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a  b  s  t  r  a  c  t

Al  alloy  syntactic  foams  containing  hollow  or porous  ceramic  microspheres  were  fabricated  by  melt
infiltration.  Tensile,  shear,  confined  compressive  and  unconfined  compressive  tests  were  performed  and
the failure  modes  in  compression  were  studied.  The  tensile  and  shear  strengths  were  insensitive  to  the
types  of the  ceramic  microspheres.  In  confined  compression,  all  syntactic  foams  failed  by progressive
collapse  of  the  microspheres.  Different  failure  mechanisms  were  observed  in  unconfined  compression.
eywords:
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The  syntactic  foams  with  stronger  ceramic  microspheres  failed  by  Griffith  rupture,  with  cracks  oriented
at approximately  30◦ to  the  loading  direction  and  the  compressive  strengths  being  about  eight  times
of  their  tensile  strengths.  The  syntactic  foams  with  weaker  ceramic  microspheres  failed  by  progressive
collapse  of  the  ceramic  microspheres  and  had  lower  compressive  strengths.

© 2012 Elsevier B.V. All rights reserved.

racture

. Introduction

Metal matrix syntactic foams are composite materials consist-
ng of a continuous metal matrix embedded with hollow or porous
eramic particles [1–20]. They have higher strengths than poly-
eric syntactic foams and can be used as lightweight structures at

igher temperatures and in more harsh environments. They are
lso capable of absorbing impact energies, because the porosity
nside the materials can provide extensive strain accumulation.
ompared with metal foams with the same alloy matrix, they are
sually cheaper to produce and have higher yield strengths. They
ave great potential for applications as energy absorbers where a
igh plateau stress is desirable, for example, automobile bumpers.

Metal matrix syntactic foams have certain structural character-
stics similar either to polymeric syntactic foams or to metal foams.
he characteristics of compressive deformation of polymeric syn-
actic foams and metal foams, however, are very different. Metal
oams are normally ductile in compression. The plastic deforma-
ion is typified by gradual collapse and crushing of the foam cells,

aintaining a relatively low plateau stress until the onset of den-

ification [21]. In contrast, polymeric syntactic foams often fail in

 brittle manner under compression. The mode of failure can be
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longitudinal split, shear fracture, wedge shaped cracking or a com-
bination of these modes [22–24].

Different compressive deformation behaviours and failure
mechanisms have been observed in metal matrix syntactic foams.
Both ductile failure, due to the crushing of the embedded ceramic
particles and the subsequent collapse of the metal network
[5,8,11–13], and brittle fracture [4,5,8,11,12] are common. How-
ever, the conditions that favour one failure mode or other are not
well understood. Furthermore, the brittle fracture failure was often
attributed to shear failure. In some cases, however, the orientations
of the cracks with respect to the loading direction deviated signif-
icantly from 45◦ [12]. This indicates that the fracture mechanisms
in metal matrix syntactic foams are more complicated than those
in metallic materials.

In this study, Al alloy syntactic foams with an Al 6082 alloy
matrix containing different types of hollow and porous ceramic
microspheres were fabricated by pressure melt infiltration. Ten-
sile, shear, confined compressive and unconfined compressive tests
were performed. The compressive failure modes were studied and
discussed.

2. Experimental

The raw materials used for fabricating the Al alloy syntactic foam
samples were Al 6082 alloy and a ceramic microsphere powder.

The powder was  supplied by Pty Ltd Australia and has a compo-
sition of ∼60% SiO2, ∼40% Al2O3 and 0.4–0.5% Fe2O3 by weight.
The microspheres of the powder have two different kinds of inner
structure, either hollow or porous, as shown in Ref. [14]. The hollow
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Table 1
Summary of structural and mechanical properties of the syntactic foams.

Syntactic foam A B C D

Microsphere volume, % ∼60 ∼60 ∼60 ∼60
Microsphere size, �m 20–75 75–125 125–250 250–500
Hollow microspheres, % 98.2 90.5 32.2 2.0
Tensile strength, MPa  15.2 15.8 19.0 18.2
Shear  strength, MPa 15.4 14.6 14.2 14.6

Compressive strength, MPa
Confined 146 98 46 43
Unconfined 128.8 123.7 73.0 54.0
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shear strengths are an inherent weakness of the syntactic foams
due to their unique structure. In these syntactic foams, the ceramic
microspheres are densely packed and held together by a network
of the Al alloy matrix. The bonding between the microspheres and
Plateau strength, MPa
Confined 181.7 

Unconfined 110.2 

icrospheres are nearly perfect spheres with a solid shell and a
mooth surface. The porous microspheres are roundish with a rela-
ively rough surface. Their inner structure is sponge like, normally
ontaining a few big pores and numerous small pores. Both the hol-
ow and porous microspheres have a similar porosity of about 80%
nd a similar effective particle density of 0.6 g/cm3.

The as-received ceramic microsphere powder was divided into
our size groups with the diameter ranges of 20–75, 75–125,
25–250 and 250–500 �m,  which are designated as powders I, II, III
nd IV, respectively. By examining 1000 microspheres in the optical
icrographs of the polished cross sections of the Al alloy syntactic

oam samples manufactured from each of these powders, the per-
entages of hollow microspheres in powders I, II, III and IV were
etermined to be 98.2%, 90.5%, 32.2% and 2.0%, respectively.

Four types of Al alloy syntactic foam samples were fabricated by
elt infiltration. They are designated as foams A, B, C and D, cor-

esponding to the powders used: I, II, III and IV, respectively. The
abrication process was  described in [12]. All the syntactic foams
onsisted of around 60% of ceramic microspheres and 40% of Al
082 alloy by volume. The densities of the syntactic foam samples
aried slightly in a narrow range of 1.40–1.45 g/cm3. The standard
6 heat treatment [25] was performed on the as-fabricated sam-
les. Specifically, the samples were homogenized in air at 540 ◦C
or 100 min  and then quenched in water, followed by ageing at
80 ◦C for 10 h.

Tensile, shear, confined compression and unconfined compres-
ion tests were performed on an Instron 4505 test machine. The
ross-head speed for compression was 1 mm/min. A lower cross-
ead speed, 0.1 mm/min, was used for tension and shear because of
he small fracture strains. For each type of Al alloy syntactic foam,
t least three samples were tested to verify the reproducibility. The
racture surfaces of the samples after tensile tests were observed
sing a Hitachi scanning electron microscope. The cross sections
f the samples after unconfined compression tests were observed
sing a Nikon optical microscope.

Fig. 1 shows the schematic diagrams of the setup for the tensile
nd shear tests. The tensile tests were performed on cuboidal sam-
les with an approximate size of 38 × 12 × 5 mm.  In each test, the
ample was glued to two steel shims at each end to ensure a satis-
actory test length. Before the steel shims were clamped to the test

achine, two  steel blocks with the same cross-section as the sam-
le were inserted between the two steel shims at the two  ends. The
hear tests were performed on cylindrical samples with a diameter
f 19 mm and a length of 24 mm.  The test fixture was composed of
wo coupling halves of a steel cylinder. A 19-mm-diameter hole was
rilled at the middle of the cylinder through the two halves in the
ransverse direction. The sample was placed in the hole such that

t underwent a pure shear equal to the tensile load applied on the
xture. The location of the sample was adjusted by two  screws at
he two ends to ensure that the shearing took place at the middle
f the sample. The uniaxial quasi-static confined and unconfined
73.8 107.3 91.0
86.4 70.0 71.2

compression tests were carried out on cylindrical samples of a
length about 24 mm and a diameter of 19 mm for the confined
tests and 21 mm for the unconfined tests. In each confined test,
the sample was  contained within a cylindrical steel tube with its
inner diameter equal to the sample diameter. The machine com-
pliance for the compression tests was  determined using a standard
stiff sample and its effect was removed in calculating the strains.

3. Results and discussion

3.1. Tensile and shear strengths

The mean tensile and shear strength values of syntactic foams
A, B, C and D are shown in Table 1. Syntactic foams A and B have
slightly higher tensile strength values than syntactic foams C and
D. All four syntactic foams have similar shear strength values.

Fig. 2 shows the micrographs of the typical tensile fracture sur-
faces for syntactic foams A, B, C and D. All the samples fractured in a
brittle manner with very little plastic deformation and the fracture
surface was  perpendicular to the loading direction. Syntactic foams
A and B have very flat fracture surfaces with most ceramic micro-
spheres splitting apart, indicating crack propagation by cleavage.
Syntactic foams C and D have less flat fracture surfaces with both
trans-particle and inter-particle fracture present.

The tensile and shear tests showed that the syntactic foams are
brittle and the tensile and shear strengths are insensitive to the type
of the ceramic microspheres. The brittleness and the low tensile and
Fig. 1. Schematic diagrams of setup for (a) tensile and (b) shear tests.
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The compressive response of the syntactic foams can be
quantified by compressive and plateau strengths for comparison
purposes. The compressive strength was  taken as the maximum
Fig. 2. SEM micrographs of the tensile fra

he Al alloy matrix is mechanical and not very strong. The ten-
ile or shear load is largely borne by the metal matrix. The high
olume percentage of the densely packed ceramic microspheres
estricts the plastic deformation of the Al alloy matrix, resulting in
he very low strains before fracture. The contacts between the adja-
ent microspheres are effectively cracks, which provide numerous
ites for the initiation of fracture under stress concentration, lead-
ng to brittle failure at low stresses.

.2. Confined compression response

Fig. 3 shows the representative engineering stress–strain curves
f syntactic foams A, B, C and D under confined compression. All the
urves have an initial linear region with steep increase in stress at
ow strains, followed by a plateau region where the strain increases
apidly with moderate increase in stress. In the linear region, the
train is composed of elastic deformation and a small amount of
lastic deformation due to the closure of pores in the metal matrix.

n the plateau region, the ceramic microspheres collapse or break
p progressively with increasing stress, leading to a large increase

n strain. For syntactic foams C and D, there is a clear boundary
etween the two regions, indicating that the ceramic microspheres
tart to collapse at a fixed stress. For syntactic foams A and B, the

tress increases monotonically with strain and there is a gradual
ransition from the linear to the plateau region. Few stress drops
re present during the transition, indicating occurrences of crack-
ng and sudden deformation in the transverse or radial direction.
 surfaces of syntactic foams A, B, C and D.

However, these stress drops are small. This is because any trans-
verse deformation was  limited by the constraining tube jacket and
the samples could only deform progressively along the axial direc-
tion.
Fig. 3. Confined compressive engineering stress–strain curves of syntactic foams A,
B,  C and D.
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over shear fracture in these foams, although they have very low
ig. 4. Unconfined compressive engineering stress–strain curves of syntactic foams
,  B, C and D.

tress of the linear region, or the stress at the intersection between
he asymptotes of the linear and plateau regions when the transi-
ion between the two regions is gradual. In confined compression,
he intermittent small stress drops due to cracking were ignored
n determining the compressive strength, because the fracture of a
ample does not affect its ability to support the compressive load.
herefore, the compressive strength in confined compression sig-
ifies the stress at which large-scale progressive collapse of the
eramic microspheres starts. The plateau strength was  determined
sing the energy efficiency method, developed by Avalle et al. [26]
nd modified by Li et al. [27], but with a strain limit of 0.35 to
acilitate comparison between the four syntactic foams.

The mean compressive and plateau strength values of syntactic
oams A, B, C and D in confined compression are listed in Table 1.
lthough these syntactic foams contain a similar volume fraction
f microspheres and the four types of microspheres have a similar
ensity, syntactic foams A and B have considerably higher com-
ressive and plateau strengths than syntactic foams C and D. The
arked difference was due to the different structural characteris-

ics of the microspheres. The majority of the ceramic microspheres
n syntactic foams A and B (powders I and II) have a hollow struc-
ure, whilst those in syntactic foams C and D (powders III and IV)
re mainly porous. Moreover, powders I and II have considerably
maller particles than powders III and IV. For the same density or
orosity, hollow particles have a much higher strength than porous
nes, and the particle strength generally decreases with particle
ize. Overall, powders I and II are much stronger than powders III
nd IV, resulting in stronger syntactic foams.

.3. Unconfined compression response

Fig. 4 shows the representative engineering stress–strain curves
or syntactic foams A, B, C and D under unconfined compression.
ach curve has an initial linear region followed by a distinctive drop
n stress. The four syntactic foams show different characteristics in
he subsequent plastic deformation. Syntactic foams A and B have
everal random occurrences of large and sharp stress drops, for
xample, at a strain of about 0.15 for syntactic foam A and 0.25 for
. Syntactic foam C has a few small stress drops in the early stage
f the plateau region, whilst syntactic foam D shows a smooth and
elatively flat plateau region.
Fig. 5 shows the macrographs of the longitudinal cross sections
f the representative samples of the four syntactic foams, com-
ressed vertically to a strain of 0.2. In syntactic foams A and B,
here are two pairs of major cracks. One pair develops from the top
Engineering A 549 (2012) 228– 232 231

corners and another pair develops from near the bottom corners.
They are inclined at an angle of about 30◦ to the loading direc-
tion and meet at a distance about one third from the top of the
sample. A narrow, horizontal layer of crushed microspheres can
be observed at the meeting location. Examining all the samples
of syntactic foams A and B showed that the angle of the cracks
to the loading direction was  31.6 ± 2.2◦. In syntactic foams C and
D, the deformation is dominantly plastic with a broader crushed
region. However, many small cracks are present in syntactic foam
C, accompanied by radial expansion in the top two  thirds of the
sample. No visible shear crevasses or cracks are displayed on syn-
tactic foam D, but barrelling is observed with radial expansion in
the middle part of the sample. These observations indicate that the
stress drops in the stress–strain curves in Fig. 4 were clearly caused
by the formation of cracks.

The mean compressive and plateau strength values of syntac-
tic foams A, B, C and D in unconfined compression are also listed
in Table 1. The plateau strengths of syntactic foams A and B are
much lower than their compressive strengths, due to stress drops
in the plateau region. In contrast, the plateau strengths of syntac-
tic foams C and D are similar to or higher than their compressive
strengths, because they have a stable plateau region characteristic
of progressive collapse of ceramic microspheres.

3.4. Failure mechanisms in unconfined compression

Figs. 4 and 5 show that the dominant failure mechanism in the
syntactic foams was either plastic collapse or brittle fracture plus
plastic collapse. Syntactic foams with weak ceramic microspheres
(C and D) tend to fail by gradual collapse where the microspheres
crumble under the compressive stress. Syntactic foams with strong
ceramic microspheres (A and B) often fail by brittle fracture.

Plastic collapse occurs when the compressive stress exerted on
the microspheres exceeds their compressive strength. The load par-
tition between the metal matrix and the ceramic microspheres
depends on the relative magnitudes of their elastic modulus, with
the stiffer phase bearing a higher stress [28]. A study [9] on an
Al matrix syntactic foam under uniaxial compression showed that
the ceramic microspheres bear significantly more stress than the
matrix by a factor of two.

The fracture failure of syntactic foams A and B has the charac-
teristics of Griffith rupture for brittle solids subjected to uniaxial
compression. In Griffith rupture, tensile stress concentration at
the tips of one or more cracks induces fracture. Griffith rupture
has two characteristic features: the fracture cracks propagate at
a preferred angle of 30◦ to the loading direction; the compres-
sive strength is eight times of its tensile strength [29,30].  Syntactic
foams manufactured by melt infiltration are in effect aggregates of
ceramic particles with the interstices filled with a metal network.
The numerous contacts between the ceramic particles are effec-
tively cracks, providing a favourable condition for Griffith rupture.
In the present work, the cracks developed in syntactic foams A and
B are inclined at an angle of 31.6 ± 2.2◦ to the loading direction,
which is very close to the theoretical angle. The ratios of the com-
pressive strength to the tensile strength for syntactic foams A and B
are 8.5 and 7.8, respectively, which are also close to the theoretical
ratio.

The orientations of the cracks developed in syntactic foams A
and B deviated significantly from 45◦, which is characteristic of
shear fracture. This suggests that Griffith rupture had precedence
shear strengths. A reasonable explanation is that the interlocking
ceramic microspheres provide a high friction force against slid-
ing between the surfaces of any cracks and therefore suppress the
development of shear fracture in the syntactic foams.
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Fig. 5. Macrographs of longitudinal cross sections of s

. Conclusions

The four syntactic foams have similar tensile and shear strengths
n the ranges of 15–19 and 14–16 MPa, respectively. In confined
ompression, all syntactic foams failed by the progressive collapse
f the ceramic microspheres. In unconfined compression, syntactic
oams A and B failed by brittle Griffith rupture. The major cracks
ere inclined at an angle of 31.6 ± 2.2◦ to the loading direction.

he compressive strengths were in the range of 120–130 MPa. Syn-
actic foams C and D failed by progressive collapse of the ceramic

icrospheres. They have lower compressive strengths in the range
f 50–75 MPa. The different compressive behaviour is mainly due
o the different strengths of the ceramic microspheres. Stronger
eramic microspheres in syntactic foams A and B favour brittle frac-
ure and weaker ceramic microspheres in syntactic foams C and D
avour plastic collapse.
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