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The deformation and fracture behavior of as-solutionized SiCw/AZ91 magnesium matrix
composite was observed during the in-situ tensile straining in a transmission electron
microscope. The results indicated that the dislocation slip was impeded by the SiC
whiskers, a large number of dislocation pile-ups occurred around the whiskers. Microcracks
nucleated predominately at the SiC whisker rich regions and the matrix near SiCw-AZ91
interfaces. The SiC whiskers and twins prohibited the crack propagation. The microcracks
linked with each other and connected with the main crack, leading to the catastrophic
failure of the composite. The fracture processes of the composite were found to be
matrix-controlled. The poor ductility of the composite was attributed to the low inherent
ductility of the magnesium alloy matrix and the local stress concentration because of the
addition of the SiC whiskers. C© 2003 Kluwer Academic Publishers

1. Introduction
Discontinuously reinforced metal matrix composites
have a number of advantages over monolithic metal-
lic materials, such as high specific strength and stiff-
ness, increased creep and wear resistance, which make
them very attractive materials in aerospace, aircraft and
automobile industries. However, the commercial appli-
cation of these materials is severely restricted by their
low ductility and fracture toughness, which stem from
the presence of brittle ceramic reinforcement within a
ductile matrix. Thus, study of the failure mechanism of
these materials has become a research priority in recent
years [1–19].

The experimental characterization of the failure of
the composites can be achieved by serial sectioning or
by fractographic analysis of broken samples [1–3]. This
provides valuable information on the damage mecha-
nisms occurring in the bulk of the material, but very lim-
ited indication on the chronology of the damage events.
Because many mechanisms are involved in failure of
the metal matrix composites, it is difficult to identify
the dominant one and the contributions made by each
through the techniques mentioned above. This problem
can be overcome by performing in situ characteriza-
tion of failure during mechanical tests, such as in scan-
ning electron microscope (SEM) [4–7] and transmis-
sion electron microscope (TEM) [8–10]. In-situ SEM
and TEM tensile techniques can provide dynamic ob-

servation of the crack initiation and propagation. In-situ
SEM tensile technique can only be used to observe the
changes of surface microstructure, while in-situ TEM
straining technique can give more information, such as
the emission and motion of dislocations in the process
of deformation, sites of crack initiation, crack propaga-
tion path, as well as the effect of interface and inclusions
on the crack initiation and propagation. Although these
techniques have given some very interesting results on
the sequence of damage leading to the ultimate failure,
it has been suggested that the complex stress state which
prevails at the surface of the samples where in situ ob-
servation is performed may bias the determination of
the damage mechanisms occurring in the bulk materials
[7]. Therefore, the validity of such in situ observations
with respect to the bulk damage mechanisms has to be
checked.

Extensive researches have been carried out on the
deformation and fracture behavior of discontinuously
reinforced aluminum matrix composites with the above
techniques. These studies have concluded that failure
mechanisms are highly sensitive to the distribution,
morphology and size of reinforcement [1, 11], ma-
trix properties [4], the nature of matrix-reinforcement
interface [3, 12], fabrication method of the compos-
ites [2], and load condition [3]. These mechanisms
can be broadly divided into three classes [13]: rein-
forcement cracking; matrix-reinforcement decohesion;
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matrix ductile failure. The type of predominant damage
for a particular composite can be either one or combi-
nation of the types, depending on the microstructure of
the material and the external load applied.

Through these extensive investigations, a clear un-
derstanding of failure behavior in discontinuously re-
inforced aluminum matrix composites has begun to be
achieved. However, little research [14–19] has been
carried out on the deformation and fracture behav-
ior of discontinuously reinforced magnesium matrix
composites, irrespective of their lower density, su-
perior specific properties and high damping capacity
[20–26]. The field emission scanning electron micro-
scope (FE-SEM) fractographs of SiCw/AE42 magne-
sium composite [14] indicates that the fracture occurs
by cracks which propagate from the whisker/matrix in-
terface debonded at whiskers ends to matrix at temper-
atures lower than 473 K. Martin has investigated the
failure mechanism of SiCp/Mg-6%Zn composite in ten-
sion and fully reversed cyclic deformation using quan-
titative SEM [18]. Porosity and inability of the matrix
alloy to accommodate large strain gradients induced by
the presence of the SiC particles are identified as the
main causes of the poor ductility and toughness of the
composite. The micromechanism of the crack initiation
and propagation in AZ91 alloy reinforced with alumina
short fiber and SiC particle has been examined using
controlled fracture specimens by SEM [17]. It is indi-
cated that the failure mechanism is mainly controlled by
the matrix of the composites. Sohn [19] has investigated
the microfracture process in squeeze cast magnesium
matrix composites by in-situ SEM fracture test. Microc-
racks are initiated mainly at the fiber/matrix interface at
considerably higher stress intensity factor levels. Un-
fortunately, the previous researches are mainly based
on the results of scanning electron microscopy obser-
vation, and the details of the deformation and fracture
process, such as the dislocation activity, the effect of re-
inforcement, grain boundaries and twins can hardly be
observed.

The purpose of this paper is to investigate the de-
formation and fracture behavior of SiCw/AZ91 mag-
nesium matrix composite using in-situ TEM straining
technique. Solution heat treatment (T4) SiCw/AZ91
composite is used because a T4 treatment is quite ef-
fective in increasing tensile ductility of the SiC/AZ91
composite without sacrificing the yield strength [24],
so that more information can be obtained during the
in-situ deformation and fracture process.

2. Experimental procedures
The material used in this study was a SiCw/AZ91 mag-
nesium matrix composite fabricated by a squeeze cast-
ing method. The β-SiC whiskers were fabricated into a
preform by wet forming method. The volume fraction
of whisker in the perform was about 0.2. The perform
was subsequently infiltrated by molten AZ91 magne-
sium alloy under a high pressure in a squeeze casting
press. Prior to infiltration, the mold and the preform
were preheated at 500◦C, and AZ91 magnesium melt
superheated to 800◦C was poured over the perform.
The pressure exerted by the punch on the molten metal

was gradually increased to a pre-determined level of
100 MPa in order to avoid the deformation of the pre-
form, and the pressure was kept at this level for 3 min
until the molten metal was completely solidified.

The composite was subjected to solution heat treat-
ment (T4) at 380◦C for 2 h and then at 415◦C for 24 h
followed by water quenching at 25◦C [27].

In-situ TEM tensile specimens with dimension of
3 × 5 mm2 were prepared from the solution treated
composite. After mechanical polishing, they were dim-
pled and ion milled to perforation. A liquid nitrogen
cold stage was used to limit heat-induced artifacts dur-
ing the ion milling process. Tensile straining was car-
ried out in an Hitachi H-800 transmission electron mi-
croscope equipped with a strain stage. The TEM was
operated at 175 kV.

In order to compare the microscopic observation with
the bulk material properties, monotonic tension tests
were also conducted using dog bone-shaped tensile
specimens with 15 mm gauge length and 2 mm thick-
ness on an Instron testing machine. Fractographic ob-
servation of the broken samples was carried out in a
Hitachi S-570 scanning electron microscope.

3. Experimental results
3.1. SEM fractographs of

SiCw/AZ91 composite
Room-temperature tensile properties of AZ91 magne-
sium alloy and SiCw/AZ91 composite are shown in Ta-
ble I. The yield strength, ultimate tensile strength and
elastic modulus of SiCw/AZ91 composite are signifi-
cantly higher than those of the unreinforced AZ91 alloy,
while the composite exhibits quite lower ductility. A so-
lution heat treatment (T4) produces an obvious increase
in tensile ductility of the AZ91 alloy and SiCw/AZ91
composite by dissolving the brittle Mg17Al12 phase in
the matrix.

Fig. 1 shows the SEM fractographs of SiCw/AZ91
composite under solution treated condition. The frac-
ture process is very localized, no apparent necking is
observed. The composite exhibits a mixed mode of brit-
tle feature with limited dimple-like ductile fracture. The
dimples are small and shallow, consistent with the quite
low ductility of the composite. In the fracture surface,
the quantity of the exposed whiskers is far smaller than
the volume fraction of SiC whisker in the composite.
There is no indication of fracture of SiC whisker. No
debonded interface between SiC whisker and magne-
sium matrix can be observed, indicating a high interfa-
cial bond strength.

TABLE I Tensile properties of AZ91 alloy and SiCw/AZ91 composite

Young’s Elongation
0.2% proof stress UTS modulus to failure

Material (σ0.2, MPa) (σb , MPa) (E, GPa) (ε, %)

AZ91 (as-cast) 102 205 46 6.00
AZ91 (T4) 87 189 46 8.14
SiCw/AZ91 240 370 86 0.92

(as-cast)
SiCw/AZ91 (T4) 220 355 85 1.40
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Figure 1 SEM fractographs of solution treated SiCw/AZ91 composites.
(a) Lower magnification and (b) higher magnification.

Figure 2 (a) Dislocations and (b) twins in the solution-treated
SiCw/AZ91 composite before straining.

3.2. Dislocations activity during
in-situ TEM straining

Prior to straining, a high density of dislocations can be
found in the solution treated SiCw/AZ91 composite, as
shown in Fig. 2a. The distribution of the dislocations
within the composite is not uniform, there is higher den-
sity near the whisker. The high dislocation density is due

to the large difference in coefficients of thermal expan-
sion (CTE) between SiC whisker (5 × 10−6 K−1) [28]
and AZ91 alloy (26 × 10−6 K−1) [29]. This thermal
mismatch will result in substantial stress in the matrix
around SiC whisker during cooling from the solution-
ization temperature, and dislocations are introduced in
the composite matrix, especially, in the vicinity of the
SiC whiskers [30]. More dislocations are generated at
the ends of the SiC whiskers where plastic straining
during cooling is greatest, than at the middle of the
whisker length.

Magnesium is a hexagonal close-packed structure
with limited number of slip systems available for plas-
tic deformation, the stress concentration in the com-
posite is not easy to relieve and twins can be observed.
Fig. 2b shows the twins in the matrix of the SiCw/AZ91
composite. The twins belong to {101̄2}〈101̄1〉, the twin
plane is {101̄2}.

As the thin foil is loaded, cracks initiate at the edge
of the perforation perpendicular to the tensile direc-
tion because of stress concentration. Dislocations are
emitted at the crack tip, moving ahead quickly. At the
same time, the original dislocations existing in the ma-
trix also move ahead. Thus, the local thinning and the
dislocation free zone (DFZ) occur in front of the crack
tip, as shown in Fig. 3a. When the emitting disloca-
tions meet the SiC whisker ahead, the dislocations are
impeded, forming a dislocation pile up at the SiCw-
AZ91 interface. At the same time, the crack tip blunts.
After further loading, the blunted crack splits again,
and the piled-up dislocations at the interface initiate,
with the moving direction perpendicular to the original
direction, as shown in Fig. 3b.

When dislocations emitting from crack tip meet the
whisker ahead with small size, the dislocations can
be observed to branch by separating into two paths,
bypass the whisker, as shown in Fig. 4. At the same
time, the dislocations are also generated at the SiCw-
AZ91 interface during straining, these dislocations slip
in the matrix, and finally will be impeded by the nearby
whiskers, forming a dislocation pile up or bypassing the
whisker.

3.3. Initiation of microcracks
After further loading, local thinning appears to occur in
the composite. Local thinning regions will develop into
microcracks as load increases. Local thinning and mi-
crocracks are mainly formed in the matrix in the vicinity
of the SiCw-AZ91 interface, as shown in Fig. 5a,
and at the whiskers-rich regions, as shown in Fig. 5b.
Dislocations are observed to stack in the local thinning
regions.

3.4. Growth of cracks
Microcracks will propagate when the applied stress
increases to a critical value. Fig. 6 shows a crack
meeting a twin in the matrix of the composite. The
twin is {101̄2}〈101̄1〉. When the crack approaches the
twin, high stress concentration may develop in the
nearby region of the twin, local thinning occurs near
the twin-matrix boundary, as shown in Fig. 6a. On
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Figure 3 Interaction between dislocations and SiC whisker. (a) Pile up of dislocations at interface and (b) motion of dislocations after further straining.

Figure 4 Interaction between dislocations and SiC whisker.

Figure 5 Initiation of micro-cracks in SiCw/AZ91 Mg composite. (a) At the whisker end and (b) in the whisker-rich region.

further loading, crack tip blunts, the local thinning
zone is extended, microcrack initiates in the vicinity
of the twin boundary, as shown in Fig. 6b. On fur-
ther straining, main crack connects with the microc-
rack ahead, and the main crack changes its path into a

direction along the twin-matrix interface, as shown in
Fig. 6c.

When a crack meets a whisker which is parallel to the
crack, it propagates along the whisker-matrix interface,
as shown in Fig. 7. It can be observed clearly that there
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Figure 6 Interaction between crack and twin. (a) Local thinning near twin, (b) initiation of microcrack and (c) propagation of the crack.

Figure 7 Interaction between crack and SiC whisker. (a) Crack meeting a SiC whisker and (b) crack propagating along the matrix near interface.

exists a layer of magnesium alloy at the surface of SiC
whisker, suggesting that the crack propagates in the
matrix near the interface.

When a crack meets a whisker which is perpendicular
to the crack, it blunts at the whisker-matrix interface,
and microcrack initiates at the matrix at the other side

of the SiC whisker, as shown in Fig. 8a. On further
straining, the cracks connect, and the whisker is pulled
out, as shown in Fig. 8b.

Usually more than one dominant crack propagates
through the thin foil in direction approximately per-
pendicular to the applied tensile stress. Some of the

2651



Figure 8 Interaction between crack and SiC whisker. (a) Crack by-passing the middle part of a whisker and (b) pulling out of the SiC whisker.

main cracks stop propagating before final failure, only
one of them prevails, which leads to the final failure
of the composite. Fig. 9 shows a main crack which
stop propagating before the failure of the specimen.
It can be seen clearly that crack propagates along
the matrix near the SiCw-AZ91 interface, and the
fracture surface seems to be flat, which may be as-
sociated with the low ductility of the AZ91 matrix
alloy.

Fig. 10 shows the main crack propagation path in
the composite which leads to the final failure of the
foil. It can be seen that local thinning and microc-
racks initiate in the matrix ahead of the main crack,
as shown in Fig. 10a. These local thinning and micro-
cracks usually initiate in the matrix near the whiskers.
Dislocation pile-up can be observed around the local
thinning region. On further loading, the main crack
connects with the microcraks ahead, and the main
crack propagates, as shown in Fig. 10b. Crack prop-
agates mainly through the matrix. There is less evi-
dence of whisker cracking and interface debonding, in-
dicating that the SiCw-Mg interfacial bond is relatively
strong.

Figure 9 Crack propagation path during in-situ TEM tensile of
SiCw/AZ91 composite.

4. Discussion
It is generally accepted that slip on the {0001}basal
plane with a 〈112̄0〉 Burgers vector and {101̄2} twin-
ning are the principal deformation models in the solu-
tion treated AZ91 magnesium alloy [31]. In the solution
treated SiCw/AZ91 composite after straining, complex
dislocation tangles can be observed, which may be re-
sulted from the cross slip on the prism planes com-
bined with basal slip on the basal planes. Although
several twins can be observed in the matrix of the
as-solutionized SiCw/AZ91 composite, twinning can
hardly be observed during the deformation of the com-
posite, indicating that the {101̄2} twinning may be
suppressed by the addition of SiC whiskers. The mech-
anism by which SiC whiskers suppress the twin forma-
tion is not clear at present.

The deformation in the SiCw/AZ91composite is het-
erogeneous. On straining, dislocations are generated
mainly at the SiCw-AZ91 interface. This indicates that
plastic deformation takes place at first in the magnesium
matrix adjacent to the SiCw-Mg interfaces, because of
the local stress concentration in these regions. Similar
observations during in-situ TEM straining on SiCw-Al
composites have been reported [9, 10].

Due to the limited slip systems in hexagonal closed
packed magnesium alloys, the local stress concentra-
tion in the magnesium alloys can not be easily re-
laxed by plastic deformation compared with aluminum
alloys. Consequently, a large number of microcracks
are initiated at the stress concentration sites in the
SiCw/AZ91 composite when the macroscopic strain
level is low. The microcracks generally initiate in the
matrix adjacent to the SiCw-AZ91 interface, especially
in the matrix near the SiC whisker ends. The microc-
rack formation near the whisker ends has been com-
monly accepted as a major fracture initiation process
in SiC whisker reinforced aluminum matrix composite
[4, 9], because of the severe stress concentration at the
whisker ends [32]. In addition, microcracks also initi-
ate in the matrix in the whisker-rich regions since the
larger deformation in these regions, which is the same
as that in SiCw/Al composites [9].
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Figure 10 Propagation of main crack in SiCw/AZ91 composite. (a) Local thinning and microcracks formed in front of main crack and (b) path of
main crack propagation.

As previously observed in SiCw-A1 composites, SiC
whiskers in the composites play important roles in im-
peding crack propagation [4, 9, 10]. The dislocations
piling up at the SiCw-Mg interface force the crack to
change its propagation direction. When a crack meets
a whisker parallel to the crack, the crack will propa-
gate along the near-interface region of one side of the
whisker. If a crack meets a whisker perpendicular to the
crack, the whisker will be pulled out. Such effects slow
down the crack growth. In addition to the whiskers,
twins formed in the solution treated SiCw/AZ91 com-
posite also impede crack propagation. When a running
crack interacts with a twin, its path changes into a di-
rection along the twin-matrix interface. Same behavior
was observed in the magnesium alloys [33].

Although whiskers and twins can prohibit the crack
propagation, local thinning and microcracks usually oc-
cur in the vicinity of the whiskers and twins because
of stress concentration in these regions. Therefore, the
whiskers and twins, on the other hand, accelerate the
crack initiation and growth. On the whole, the latter
effect is more evident.

From the above observation and analysis, the fail-
ure process of the SiCw/AZ91 composite during in-
situ TEM straining is as follows: on straining, plastic
deformation takes place in the local stress concentra-
tion regions at first, local thinning occurs in the vicin-
ity of whiskers. Then local thinning develops into mi-
crocracks. Upon further straining, these microcracks
linked with each other together, and then connected to
the main crack, leading to the growth of main crack.
The various stages of crack initiation and crack propa-
gation can not be separated easily, because during the
crack propagation many new cracks are initiated. Usu-
ally more than one main crack propagates through the
foil in direction approximately perpendicular to the ap-
plied tensile stress. Finally, one of them prevails and the
ultimate fracture surface is formed when the composite
fails catastrophically.

The crack path is almost entirely in the matrix away
from the interface, suggesting a matrix-controlled frac-
ture mechanism in the foil specimen of SiCw/AZ91

composite. Due to the plane stress condition of the TEM
foil specimen, the observed failure mechanisms may
not be identical to those which occur in the bulk mate-
rial which is in a stress condition closer to plane strain
[8]. Under the plane strain condition, both the tensile
stress at the reinforcement-matrix interface and the di-
latational stress in the matrix are increased [34]. The
increased dilatational stress in the matrix may lower
the macroscopic tensile stress required to form micro-
cracks in the magnesium matrix, and the increased ten-
sile stresses at the SiCw-Mg interface may lead to inter-
facial decohesion and fracture of the SiC whiskers in
bulk specimens. Therefore, the validity of the in-situ
TEM investigation as representations of failure pro-
cesses occurring in the bulk of SiCw/AZ91 composite
is checked with the conventional SEM tensile fracto-
graphic results of the composite. Consistent with the
observations during the in-situ TEM tensile test, the
amount of SiC whiskers detected at the SEM fracture
surface of bulk tensile specimen is quite small in com-
parison to the volume fraction of SiC whisker in the
SiCw/AZ91 composite. Furthermore, less evidence of
interfacial decohesion and fracture of SiC whisker on
the SEM fracture surface was found. In view of these
observations, interfacial decohesion and fracture of SiC
whisker are unlikely to play a major role in the failure
of the bulk SiCw/AZ91 composite.

Thus it appears that the failure characteristics ob-
served during in-situ TEM strain are in qualitative
agreement with that occurring in the bulk SiCw/AZ91
composite, the observed features during in situ TEM
straining can be considered to be valid to illustrate the
failure behavior of the SiCw/AZ91 composite.

Since the crack mainly propagates through the ma-
trix and along near-interface region, much less in-
terface decohesion can be observed, the strength of
the Mg SiC interface is suggested to be relatively
strong, higher than the yield stress of the magnesium
matrix. The previous research by the present author
[35] indicates that several kinds of orientation rela-
tionships at the SiCw-AZ91 interface are observed in
squeeze cast SiCw/AZ91 composite, which resulted
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from the solidification of molten Mg at the different
surface planes of SiC whisker. High interfacial bond
strength exists in these semi-coherent interfaces. Fur-
thermore, some discrete nanocrystalline MgO parti-
cles with a size of 20 nm or less are observed at the
SiCw/AZ91 interfaces [36], which were formed dur-
ing the fabrication of the composite by chemical re-
action of molten Mg with binder in the SiCw preform.
The fine discrete interfacial MgO reaction products can
also increase the whisker-matrix interfacial bonding
strength. Therefore, the SiCw-AZ91 interface is strong
enough, no interfacial debonding can be observed both
in the thin foils and bulk specimens of the SiCw/AZ91
composite.

The fracture mechanism of the SiCw/AZ91 compos-
ite is mainly controlled by the matrix because of the
crack path mainly in the matrix of the composite. The
addition of SiC whisker does not modify qualitatively
the failure micromechanisms in the magnesium matrix
alloy. However, the severe local stress concentration
generated near the whiskers can not be relaxed by the
matrix, which results to the early initiation of micor-
cracks, so the ductility of the composite is quite lower
than the matrix alloy. Even under the solution treated
condition, the ductility of the SiCw/AZ91 composite is
lower than that of as-cast SiCw/Al composites [10], be-
cause of the low inherent ductility of the matrix magne-
sium alloy with limited active slip systems. Therefore,
the low inherent ductility of the matrix magnesium al-
loy and the local stress concentration because of the
addition of the whiskers are responsible for the poor
ductility of the SiCw/AZ91composite.

5. Conclusions
The in-situ TEM straining technique used in this study
is useful for investigating the deformation and fracture
behavior of SiCw/AZ91 composite. The important re-
sults are the following:

1. The deformation is very localized in the
SiCw/AZ91 composite. Local thinning and microcraks
take place predominately in the matrix near SiCw-
AZ91 interface regions. The main crack advances by
linkage with microcracks, leading to the final failure of
the composite.

2. The SiC whiskers and twins, on the one hand,
impede the crack propagation; on the other hand, mi-
crocracks occur easily in the vicinity of the whiskers
and twins because of stress concentration in these re-
gions. Overall, the whiskers and twins accelerate the
crack initiation and growth.

3. The crack mainly propagates through the matrix
and along near-interface region. A magnesium layer can
be found adhering to the SiC whiskers. The strength of
the Mg-SiC interface is relatively strong, higher than
the yield stress of the magnesium matrix.

4. The fracture mechanism of the SiCw/AZ91 com-
posite is matrix-controlled. Low inherent ductility of
the matrix magnesium alloy and the local stress con-
centration because of the addition of the whiskers are
responsible for the poor ductility of the composite.
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