unreinforced alloy.

2. In the composites, crack deflection i.e. frac-
ture surface roughness was more remarkable with
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increasing particle size and in L-R orientation, which
led to significant roughness induced crack closure.

3. Taking into account the difference in the modulus
of elasticity in addition to crack closure, the differences
in FCP behaviour between the unreinforced alloy and
the composites almost disappeared.

4. No particles were observed on the fracture sur-
faces even in high �K region in the 5 µm SiCp compos-
ite and thus the crack propagated predominantly within
the matrix in the entire �K region.

5. In the 20 µm SiCp and 60 µm SiCp composites,
the area fraction of particles appearing on the fracture
surfaces was the same in a pair of fracture surfaces,
reflecting particle fracture. It increased with increasing
�K and in R-L orientation, but was smaller than that
examined on the metallographic sections even in high
�K region, thus there was the strong propensity that
cracks grew avoiding particles.
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