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Abstract: The fatigue crack growth (FCG) mechanism of a cast hybrid metal matrix composite (MMC) reinforced with SiC particles
and Al,O3 whiskers was investigated. For comparison, the FCG mechanisms of a cast MMC with Al,O; whiskers and a cast Al alloy
were also investigated. The results show that the FCG mechanism is observed in the near-threshold and stable-crack-growth regions.
The hybrid MMC shows a higher threshold stress intensity factor range, AKy,, than the MMC with Al,O; and Al alloy, indicating
better resistance to crack growth in a lower stress intensity factor range, AK. In the near-threshold region with decreasing AK, the two
composite materials exhibit similar FCG mechanism that is dominated by debonding of the reinforcement-matrix interface, and
followed by void nucleation and coalescence in the Al matrix. At higher AKX in the stable- or mid-crack-growth region, in addition to
the debonding of the particle-matrix and whisker—matrix interface caused by cycle-by-cycle crack growth at the interface, the FCG is
affected predominantly by striation formation in the Al matrix. Moreover, void nucleation and coalescence in the Al matrix and
transgranular fracture of SiC particles and Al,O; whiskers at high AK are also observed as the local unstable fracture mechanisms.
However, the FCG of the monolithic Al alloy is dominated by void nucleation and coalescence at lower AK, whereas the FCG at
higher AK is controlled mainly by striation formation in the Al grains, and followed by void nucleation and coalescence in the Si

clusters.
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1 Introduction

Discontinuously reinforced metal matrix composites
(MMCs) have attracted extensive research interest in the
past few decades owing to their high specific strength,
and high wear resistance as compared with their
corresponding monolithic alloys. Reinforcement using
particulates generally results in isotropic mechanical
properties, which have led to numerous structural
applications for aluminium-based metal
composites (AI-MMC) in the automobile and aerospace
industries [1].

A large number of systematic experimental studies
have been conducted to determine the FCG responses of
a variety of aluminium alloys reinforced with either SiC
or Al,O; particulates [2—9]. These studies concluded that,
in general, composite materials had higher threshold
values in the stress intensity factor range, AKy, than their

matrix

monolithic materials. CHAWLA et al [10] observed that
increasing volume fraction and decreasing particle size
resulted in an increase in AKy,. Moreover, BOTSTEIN et
al [11] found higher crack growth rates in the
mid-growth rate (Paris law) region than monolithic
alloys while doing experiments with Al2014—40%SiC,
and  Al7091-30%SiC, composites.  Furthermore,
SUGIMURA and SURESH [4] explained that large SiC
particulate-reinforced composites demonstrated lower
FCG performance with increased AK because of a
particle fracture-dominated growth mechanism. In
addition, several researchers have investigated the effect
of particle clustering on FCG in AI-MMCs [11,12]. They
determined that particle clustering significantly increased
crack growth in the mid-growth rate (Paris law) region. It
has been widely demonstrated that the FCG response of
SiC particulate-reinforced composites strongly depended on
the nature of the underlying interaction between the
reinforcing particles and the advancing fatigue crack
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front. Several studies have explained this interaction in
terms of particle—matrix interfacial debonding [3,7],
particle fracture [4,13], crack deflection around the
reinforcing particles and subsequent FCG through the
matrix [2,13,14], and particle crack trapping [15].

Many of the FCG studies described above were
performed with either particulate- or whisker-reinforced
MMCs, and a few investigations have been made
recently in which the FCG behavior of hybrid
reinforcements was investigated. For example, the effects
of whiskers and particles on fatigue crack growth in SiC,
and SiC,, hybrid composites were compared by MASON
and RITCHIE [16]. They observed that crack growth
resistance in the composites was superior to that in a
monolithic alloy at low stress intensity ranges, AK,
owing to the formation of tortuous crack paths, which in
turn enhanced roughness-induced crack closure. OH and
HAN [17] pointed out that the increase in AKy with
increasing particle content in hybrid MMCs reinforced
with Al,O; short fibers and Al,O; particles indicates that
the crack growth resistance was enhanced over the entire
AK, and thus hybrid-reinforced composites provide better
control of damage tolerance properties over conventional
particle-reinforced composites. However, the FCG
behavior of cast hybrid MMCs reinforced with SiC
particles and AL,O; whiskers has not yet been
investigated. The authors strongly believe that
investigating the FCG mechanism of cast hybrid MMCs
would provide a better understanding to use this material
in large-scale structural applications, e.g., the brake disc
of a high-speed railway coach.

In the present study, the FCG mechanism in the
near-threshold region and mid-growth-rate (Paris law)
region was thoroughly investigated in three different
types of materials: cast hybrid MMC (SiC particles+
AlL,O; whiskers), cast MMC reinforced with Al,O;
whiskers, and unreinforced cast Al alloy. The
experimental results are discussed in terms of a
comparison of the observed mechanisms in the three
materials.

2 Experimental

Three types of materials were used to investigate
the fatigue crack growth mechanisms: cast aluminium
alloy JIS-AC4CH [18], cast MMC with 9% AlLO;
whiskers as reinforcement, and cast hybrid MMC. The
hybrid MMC was fabricated with 21% (volume fraction)
SiC particles and 9% Al,O; whiskers as reinforcements
and the aluminium alloy JIS-AC4CH as the matrix. As
reported previously [19], because of the formation
process of the preforms, the whiskers in both MMCs
were randomly oriented in a plane. In this article,
“longitudinal cross section” is defined as the plane and

“lateral cross section” is defined as that perpendicular to
the plane. The mechanical properties of reinforcement
and tested materials are shown in Table 1. The listed
properties for both MMCs are in the direction of the
longitudinal cross section. Figure 1 illustrates the
microstructures of the three materials in the lateral and
the longitudinal cross sections. Most of the SiC particles
in the hybrid MMC are rectangular with sharp corners
(Figs. 1(a) and (b)) and most of the Al,O; whiskers in
both MMC materials are roller-shaped (Figs. 1(a)—(d)).
The average length of the SiC particles is 23 pm. The
average length of the Al,O; whiskers is 35 um in the
hybrid MMC and 38 pm in the MMC with Al,Os
whiskers. The average diameter of the Al,O; whiskers is
2 pm in both MMCs. In the Al alloy, the average grain
size is found to be 48 um. The Si particles in the Al alloy
are round with an average diameter of 3 um. In both
MMC materials, clusters of SiC particles and Al,O;
whiskers are observed at frequent intervals, as indicated
by the broken lines in Figs. 1(b) and (d), respectively.
Clustering of Si is also observed in the Al alloy, as
shown by the broken line in Fig. 1(f).

Table 1 Mechanical properties of reinforcement and tested

materials
.. Alalloy Hybrid MMC with
Parameter  Al,O; SiC .
AC4CH MMC Al,O3 whisker
Elastic
380 450 70.0 142 104
modulus/GPa
Poisson ratio 0.27 0.20 0.33 0.28 0.29
Yield
- - 131 166 141
strength/MPa
Tensile
- - 262 228 200
strength/MPa
Tensile
. - - 9.22 2.77 5.44
elongation/%

Fatigue crack growth experiments were carried out
on rectangular bar single-edge notched specimens by
conventional three-point bending tests in a Shimazu
ServoPulser using a special bending fixture equipped
with a 5 kN load cell. The specimen dimensions are as
follows: length of 100 mm, thickness of 8 mm, width of
6 mm, and notch width of 0.5 mm. The specimens were
prepared by polishing the machined surface of the
specimens using a polishing machine with 15, 3, and 1
um diamond particles sequentially until all scratches and
surface machining marks were removed. The span
distance was 60 mm. Tests were conducted under AK
control mode with a constant stress ratio R=0.1 in
sinusoidal loading in accordance with the guidelines in
ASTM E647 [20]. A decreasing AK procedure was used
to determine the threshold stress intensity. The stress
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Fig. 1 Microstructures in lateral and longitudinal directions: (a), (b) Hybrid MMC; (c), (d) MMC with Al,O; whiskers; (e), (f) Al alloy

intensity corresponding to a crack growth rate of 107"
m/cycle was taken as the threshold stress intensity, AKy,.
Once AKy was determined, the crack growth was
continued by increasing AK. Crack growth was measured
using Bioden replicating films softened in acetone. The
replicas were examined using an optical microscope. The
tensile and fracture surfaces were comprehensively
examined using scanning electron microscopy (SEM)
and energy-dispersive X-ray spectroscopy (EDS), JEOL
JSM-5600LV to characterize the near-threshold and
stable- or mid-growth rate regions. Moreover,
three-dimensional (3D) analysis was carried out to
examine the roughness of the fracture surface using Mex
software [21].

3 Results and discussion

Figure 2 demonstrates the fatigue crack growth
characteristics for the hybrid MMC, MMC with Al,O4
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Fig. 2 Fatigue crack growth behaviour of hybrid MMC, MMC
with AL,O; whisker and Al alloy

whiskers, and Al alloy JIS-AC4CH under three regions:
near threshold, stable crack growth, and rapid crack
growth. The composite material reinforced with only
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whiskers shows a higher crack growth rate (da/dN) than
the monolithic alloy in the stable- and rapid-crack-
growth regions. However, the hybrid MMC has a higher
AKy, than the MMC with AlL,O; and the Al alloy, as
summarized in Table 2. The higher value of AKy, for the
hybrid MMC can be attributed to the higher modulus of
the composite, which results in a lower crack-tip-opening
displacement (CTOD) for a given applied AK. Treating
the MMC as a homogeneous material, the CTOD of the
three materials at threshold is calculated by using the
Dugdale model assuming small-scale yielding [22] and
the results are presented in Table 2. The results show that
the hybrid MMC has the lowest crack-tip-opening
displacement at the threshold stress intensity factor. The
results are consistent with data in Refs. [23,24].
Furthermore, the two composites show higher values
of the Paris-law exponent (m) than the unreinforced Al
alloy, as presented in Table 2. The higher Paris-law slope

Table 2 Fatigue crack growth test results and CTOD

of the composites is thought to be due to lower fracture
toughness of the composites relative to the unreinforced
alloy. Moreover, the hybrid MMC exhibits better FCG
resistance than the MMC with Al,O; over the entire
stress intensity range.

3.1 Hybrid MMC

Figures 3(a) and (c) illustrate the replica observation
of FCG in the near-threshold and stable-crack-growth
regions in the hybrid MMC. The horizontal arrows in the
figures indicate the crack propagation direction. The
value of da/dN is 1.64x10!! m/cycle in the AKy, of 6.6
MPa'm'?. Significant branching of the crack is seen near
the crack tip in the threshold region (Fig. 3(a)). It has
been reported that microstructural inhomogeneities such
as inclusions, grain boundaries, and interfaces can
generate crack kinking or branching, which cause
significant retardation or even arrest of the subsequent
crack propagation by reducing the crack driving force
[24]. In the hybrid MMC, 21% (volume fraction) stiff
SiC particles and 9% Al,O; whiskers are present as
inclusions, and thus the development of crack branching
is significant, resulting in a reduction of the crack growth
rate. Moreover, secondary microcracks with lengths of
approximately 20—100 pm are observed ahead of the
crack tip in both regions (indicated by arrows in Figs.
3(a) and (c)). These secondary microcracks form at the
interface of the SiC particles and the Al matrix. It is
evident from Figs. 3(a) and (c) that the number of
secondary microcracks formed ahead of the crack tip in

Fatigue Paris Paris-law ~ CTOD at
Material threshold, constant, exponent, threshold/
AKy/(MPam'?) m m
Hybrid
yor 6.6 87x105 6 1.8x10°6
MMC
MMC
with 5 22x1071 6.3 4x107°
AlLO;
Al all
a‘oy 42 7.8x10 45 1.9x10°
AC4CH
ey [
QS
v v » .
) Crack tip

g

Crack tip

Fig. 3 Fatigue crack growth in hybrid MMC: (a), (c) Replica observation in near-threshold and stable-crack-growth regions; (b), (d)

Matching tensile surface in near-threshold and stable-crack-growth regions
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the stable-crack-growth region is reasonably higher than
the microcracks formed in the threshold region in the
hybrid MMC. Figures 3(b and (d) show optical
micrographs of the near-threshold and stable-crack-
growth regions, respectively, on the matching tensile
surface of the fractured specimen. It is apparent that the
threshold occurs at the cluster of SiC particles and Al,04
whiskers, as shown in Fig. 3(b). No broken SiC particles
are observed along the crack path in the near-threshold
region (Fig. 3(b)), but partially broken particles are
observed in the stable-crack-growth region (as indicated
by the “Particle” and the “Whisker” arrows in Fig. 3(d)).
Furthermore, the debonding of the SiC particles and Al
matrix is frequently seen in both regions (as indicated by
the “Particle” and the “Matrix” arrows in Figs. 3(b) and
(d)). Once a crack meets a particle, it avoids the particle
and detours round it.

Crack deflection around a particle is quite
frequently seen regardless of AK value. During cyclic

\"b\'\'l ’Q
r -,

loading, large strain mismatch occurs between the SiC
particles and the Al matrix due to the elastic-plastic
deformation mismatch and the stress becoming too high
at the particle-matrix interface and cracks deflected
round the particles. Moreover, many Al,O; whiskers are
found fractured or debonded from the Al matrix along
the crack path in the near-threshold region as well as in
the stable-crack-growth region. With planar random
orientation of the whiskers, cracks meet the reinforcing
whiskers either longitudinally or transversely. When a
crack meets a longitudinal whisker, the whisker fractured
ahead of the crack tip (as indicated by the “Whisker” and
the “Whisker” arrows in Fig. 3(b)). The fracture mode
resembles sectional-cut rather than pull-out, even though
sometimes the corresponding AK is low. However, when
a crack meets a whisker in the transverse direction, the
whisker pulls the crack into the whisker—matrix interface
and the successive interfacial separation occurs
(indicated by “Whisker” arrows in Fig. 3(d)). Figure 4(a)

Fig. 4 Fatigue crack growth in hybrid MMC: (a), (¢) SEM micrographs in near-threshold and stable-crack-growth regions;

(b), (d) EDS analysis in near-threshold and stable-crack- growth regions
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shows the SEM image of the matching fracture surface
of the FCG in the near-threshold region. Figure 4(b)
shows the EDS mapping analysis results of the areas
corresponding to Fig. 4(a). The green, blue, and red
colors in Fig. 4(b) indicate the presence of Al, Si, and O,
respectively, on the fracture surfaces. In Fig. 4(b), the
blue area indicated by P contains a significant amount of
Si (96%) and a small amount of Al (4%), which
identifies the area as a SiC particle (corresponding to P
in Fig. 4(a)). The green area indicated by M contains a
large amount of Al (95%) and a small amount of Si (5%),
indicating that this area is the Al matrix (corresponding
to M in Fig. 4(a)). Therefore, the blue and green areas
indicated by the P—M pairs in the matching halves
denote SiC particle-matrix interfacial debonding in the
near-threshold region. Moreover, the red area (indicated
by W in Fig. 4(b)) contains a large amount of Al (84%)
and a small amount of O (16%), indicating the presence
of an Al,O; whisker (corresponding to W in Fig. 4(a)).
The green area indicated by M; on the opposite side of
the fracture surface indicates the Al matrix (Fig. 4(b)).
Therefore, the W—M, pair in Fig. 4(b) (corresponding to
the W—M,; pair in Fig. 4(a)) denotes Al,O; whisker—
matrix interfacial debonding in the near-threshold region.
Around the P—M and the W—M, pairs in Fig. 4(a), a
number of dimples are nucleated (indicated by the D
arrow in Fig. 4(a)) in the Al alloy matrix. EDS mapping
analysis confirms the presence of a few Si particles on
the opposite sides of the dimples. Dimple formation
indicates the occurrence of void nucleation, which is
induced by plastic deformation of the Al matrix around
the second-phase Si particles. In addition, the SEM
micrograph of the matching fracture surface of the FCG
in the stable-crack-growth region and corresponding
EDS mapping analysis results are presented in Figs. 4(c)
and (d), respectively. Similar observation of particle—matrix
interfacial  debonding, = whisker—matrix  interfacial
debonding, and void nucleation/coalescence in the Al
matrix is found in this region. Moreover, the blue P,—P,

pair and the red W,—W, pair in Fig. 4(d) indicate the
presence of SiC particles and Al,O; whiskers,
respectively, on both sides of the fractured surface,
meaning that interfacial debonding is followed by
transgranular fracture in this crack-growth region
(corresponding to the P,—P; pair and W—W) pair in Fig.
4(c)). Furthermore, striation marks are observed in a few
places in the stable-crack- growth region, as shown in
Fig. 5(a). The average spacing of the striations is
calculated to be 1.1 um, which is very close to the da/dN
value of 1 pum/cycle at this stage. Moreover, the area
fraction of the striations in the hybrid MMC in the
stable-crack-growth region is calculated to be only
12.4%, as shown in Table 3. The EDS mapping analysis
confirms that the striations form in the Al matrix (Fig. 5(b)).
Because of the high plastic deformation of the Al matrix,
the striation morphologies form in this crack-growth
region during cyclic loading. However, the presence of
Al,O3 whiskers and stiff SiC particles keeps the striation
formation in a very limited area in the hybrid MMC.
Figure 5(c) represents the 3D analysis of the striation.
The top-to-top and bottom-to-bottom correspondence of
the cyclic roughness indicates the wake of the crack-tip
blunting and resharpening.

Figure 6 demonstrates the 3D analysis of crack
propagation from one SiC particle to another SiC particle
in the near-threshold and stable-crack-growth regions.
The crack surface profile of Fig. 6(b) clearly exhibits the
existence of submicron roughness on the debonded
particle—matrix interface. The edge of the dimple
corresponds to the edge of the debonded interface, which
means that the voids between the SiC—Al interfaces grow
until they coalesce with the interfacial crack. However,
the interfacial fracture between SiC-4 and Al alloy-4,
indicated as a cross-sectional shape in Fig. 6(d), shows
cyclic roughness, with an interval having the same order
of magnitude as the crack growth rate. This means that
the crack grows cycle by cycle at the interface, indicating
that debonding take place over a number of cycles.

Distance/pm

0 2 4 6 8 10 12
Distance/pm

14 16

Fig. 5 Matching surface of striation formed in stable-crack-growth region of hybrid MMC: (a) SEM micrograph; (b) EDS mapping

analysis; (c) 3D analysis
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Table 3 Area fraction of striation in stable-crack-growth region
of three materials (AK: Hybrid MMC,16.4 MPa-m'%; MMC
with Al,O3, 13 MPa-m"? and Al alloy, 18 MPa-mm)

Material Hybrid MMC MMC with AL,O; Al alloy
12.4 41.5 76.3

Area fraction/%

The area fraction of SiC particle and Al,O3; whisker
fracture and debonding between particle-matrix and
whisker—matrix and the area fraction of dimples in the
near-threshold and stable-crack-growth regions in hybrid
MMC are presented in Table 4. The results indicate that
interfacial debonding is the dominant mechanism of crack
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Fig. 6 3D analysis of crack propagation from one SiC particle to another in hybrid MMC: (a), (¢c) Matching fracture surface in

s7

growth in the near-threshold region, whereas particle
fracture and whisker fracture play a vital role during
crack growth in the mid-growth region. However, dimple
formation is highly dominant in both regions. From the
above observations, the FCG behavior of hybrid MMC is
clearly perceived. In the near-threshold region, where the
AK value is very low, the crack propagated by particle-matrix
and whisker—matrix interfacial debonding is followed by
void nucleation and coalescence. Further, with the higher
AK values in the stable-crack-growth region, the crack
propagated by the interfacial debonding of particle-matrix
and whisker—matrix causes the cycle-by-cycle crack growth
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- (b) [ I 1 !
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near-threshold and stable-crack-growth regions; (b), (d) Crack surface profile in near-threshold and stable-crack-growth regions

Table 4 Area fraction of SiC particle and Al,O; whisker fracture and debonding between particle—matrix and whisker—matrix and
area fraction of dimples of hybrid MMC in near-threshold region (AK: 6.6 MPa-m'"?) and stable-crack-growth region (AK: 16.4 MPa- m'?)

Area fraction of SiC Particle/%

Area fraction of Al,O5; whisker/%

Crack growth region

Area fraction of dimple/%

Fracture Debonding Fracture Debonding
Near-threshold 3.7 17.4 1.6 4.9 72.4
Stable-crack-growth 19.5 5.6 34 6.3 52.8
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on the interface, as well as the transgranular fracture of
particles and whiskers followed by striation formation
and void nucleation in the Al alloy matrix.

3.2 MMC with Al,O3; whiskers

Figures 7(a) and (c) show the replica observation of
FCG in the near-threshold and stable-crack-growth
regions in the MMC with Al,O; whiskers. It is seen on
the specimen surface that the threshold occurs at the edge
of a whisker angled toward the crack path. The value of
da/dN is 1.02x10"" m/cycle at AKy of 5 MPa m'2
Because of the absence of interfacial fracture between
the SiC particles and the Al matrix, the branching of
cracks in the MMC with Al,O; whiskers (indicated by
arrow in Fig. 7(a)) is found to be less than that occurred
in the hybrid MMC (indicated by arrow in Fig. 3(a)).
Moreover, the number of secondary microcracks formed
in the stable-crack-growth region of the MMC with
Al,O; whiskers is found to be reasonably less than that
of the hybrid MMC. Figures 7(b) and (d) show the
optical micrographs of the near-threshold and stable-
crack-growth regions, respectively, of the matching
tensile surface of the fractured specimen. The whisker
shown in Fig. 7(a) is debonded from the matrix as the
crack grows under AK that is relatively higher than the
threshold value. Crack deflection is smaller in the MMC
with Al,O; than in the hybrid MMC.

Figures 8(a) and (b) illustrate the SEM micrograph
and corresponding EDS mapping analysis results,
respectively, of the matching fracture surface of the FCG
in the near-threshold region. The vertical dotted lines in

Figs. 8(a) and (b) indicate the locations where the
threshold occurs. The observed Al,O; whisker—matrix
interfacial debonding (W—M pair) and whisker fracture
(W,—W, pair) are similar to that in the hybrid MMC in
the near-threshold and the stable-crack-growth regions. A
few dimples originate in the near-threshold region
(indicated by D arrow in Fig. 8(a)) in the Al alloy matrix
but the edges are indistinct. Al,O; whiskers (W and W} in
Figs. 8(a) and (b)) are present ahead of the crack tip
when the threshold is reached, which indicates that the
crack is arrested when it meets Al,O; whiskers at the
inner part of the specimen. Significant numbers of
striation marks are observed in the stable-crack-growth
region (indicated by the “Striation” arrows in Fig. 8(c)).
The area fraction of the striations in the MMC with
Al O; in the stable-crack-growth region is calculated to
be 41.5%, as shown in Table 3. The EDS mapping
analysis confirms that the striations form at the Al matrix.
Because of the presence of only 9% of Al,O; whiskers as
reinforcement, the inter-reinforcement spacing in the
MMC with Al,O; whiskers is reasonably large and
relatively large Al grains are present as compared with
hybrid MMC. Formation of a multiple slip system is
available because of the large Al grains. Thus, striation
morphologies are formed over a relatively larger area in
the MMC with ALLO; whiskers as compared with the
hybrid MMC. These results indicate that at lower AK
values, fatigue crack growth is controlled by debonding
of the whisker—matrix interface and void nucleation
and coalescence in the Al alloy matrix. However, at
higher AK values, FCG is controlled by debonding of the
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Fig. 7 Fatigue crack growth in MMC with Al,O; whisker: (a), (c) Replica observation in near-threshold and stable-crack-growth

regions; (b), (d) Matching tensile surface in near-threshold and stable-crack-growth regions
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Fig. 8 Fatigue crack growth in MMC with Al,O; whlsker (a), (c) SEM observatlon in near-threshold and stable-crack-growth
regions; (b), (d) EDS analysis in near-threshold and stable-crack-growth regions

interface as well as whisker fracture followed by striation
formation and void nucleation in the Al matrix.

3.3 Al alloy

The replica observation and the corresponding
surface of FCG in the threshold region of the Al alloy are
shown in Figs. 9(a) and (b), respectively. It is obvious
from Fig. 9(b) that the fatigue threshold occurs at the
cluster of Si particles on the specimen surface. The value
of da/dN is 2.72x10™ " m/cycle when the value of AKy, is
4.2 MPa m'?. Moreover, Figs. 9(c) and (d) represent the
replica observation and optical micrograph, respectively,
of the Al alloy in the stable-crack-growth region. It is
observed that the crack moves along the boundary
between the Si particle cluster and the Al grains on the

specimen surface. Crack branching and secondary
microcracks are found very less near the crack tip in the
near-threshold and stable-crack-growth regions (Figs. 9(a)
and (c)) in comparison with the hybrid MMC and the
MMC with ALO; whiskers. In the Al alloy, only Si
particles with 3 um in diameter are present as inclusions.
Therefore, the microstructural homogeneity of this
material is higher than those of the other two composite
materials, and limited crack branching is seen during
FCG. Figure 10(a) shows the SEM micrograph of the
matching fracture surface of the Al alloy in the
near-threshold region, showing a relatively smooth
surface with dimples. In the EDS mapping in Fig. 10(b),
Si particles are observed on the fracture surface, which
means that the crack has reached its threshold at the Si
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Fig. 9 Fatigue crack growth in Al alloy: (a), (c) Replica observation in near-threshold and stable-crack-growth regions; (b), (d)

Matching tensile surface in near-threshold and stable-crack-growth regions

particle cluster at the inner side of the specimen.
Moreover, Figs. 10(c) and (d) represent the fracture
surface and the corresponding EDS analysis results,
respectively, in the stable-crack-growth region. Numerous
striation marks are observed on this fracture surface
along the crack propagation path. The average spacing of
the striations is calculated to be 1 pm, which is close to
the value of da/dN at this stage. The area fraction of the
striations in this region is calculated to be 76.3%, as
shown in Table 3. The large green areas in Fig. 10(d)
confirm the presence of Al grains where the striations
form. In the stable-crack-growth region, multiple slip
systems are in operation because of the presence of large
Al grains. Consequently, striation morphologies form in
large Al grains along the crack propagation path during
cyclic loading. Moreover, in the stable-crack-growth
region, the number of dimples is limited in the cluster of
Si particles (indicated by arrows in Fig. 10(c)).

Figure 11 illustrates the FCG mechanism of the
hybrid MMC, MMC with Al,O; whiskers, and Al alloy
in two different crack growth regions. The figure shows
that the fatigue crack growth mechanisms in the two
different regions of three different materials are
strikingly different. Figures 11(a), (c), and (e) illustrate
the crack growth mechanism in the near-threshold region
of the three materials. It appears that reinforcement
debonding is the dominant mechanism of crack growth

in the near-threshold region for both composite materials.
The fatigue threshold AKy and crack growth in the
near-threshold region is previously explained in terms of
crack closure [25]. It has been reported that several
variables, including crack surface roughness, yield
strength, and elastic modulus can influence crack closure
and the value of the fatigue threshold AKy, [25,26].
Because the hybrid MMC contains SiC particles and
Al,O; whiskers, the modulus mismatch occurs between
the particles, whiskers, and matrix. From the 3D analysis
(Figs. 6(a) and (b)), the fracture of interface between the
SiC particles and the Al alloy matrix is very frequently
seen in the near-threshold region of hybrid MMCs,
which leads to an increase in surface roughness as
compared with the other two materials. Consequently,
the fatigue threshold AKjy, in the hybrid MMC increases.
Furthermore, the elastic modulus and yield strength are
also two important variables that can influence crack
closure. It has been stated that a high modulus promotes
crack closure [27]. In the mechanical properties set out in
Table 1, the elastic modulus of the hybrid MMC is higher
than that of the other two materials. Therefore, the crack
growth resistance of the hybrid MMC is higher and the
fatigue threshold increases. Figures 11(b), (d), and (f)
illustrate the crack growth mechanisms in the stable- or
mid-crack-growth regions of the three materials. Particle
and whisker debonding from the matrix caused by the
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Fig. 10 Fatigue crack growth in Al alloy: (a), (c¢) SEM observation in near-threshold and stable-crack-growth regions; (b), (d) EDS

analysis in near-threshold and stable-crack-growth regions

cycle-by-cycle crack growth at the interface and particle
fractures in the hybrid MMC are frequently seen in this
region. It has been stated that when the plastic zone is
much larger than the size of the particles, the particle
fracture may take place. Inserting the reinforcing
particles and whiskers reduces the striation formation
owing to the fracture of the reinforcing materials. The
reduction of striation formation thus increases the crack
propagation rate in the two MMCs.

4 Conclusions

1) The presence of SiC particles and Al,O; whiskers
in very close proximity facilitates the microstructural
inhomogeneity of the cast hybrid MMC. In the low AK
region, the SiC particles either act as barriers to cracks
and or deflect the growth planes of cracks. In addition to

the high elastic modulus, crack deflection gives the cast
hybrid MMC better fatigue crack growth resistance than
the cast MMC with Al,O; whisker and the cast Al alloy
in the low AK region.

2) The FCG mechanisms of both MMC materials at
decreasing AK in the near-threshold region are found to
be quite similar. For both materials, FCG is dominated
by the debonding of particle-matrix and whisker—matrix
interfaces, and followed by void nucleation in the Al
alloy matrix. The FCG reaches its threshold when the
crack encounters the inhomogeneous distribution of the
reinforcement or second-phase particles, i.e., the cluster
of SiC particles and Al,O3; whiskers in the cast hybrid
MMC, the Al,O; whiskers in the cast MMC with Al,Os,
and the cluster of Si particles in the cast Al alloy.

3) The FCG mechanism of both MMCs with
increasing AK value in the stable- or mid-crack-growth
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Fig. 11 Schematic diagrams of fatigue crack growth mechanism in near-threshold and stable-crack-growth regions: (a), (b) Hybrid

MMC; (c), (d) MMC with Al,O5 whisker; (e), (f) Al alloy

region is the cycle-by-cycle crack growth along the
particle—matrix and whisker—matrix interface, as well as
the transgranular fracture of particles and whiskers. In
addition, striation formation and void nucleation in the
Al alloy matrix become the influential factors of crack
growth in this region. Moreover, in the Al alloy, the
FCG during higher AK values is controlled mainly by
the striation formation in the large Al grains, and
followed by the void nucleation and coalescence in the
Si cluster.
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