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The performance of new composite metal foams (CMFs) under bending was evaluated with
simultaneous acoustic emission (AE) monitoring on samples processed by cast and powder
metallurgy (PM) techniques. The results showed high maximum strength in all samples up to
86 MPa with more ductile failure in PM samples. Acoustic emission behavior confirmed that the
dominating failure mechanism of cast CMF is the brittle fracture of intermetallic phases that
mostly exist at the interface of the steel spheres with the aluminum matrix, whereas in PM
samples (100 pct steel), the failure is governed by the propagation of preexisting microporosities
in the matrix resulting in a complete ductile failure. SEM imaging of the fracture surfaces
supported these findings.
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I. INTRODUCTION

METAL foams are porous materials with unique
combinations of thermal, mechanical, acoustic, and
electrical properties desirable in many engineering appli-
cations. High stiffness-to-weight ratios and the ability to
absorb large amounts of energy at relatively constant
stress levels make closed cell metal foams attractive
materials for automobile structural parts and crumple
zones as well as structural parts for aircraft and
spacecraft, where minimizing weight without sacrificing
material performance is a priority.[1] Additional appli-
cations include components for vibration and acoustic
damping, blast protection, boat decks and bulkheads,
and prosthetic parts for biomedical applications.[1]

Because the melting point of metal foam is similar to
its parent material, metal foams can also be used in high-
temperature and harsh environments that are unsuitable
for other types of foam, such as polymer foams.[2]

Although metal foams could provide significant
improvements to these applications, most current pro-
cessing methods produce foams with significant varia-
tions in cell size and shape, which makes an accurate
prediction of mechanical properties difficult and the
performance of the foam less than desirable.[2] Strong
variations in the cell structure such as missing cell walls,
wiggles in the cell wall, and anisotropic cell sizes cause
localized deformation bands mostly around large or

highly elliptical cells and limit the performance of the
whole material to a function of the strength at its
weakest point.[3,4] Several studies of commercially avail-
able closed-cell Al foams show that a large number of
such defects are distributed inherently throughout the
material, which causes significant reductions in stiffness
and strength from those predicted by scaling laws.[5–7]

This problem is solved partially by constructing metal
foam from preformed hollow spheres, such as those
created at Georgia Tech[8] and the Fraunhofer Insti-
tute.[9] Because the hollow spheres possess uniform cell
size, shape, and wall thickness, they can produce metal
foams with more uniform deformation patterns. How-
ever, because of the small point contacts between the
sphere walls to support the foam structure under load,
this type of hollow sphere foam exhibits low strength
and low energy absorption capability.
Composite metal foam (CMF) is a new type of metal

foam that addresses these issues by filling the interstitial
spaces between a random dense arrangement of hollow
spheres with a metallic matrix. The hollow spheres
provide a known uniform cell size and shape, whereas
the presence of a ductile matrix between the spheres
promotes better bonding between the spheres as well as
reinforces the thin cell walls, which results in higher
strength and energy absorption capabilities. CMF is
produced by both casting and powder metallurgy
techniques and has been tested extensively in monotonic
compression, loading-unloading compression, and com-
pression-compression fatigue, showing significant
improvement over the performance of existing metal
foams.[10–17] In addition, a water cooling method has
been developed to optimize the microstructural charac-
teristics and mechanical properties of the foam pro-
cessed by casting methods.[18]

This article reports the failure analysis of CMFs
processed by both air- and water-cooled casting as well
as powder metallurgy techniques under bending using
in situ acoustic emission analysis during loading. Acous-
tic emission (AE) is the phenomenon of a rapid energy
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release that generates transient elastic waves that travel
through the sample and can be detected by piezoelectric
sensors on the material surface when the material is
subjected to a load.[19] The attributes of these waves, such
as emission rate, wave frequency, peak amplitude, and
wave energy, can be used to characterize material
properties and to determine the location of the AE
sources.[19] The material strength, strain rate, isotropy,
and general failure mechanisms, as well as the presence of
any defects, affect the acoustic emission signals.[19] If the
fracture mechanisms of the material are known, then it
can be possible to correlate the AE signals to a particular
physical or mechanical process during loading and
provide insight into the failure analysis of the material.[19]

II. EXPERIMENTAL TECHNIQUES

A. Materials and Sample Processing Methods

The hollow spheres used to produce the samples of
CMFs are produced by a powder metallurgy process at
the Fraunhofer Institute in Dresden, Germany.[9] Both
316L stainless steel (SS) and low carbon (LC) steel
spheres are used. For both processing methods, the ratio
of sphere wall thickness to sphere outer diameter is
selected to be similar so that the mechanical properties
of the resulting samples are comparable.

The cast samples require sphere and matrix materials
with two distinctly different melting points to avoid
melting of the spheres during casting when in contact
with the molten matrix. The matrix material used is
aluminum A356 casting alloy (Al-7 pct Si) to produce
the Al-SS and Al-LC steel composite foams. All spheres
used for the casting samples have an outer diameter of
3.7 mm, a wall thickness of 0.2 mm, and wall porosity
of 7 pct to 8 pct. For the casting process, the spheres are
placed inside a cylindrical casting mold and held in place
with a wire screen. The spheres and mold are preheated
in a 3300 series high-temperature laboratory furnace
(CM Furnaces, Inc., Bloomfield, NJ) up to 973 K
(700 �C) while the aluminum is melted simultaneously in
a graphite crucible. The aluminum is cast into the mold,
and the sample is either air cooled or water cooled
before being removed from the mold. More details of
the casting procedure are available elsewhere.[12–18]

The samples processed by powder metallurgy meth-
ods use similar sphere and matrix materials because no
difference in melting point is needed for this processing
method. Powder metallurgy LC steel CMF is produced

from LC steel spheres with an outer diameter of
2.0 mm, wall thickness of 0.1 mm, and wall porosity
of about 5 pct with Ancorsteel-1000 LC steel powder
(Hoeganaes Corporation, Cinnaminson, NJ) mixed with
0.8 pct graphite as the matrix. The graphite is added for
added strength and shrinkage control in the matrix for
the LC steel foam. Powder metallurgy SS CMF is
produced with 316L SS spheres of 2.0 mm outer
diameter, 0.1 mm wall thickness, and wall porosity
ranging from 6 pct to 15 pct with 316L SS powder as
the matrix (no other additions). The spheres and matrix
powder are placed into a square mold and vibrated to
achieve a dense packing configuration and then processed
through a sintering cycle in a Centorr 600-4X6W4-26HP
vacuum hot press (Centorr Vacuum Industries, Nashua,
NH). Details of the powder metallurgy processing
method can be found elsewhere.[11–13,15]

B. Sample Preparation

The CMF samples were cut into thin slices for the
bending tests using a Buehler Isomet 4000 linear
precision saw (Buehler, Lake Bluff, IL) equipped with
a 20-cm diamond wafering blade rotating at 2050 rpm
and a feed rate of 1.5 mm/min. A sample thickness of
about 4 mm was selected to cover at least one layer of
spheres in the sample and matching the diameter of the
AE sensor to maximize the sensor’s sensitivity and avoid
reflecting signals. This sizing of the sample thickness to
be roughly the same as the diameter of the AE sensors
allows for most of the AE signals to arrive at the sensor
at incidence angles close to perpendicular.[20] Table I
shows the composition of samples tested with their
respective dimensions and relative densities.
The samples were mounted onto a sample holder using

hotwax, followedby grinding andpolishingon aMA-200D
Automatic Lapping Polishing Machine (Musasino
Denshi Corporation, Tokyo, Japan) rotating at 100 rpm.
Both faces of the sample were polished with 200 and 400
grit sandpapers and 30 l Hyprez 30-std diamond slurry
(Engis Corporation, Wheeling, IL) to ensure even thick-
ness of the sample and to reduce friction between the
sample and the bending jig rollers during testing.

C. Bending Test Procedures

Four-point bending tests for three samples of each
processing method were performed on an Autograph
Shimadzu AG-5000C testing machine (Shimadzu

Table I. Composition, Processing Method, and Dimensions of Samples Tested Under 4-Point Bending

Matrix material

Casting Powder Metallurgy

Aluminum alloy (A356) 316L SS LC steel

Sphere material 316L SS 316L SS LC steel 316L SS LC steel
Cooling method Air Water Air Furnace Furnace
Sphere diameter (mm) 3.7 3.7 3.7 2.0 2.0
Sphere wall thickness (mm) 0.2 0.2 0.2 0.1 0.1
Sample dimensions (mm) 60.0 9 26.9 9 3.7 53.8 9 27.6 9 3.6 59.4 9 28.9 9 3.9 48.2 9 21.0 9 2.9 59.8 9 20.5 9 2.6
Measured density (g/cm3) 2.44 2.43 2.45 2.90 2.81
Relative density (pct) 42.1 42.0 42.3 37.5 36.3
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Corporation, Kyoto, Japan) using an inner span of
10 mm and an outer span of 30 mm. Four-point bending
was used to allow easy distinction between any noises
caused by friction between the sample and the rollers and
the useful AE signals generated by deformation mecha-
nisms occurring in the center of the sample. The tests were
conducted at room temperature, and all rollers were
wrapped in Teflon tape to reduce noise caused by friction.
A loading rate of 0.1 mm/min (4.50 9 10�4 strain/s) was
chosen to match the strain rates used for previous
monotonic compression tests (~4.5 9 10�4 strain/s).
This loading rate also facilitates the detection of individ-
ual AE events without saturating the sensors while
minimizing the potential for noises caused by sample
shifting between the jigs. Data from the 5-kN load cell
was sent through a load amplifier with a gain of 1 kN/V
and recorded on a local computer using the Waveshot!
2000 software (Keyence Corp., Osaka, Japan).

Four-channel AE monitoring through the continuous
wave memory (CWM) system was used to record AE
events occurring during the bending test. More infor-
mation regarding this technique can be found else-
where.[21] Two AE sensors were attached to the left and
right edges of the sample in a position with as much
contact between the sensor and the matrix as possible. A
fast-drying glue was applied to the sensor surface and
the sensor was then pressed against the sample for
approximately 30 seconds until the glue had set. For
each test, the sensors were mounted on the same side of
the sample (left side: channels 1 and 2, right side:
channels 3 and 4) and connected to the same monitoring
channel for consistency in comparing data between tests.
This setup is illustrated in Figure 1. The sensors were
calibrated before each test by breaking a pencil lead
against the specimen surface.[22]

Acoustic emission signals in the loaded samples
were detected and converted to electrical signals by M
304 series piezoelectric AE sensors (Fuji Ceramics
Corp., Shizuoka, Japan) of 4 mm diameter, sent
through a preamplifier (A1002, Fuji Ceramics Corp.)
to increase the voltage level, and recorded by the
CWM computer unit. The preamplifiers were set in
calibration mode, and the CWM system was set to
record all events with amplitude above a detection
threshold level of 30 mV.

The fracture surfaces of each sample were observed
after the bending tests using a Hitachi S-3200N environ-
mental scanning electron microscope (SEM) (Hitachi
High-Technologies America, Inc., Schaumburg, IL). To
prevent electron charge up on the aluminum matrix, cast
samples were observed in the N-SEM mode using a
RobinsonDetector with an accelerating voltage of 30 kV,
whereas the powder metallurgy samples were observed in
high vacuummode with an accelerating voltage of 20 kV.

III. RESULTS AND DISCUSSION

The stress-displacement curves and corresponding
acoustic emission activity for each type of sample under
4-point bending tests are shown in Figure 2. The stresses
reported are the maximum stresses occurring in the
sample and were calculated from load cell measurements
using the classic beam theory relationship for 4-point
bending shown in Eq. [1].

r ¼ 3PðL� lÞ
2wt2

½1�

The input parameters for Eq. [1] are load (P), inner span
(l), outer span (L), and the sample cross-sectional width
(w) and sample thickness (t).
The amplitude of each AE event is plotted at the

crosshead displacement position where it occurred in
addition to the corresponding stress and cumulative
number of events per cross-sectional area that had
occurred up to that point. The number of AE events
observed in each sample was normalized by that sample’s
cross-sectional area to account for small differences in
sample size. Yield stress during bending tests was
determined using the 0.2 pct offset method and is
presented as the average of three samples tested for each
CMF processed through various routes in Figure 3.
Variations in performance can be observed between the
sample types, but all samples had a peak stress greater
than 50 MPa with corresponding strength to density
ratios of at least 20 MPa/(g/cc). These values are
significantly higher than the bending strength reported
for other closed-cell metal foams for use as structural
materials.[1,23] Acoustic emission events observed during
the bending tests reflected distinctly different behavior

Fig. 1—Four-point bending test set up with AE monitoring.
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between the powder metallurgy and the cast samples,
and the effects of processing route and microstructure on
the failure behavior is discussed in detail.

A. Cast Samples

Because of the use of dissimilar sphere and matrix
materials, the samples processed by casting method

contain intermetallic compounds present within the
matrix and around the hollow spheres. These interme-
tallics form during cooling as atoms interdiffuse between
the steel spheres and aluminum matrix and are brittle in
nature. A previous study of the cast sample microstruc-
ture found three ternary phases present: a brittle layer at
the interface between the spheres and matrix, a plate-
shaped phase surrounding the outer edges of this

Fig. 2—AE behavior of CMF samples under 4-point bending: (a) Al-LC steel air cooled, (b) Al-SS air cooled, (c) Al-SS water cooled, (d) PMLC
steel, and (e) PMSS.
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interface layer, and a needle-shaped phase distributed
throughout the matrix.[10] As the result, to minimize the
percentage of brittle intermetallic phases in cast samples,
a series of water-cooled samples were processed and
tested to compare the effect of those intermetallics on
the properties of cast CMFs. The composition, size, and
distribution of these intermetallic compounds within the
microstructure have been found to govern the failure
mechanisms and the type of acoustic emission released
from cast samples under loading.
Figure 4 shows SEM images of cast air-cooled Al-LC

steel composite foams with the distribution of interme-
tallic phases in the microstructure (Figure 4(a)) and its
fracture surface after complete failure under bending
(Figure 4(b)). Figure 5 shows SEM images of the
matching fracture surfaces of an Al-SS air-cooled castFig. 3—Yield stress and maximum stress values of CMF samples

under 4-point bending.

Fig. 4—Scanning electron microscopy (SEM) images of (a) intermetallic phases present in an Al-LC steel air-cooled cast sample[6] and (b) frac-
ture surface of an Al-LC steel air-cooled cast sample after loading to failure under 4-point bending.

Fig. 5—SEM images of (a) matching fracture surfaces of an Al-SS air-cooled cast sample after loading to failure under 4-point bending and
(b) enlargement of the circled area showing brittle fracture of intermetallic phases and dendrite structures present in the matrix.
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sample, which shows a similar cracking pattern with the
addition of dendrite formation present in the matrix.
Dendrites were also found in the matrix of the Al-SS
water-cooled composite foam but were not observed in
the Al-LC steel foam.

The ultimate failure of cast samples resulted from the
de-bonding of spheres from the matrix as shown in
Figure 6. In many cases, parts of the intermetallic layer
remain bonded to the sphere surfaces, whereas the rest of
it layer remains in the trace of sphere left on the matrix.
This indicates that the failure initiates within the inter-
metallic layer, and such a failure sequence is supported
by the SEM fracture surface images. Figure 4(b) shows
clear brittle cracking in the intermetallic layer surround-
ing the spheres (region A) as well as dimple-shaped
formations in the matrix resulting from ductile failure
(region B). It can also be noted that the brittle cracks are
confined to the intermetallic layer and do not extend far
from the sphere walls, which indicates that the ductile
matrix has the effect of blunting the crack tip and slowing
down the ultimate failure of the sample.

The AE events observed in real time during the test
can be correlated to the failure features found in the
postmortem SEM images and provide additional infor-
mation about the sequence in which complete failure
occurs. All cast samples showed a high number of AE
events per cross-sectional area during the bending tests
as shown in Figure 2. The events occurring before the
yield point of the samples were mostly of low amplitude
(less than 75 dB). Because these events occurred before
the sample began to fail, it is concluded that they
resulted from micromotion of the spheres under the
elastic deformation of the matrix. Some localized plastic
deformation may also occur during this phase and
produce low amplitude AE events.

In the region between the yield stress and the
maximum stress, several sharp, higher amplitude events
up to 95 dB for both air- and water-cooled Al-SS
samples and up to 90 dB for Al-LC samples occurred in
addition to the continuation of the lower amplitude AE
events. In general, it is accepted that higher amplitude
AE events correspond to more brittle modes of cracking,
whereas ductile failures produce AE events with lower

amplitudes.[19] Consequently, these higher amplitude
events can be related only to the isolated microcracking
of the brittle intermetallic phases present in the sample,
such as those found at the intermetallic interface layer
(region A) in Figure 4(b). As loading continued past
maximum stress, the individual microcracks initiating at
the intermetallic phases propagated through the matrix
to connect with other microcracks in nearby interme-
tallic regions. This process ultimately produces a mac-
roscopic crack in the material that follows a path from
intermetallic layer to intermetallic layer at the interfaces
between spheres and matrix (Figure 6). Several AE
events of both high and low amplitude continued after
the maximum stress until the sample completely failed as
the continual initiation of new microcracks and the
coalescence of the existing microcracks formed the
macroscopic crack that propagated completely through
the sample thickness. Because of the plastic deformation
of the sample at this stage, some of these events found
after maximum stress were most likely caused by noise
from the shifting of the sample in the jig, and as a result,
the number of events occurring after maximum stress is
not particularly revealing about the failure mechanisms.
Although this general failure behavior was observed

in all cast samples, some differences were found in the
total number of events and the amplitude distributions
between the air-cooled and water-cooled Al-SS and the
Al-LC steel foams because of variations in composition,
size, and distribution of the intermetallic compounds. In
cases of other composite materials containing brittle
secondary phases, such as particle-reinforced metal
matrix composites, it has been shown that the number
of AE events observed is related to the degree of ductile
failure found in the sample, as a more ductile failure
results in more widely spread AE signals in the larger
plastic zone.[24] This type of behavior is also observed in
cast CMFs processed by various routes, in which the
number and amplitude distribution of the AE events is
related to the degree of ductility found in the sample. A
larger plastic zone in cast CMF will cause a greater
number of intermetallic regions to experience micro-
cracking, consequently creating a larger number of AE
events.

Fig. 6—Digital images of a failed cast Al-SS foam sample processed with air cooling (a) the top surface shows the crack propagation from inter-
metallic layer to intermetallic layer and (b) fracture surfaces showing how spheres pull out from the matrix.
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As shown in Figure 2, the Al-SS foam processed
with the air-cooling method shows the most brittle
failure and has the lowest maximum stress. The stress-
displacement curve of these samples showed no plastic
deformation region between yield and maximum
stress, and the yield point calculated by the 0.2 pct
offset method was close to the maximum stress
value (Figures 2 and 3). This mostly brittle stress-
displacement response is directly related to high ampli-
tude AE events (corresponding to crack initiation in the
intermetallic phases) that begin at stresses near 40 MPa
before the yield point is reached. The air-cooled Al-SS
foam showed the greatest number of high-amplitude
events occurring before yield of any cast samples,
reflecting its faster, more brittle failure.

Compared with the air-cooled Al-SS samples, the
brittle intermetallic layer surrounding the sphere walls is
considerably smaller in the Al-SS water-cooled sam-
ples.[18] This difference is reflected in both the mechan-
ical behavior and the acoustic emission observed.
Water-cooled Al-SS samples show a small region of
plastic deformation between the yield point and the
maximum stress, and the acoustic emission events with
higher amplitudes begin when the stress is about
50 MPa. This result indicates that the smaller size of
intermetallics in the water-cooled samples allows higher
stresses to be sustained before a macroscopic crack
completely connects through the sample to cause failure.
In the mean time, the fast and more brittle failure in air-
cooled Al-SS samples causes a smaller plastic zone that
eventually causes a lesser number of total AE events/
cross-sectional area compared with water-cooled Al-SS
samples with more plastic deformation prior to failure.

The Al-LC steel samples (air-cooled) exhibited the
most ductile behavior of the cast samples and also
showed the most AE events/cross-sectional area reflect-
ing the large plastic zone present in these samples.
Al-LC steel samples reached maximum stresses of more
than 80 MPa and showed a distinct region of plastic
deformation between the yield point and the maximum
stress. Acoustic emission of these samples also reflects
their more ductile failure behavior in both the greater
number of events and in their corresponding amplitude
distribution. Unlike the Al-SS samples, none of the
events before the yield point in Al-LC steel samples were
high amplitude. Between yield and maximum stress,
some higher amplitude events were observed, but the
event amplitude gradually increased with increasing
stress, and the highest amplitude ranged around 90 dB
occurring at the maximum stress. This finding is in
contrast to the Al-SS samples that consistently saw
events up to 95 dB beginning at or before the yield
point. Although the crack propagation follows the same
pattern from intermetallic layer to intermetallic layer at
the sphere-matrix interface, this lack of high-amplitude
events implies that the failure mechanisms of the
intermetallic layers in the Al-LC steel foam are more
ductile under bending loads and the sample can sustain
considerably higher stresses before microcracks in the
intermetallic phases begin to form.

The varying degrees of ductility between the Al-LC
steel and the Al-SS CMFs and the corresponding AE

behaviors can be attributed to the differences in com-
position of the intermetallic phases. Elemental compo-
sitions of the intermetallic phases were obtained by SEM
with energy dispersive X-ray spectroscopy in previous
work for the three types of cast samples.[10,18] In general,
intermetallics in the Al-LC steel foam have more iron
content than intermetallics in the Al-SS foams because
of the higher Fe content of the LC steel spheres. Also,
the intermetallics of the Al-SS foams have some
percentages of Ni and Cr that diffused from the SS
spheres that are not present in the Al-LC steel composite
foam.
The mechanical properties observed in other interme-

tallic systems including Al, Ni, Cr, and Fe suggest that
the failure of intermetallics between Al-Ni and Al-Cr are
more brittle than those between Al-Fe.[25] The yield
strength of Ni-Al (50 pct-50 pct) intermetallics is gen-
erally lower than Fe-Al (~75 pct to 25 pct) intermetal-
lics, and the same was found for these intermetallics
when Cr was added in small amounts.[26] Also, it has
been shown that the ductility of some binary Ni-Al
systems can be improved by adding or increasing the
percentage of a third element, particularly a transition
metal such as Fe.[25]

These trends suggest that the presence of alloying
elements in the intermetallic phases of Al-SS cast
samples (in particular Ni) has made these intermetallics
more brittle and resulted in a more brittle failure in both
air and water-cooled Al-SS samples compared with
Al-LC samples. This more brittle failure in the interme-
tallic phases of the Al-SS foams is reflected even more by
the AE of higher amplitudes in the crack initiation and
propagation phases before the maximum stress is
reached. In addition, the more equiaxed grains with no
dendrite formation observed in the Al-LC composite
foam may also contribute to its greater ductility. The
differences in composition and distribution of interme-
tallic phases, microstructure morphology, and the cor-
responding failure mechanisms between the Al-SS and
Al-LC cast foams are currently being studied in more
detail.

B. Powder Metallurgy (PM) Samples

Unlike the cast samples, CMF samples processed by
PM methods are made from similar materials and have
no intermetallic compounds. As shown in Figure 2, both
the LC and SS PM samples show much more ductile
behavior with clearly visible regions of plastic deforma-
tion between the yield point and the maximum stress.
The deformation of the PM samples was also much
slower and the bending jig rollers slipped out of contact
with the sample before the crack had fully propagated
through the entire sample thickness, leaving the upper
surface still intact even after full loading as shown in
Figure 7.
Figure 8 shows SEM images from the matching

fracture surfaces of a PM-LC steel sample (Figure 8(a))
as well as the porosities that exist within the sphere walls
and the matrix (Figure 8(b)). In the figure, the hollow
spheres are indicated with ‘‘HS’’ and the corresponding
depression left by the debonded sphere on the other
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surface of the sample is indicated with ‘‘D’’. As can be
observed from the SEM images, the primary failure
mechanisms in the PM samples are related to plastic
deformation of the matrix and breaking ligaments
between preexisting microporosities in the matrix fol-
lowed by eventual debonding of the spheres from the
matrix. The fracture surfaces of the PM-SS samples
showed similar features, and it can be concluded that the
same failure mechanisms govern both types of PM
CMF.
The ductile type of failure observed in PM foams

produces much less acoustic emission than shown in the
cast samples, with approximately one event per cross-
sectional area (Figure 2). Since the matrix of the PM
CMF is fairly homogenous in nature with only some
porosities and no intermetallic phases, the large plastic
zones present in the ductile failure of these samples do
not cause any increase in the number of AE events.
Consequently, large amounts of AE, such as that
generated by micro-cracking in the intermetallic regions
of cast samples, are not seen here.
Also, none of the events in the PM samples occurred

before the yield point was reached, indicating that no
substantial localized plastic deformation is occurring in
the sample during the linear elastic region. Some slight
shifts of microporosities in the matrix might occur
during this time, but any AE produced by that was too
small to be detected above the threshold level of 30 mV.
In addition, all the AE events observed in both LC and
SS PM samples had amplitudes less than 75 dB, which
indicated that the deformation causing these events is
occurring in a ductile manner that does not produce any
sharp, high-amplitude AE signals that are characteristic
of a brittle failure. The few events that did occur after
the material had begun to deform plastically likely
resulted from the spheres shifting and becoming deb-
onded from the matrix. The presence of only a few
events that are all low amplitude reflects a complete
ductile failure mechanism that characterizes the PM
CMFs.

C. Reliability of Results

To verify the accuracy of our bending test results
on thin samples, the yield and maximum strength of
each sample is compared with the yield and plateau
strength from monotonic compression tests conducted
on thicker samples with at least 7–8 spheres on each side
(Figure 9). The details of the monotonic compression
test procedure, results and discussion can be found
elsewhere.[10,11,27]

As can be observed in Figure 9(a), the yield strength
of each sample under bending and monotonic com-
pression is essentially in the same range. Because the
stress/strain behavior observed during bending tests is
consistent with the compressive behavior of larger
samples up to the yield point, it can be concluded
that size effects caused by small bending sample
thickness are minor, and the behavior observed is still
a reasonably accurate representation of bulk CMF
properties.

Fig. 7—Digital images of a failed PM SS sample under 4-point
bending test showing the sample as one piece even after full loading:
(a) upper surface and (b) lower surface.

Fig. 8—(a) SEM images of the matching fracture surfaces of PM-LC
steel CMF after 4-point bending test where HS indicates hollow
sphere and D indicates a depression left by a debonded sphere.
(b) SEM image showing preexisting porosities (highlighted by arrows)
in the matrix and sphere walls.[7]
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It is notable that bending samples experience both
compression and tension during loading and metal
foams are known to have lower strength in tension
than compression,[1] particularly at higher stresses
above the yield point. This point can be better
observed in a comparison between the ultimate bend-
ing strength of foam samples and their compression
plateau strength presented in Figure 9(b). A consistent
50 pct increase observed in the CMF plateau strengths
under compression loading compared with the ultimate
strength of thinner samples under bending is caused by
the component of tension present in the bending
samples, which is another reason to believe that the
mechanical properties characterized in this study are
reasonable representations of bulk properties of
CMFs.

IV. CONCLUSIONS

CMFs produced by both casting and PM tech-
niques show favorable performance under bending
loads. The acoustic emission signals detected during
the bending tests were explained by the failure
mechanisms that occur within the samples and are
correlated to the features observed on the fracture
surfaces using SEM. The presence of intermetallic
compounds in the cast samples results in a high
amount of AE activity related to brittle failure in
intermetallic phases, but the ductile matrix sufficiently
blunts these initial cracks and allows the sample to
sustain high stresses. The PM samples have no
intermetallic compounds and exhibit completely duc-
tile behavior with much less acoustic emission. Con-
sistency between the results collected from bending
tests on thinner samples compared with those col-
lected from monotonic compression tests on thicker
samples confirmed the reliability of the results.
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