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In situ compressive tests on specially designed small samples made from brittle metallic foams were
accomplished in a loading device equipped in the scanning electron microscopy (SEM). Each of the small
samples comprises only several cells in the effective test zone (ETZ), with one major cell in the middle. In
such a system one can not only obtain sequential collapse-process images of a single cell and its cell walls
with high resolution, but also correlate the detailed failure behaviour of the cell walls with the stress–
strain response, therefore reveal the mechanisms of energy absorption in the mesoscopic scale. Mean-
while, the stress–strain behaviour is quite different from that of bulk foams in dimensions of enough
large, indicating a strong size effect. According to the in situ observations, four failure modes in the
cell-wall level were summarized, and these modes account for the mesoscopic mechanisms of energy
absorption. Paralleled compression tests on bulk samples were also carried out, and it is found that both
fracturing of a single cell and developing of fracture bands are defect-directed or weakness-directed pro-
cesses. The mechanical properties of the brittle aluminum foams obtained from the present tests agree
well with the size effect model for ductile cellular solids proposed by Onck et al.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Metallic foams, especially those made from aluminium and its
alloys, have received a significant increase of interest in the past
few years. An important application of such ultralight foam is serv-
ing as crashworthy component, such as fillers in the tubular struc-
tures [1–6] and cores in the laminated sandwiches [7–11]. In
addition to the lightweight and high specific energy absorption
(energy absorbed per unit weight), the low strengths and large
plastic strains, which usually mean attenuated acceleration and
elongated crushing distance during an impact event, make foams
very attractive for energy absorbing applications.

In general a metallic foam can be characterized on three scales
[12–20]: the microscopic scale, which mainly deals with micro-
structures in cell walls; the mesoscopic scale, which mainly deals
with the morphology, deformation and fracture in the cell and
cell-wall level; and the macroscopic scale, which mainly deals with
the collapse behaviour (e.g., deformation bands) and mechanical
properties in the bulk-foam level. Gibson and Ashby [12] pointed
out that although mechanical properties of metallic foams do con-
cern with the micro and meso structure, the related parameters are
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difficult to be expressed in analytical models and impracticably to
be checked once in use. It is perhaps for this reason that most early
works focused on the macroscopic aspects. However, characteriza-
tion the role of meso and micro structures during deformation is
very important, since the amount of energy absorbed is directly re-
lated to the way the cell structure fails or collapses [17,20]. Two
major approaches can be classified in the recent surge in character-
izing the micro and meso structure of cellular solids: scanning
electron microscope (SEM) and X-ray tomography. Markaki and
Clyne [16] examined cell wall microstructures of three different
closed-cell Al alloy foams in SEM, and found that the microstruc-
tures can substantially affect the deformation and failure behav-
iour of metallic foams. When studying the mechanics of
compressive deformation in open-cell Al foams, Zhou et al. [21]
employed an ex situ SEM technique: after each loading-unloading
cycle, the tested sample was moved to SEM and examined. How-
ever, application of this method to the brittle metallic foams may
be difficult, since the cell walls collapse into fractured debris and
can hardly maintain integrity once unloaded and moved. Motz
and Pippan [22], in a real sense, performed in situ tests in scanning
electron microscope. They carried out standard fracture toughness
tests on compact tension of ductile metallic foams, and find that
the deformation is strongly localized to the thinnest parts of the
cell wall, where cracks initiate and propagate. Usually the non-
destructive imaging of collapse behaviour of metallic foams rely
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on surface observation. As a powerful tool, X-ray tomography is re-
cently adopted to acquire the mesoscopic structures from three
dimensions [17,18,20,23]. Maire et al. [17,23] acquired 3D numer-
ical images by high resolution X-ray tomography to study the
microstructure and also the damage of different cellular materials.
They also examined several method of finite element modeling
based on the acquired images. Elmoutaouakkil et al. [18] quantita-
tively characterized the cellular morphology of metallic foams in
terms of cell size/volume distribution, cell wall thickness distribu-
tion, with the help of X-ray microtomography. McDonald et al. [20]
employed the same method to collect three-dimensional images of
aluminum closed-cell foam from the in situ compressive deforma-
tion experiment, and suggested not only the position of large cell
volumes to be very important in the local concentration of stress,
but also the distribution of cell volumes of immediate neighbours.

Size effect is another important issue in the mechanical testing
of cellular solids. Size effect means, the specimen size relative to
the cell size has great influence on the measured properties. The
size effect is also very important in the design and application of
foam component, e.g., the thickness of the foam core may greatly
influence the overall performance of the sandwich panel. The size
effect of a unconstrained or bare metallic foam and that of con-
strained foam (e.g. the core foam for sandwich panels) is quite dif-
ferent however [9,24–29]. For a bare foam column, when the
specimen size relative to the cell size decreases, the fraction of
stress-free cells at the surfaces increases and the constraint of
the cell walls at the boundary becomes weaker, both effects lead
to decreased moduli and strengths [24,26].

In this paper, in situ compression tests for specially designed
AlSi alloy foam samples were accomplished inside a scanning elec-
tron microscopy with a small loading device, and high resolution
images of cell morphology evolution and compressive load vs. dis-
placement curves were acquired simultaneously. The aims of this
unconventional method lie in two aspects: (1) to inspect how does
the deformation and failure process of a single cell and cell walls
influence the stress–strain response, therefore identify the main
energy absorption mechanisms; (2) to examine the size effect aris-
en in this specific loading condition. Conventionally the bulk foam
specimens used in the uniaxial compression tests are in dimen-
sions of over 10 times the cell size, and the measured stress–strains
represent the overall collapse responses of multiple cells. In the
present study, the effective test zone (ETZ) of the specially de-
signed samples is in a dimension of only 1–2 cell diameters, there-
fore the stress–strain responses can be conveniently explained by
the corresponding mesoscopic failure mechanisms. Parallel to the
mesoscopic tests, macroscopic compression tests on bulk foams
were also carried out. Special attention was given to the relation-
ship of cell wall fracture in the single cell and the formation of frac-
ture bands in the bulk foam. Since the tests demonstrate a strong
size effect, the mechanical properties obtained from the mesoscop-
ic and macroscopic tests were correlated with the size-effect mod-
els proposed by Onck et al. [24].
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Fig. 1. Distribution of cell sizes.
2. Experimental procedures

2.1. Material characterization

The AlSi12 closed-cell foams, provided by Shenyang NEU Ad-
vanced Materials Development Co. Ltd. of China, were used in
the present study. The NEU foams were produced by molten body
transitional foaming process with several steps [30]: (i) melting al-
loy of aluminum silicon and calcium in furnace; (ii) adding tita-
nium hydride (TiH2) to the molten body; (iii) transferring the
molten body to the bubbling case; (iv) pushing the bubbling case
to the maintaining furnace and foaming in it; and (v) post process-
ing. No obvious directional effect is found and the NEU foams. The
AlSi12 foams have been demonstrated as typical brittle materials.
San Marchi et al. [19] reported that the elongation to failure ef

for the AlSi12 foams is between 1% and 2%, by contrast the pure
Al foams display ef > 5%. The apparent density of the foams is about
0.67 g/cm3 and the relative density is about 0.25. Distribution of
cell sizes was obtained with the Image-Pro system by counting of
550 cells on the surfaces of a typical sample, as illustrated in Fig.
1. The ‘‘cell size” for a single cell is defined as

D ¼ 1
n

Xn

i¼1

DiðihÞ ð1Þ

where Di(h) is the ith ‘‘diameter” passing through the cell’s centroid
measured at h degree intervals, n is the number of such ‘‘diameters”
and n = int{180/h}. Here h takes 2�, therefore the cell size was taken
as the mean value of 90 ‘‘diameters”, measured at 2� intervals. In
Fig. 1, the left and right vertical axis are number fraction and area
fraction of a specific cell size, respectively. The largest number frac-
tion is found in cell size below 0.5 mm, indicating many pores in the
cell walls. According to the area fraction, the average cell size d can
be taken as 3 mm for the foams.

2.2. In situ mesoscopic compression tests

Specially designed dog-bone specimens were examined in the
mesoscopic compression tests. The specimen geometry is shown
in Fig. 2. The effective test zone (ETZ) is in dimensions
4 mm � 6 mm � 4.5 mm. Upon loading, the stress level inside the
ETZ would be significantly higher than that of outside ETZ, due
to the narrowed width. The shape and dimensions guarantee that
collapse initiates and progresses within the ETZ and can be ob-
served directly in the SEM. The adopted dimensions are also par-
tially due to the restricted space inside the SEM, as well as the
limitation of the loading cell. Samples were carefully selected from
the raw foam material to make sure that one ‘‘complete” cell lo-
cated at the center of ETZ, and then were sectioned by electro-dis-
charge machining (EDM) to avoid local damage to the cell walls. To
minimize contaminants, the samples were first washed in the coal
oil and then subjected to ultrasonic cleaning in the acetone solu-
tion before being tested. Uniaxial compression tests for the meso-
scopic samples were carried out in a small loading device, which
was equipped inside the S570 SEM. The experimental set-up is
illustrated in Fig. 3. Samples were compressed at a cross-head
speed of 0.2 mm/min (some were compressed at a speed of
0.08 mm/min), to a deformation of 4 mm (which equals to the



Fig. 2. Dog-bone specimen for in situ mesoscopic compression tests in the SEM.

Fig. 3. Loading device with a sample to be furnished inside the SEM.

Fig. 4. Discrepancies in stress–strain curves in mesoscopic compression tests.

Fig. 5. Characterizing the ETZ of a representative sample before compression test
(eE = 0). Special attention is given to cell X, cell walls and struts of X are numbered
from A to F and A0 to F0 in the clockwise, respectively and cells surrounding X are
numbered from I to VI in the clockwise. Obvious defects are spotted in cell wall A.
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length of ETZ, indicating an apparent engineering strain eE of 100%).
Load and displacement data were sampled and processed in a per-
sonal computer. Series images for the cell deformation were ac-
quired in the SEM at an interval of every 5% deformation.

2.3. Macroscopic compression tests

Square prism samples in dimensions 45 mm � 45 mm � 60 mm
were sectioned from the raw foam material via EDM. Each edge is
at least 15 times of the average cell size d, in order to minimize the
size effect and obtain the representative properties. The faces were
slightly polished with fine sands to improve the contrast between
the cell wall and the non-wall regions. Uniaxial compression tests
on the bulk samples were carried out in an MTS servo-hydraulic
testing machine equipped with a 10 kN load cell. All the samples
were tested in the displacement-controlled mode with a cross-
head speed of 2 mm/min, till 80% deformation was achieved. Dig-
ital images of two opposite faces were acquired at 10 s intervals
with a charge-coupled device (CCD) camera connected with Qustar
system and a Cannon 350D DSLR camera respectively. The resolu-
tion of the images are 768 � 576 and 3456 � 2304 pixels
respectively.

3. Results

3.1. Fracture process of cell walls and stress–strain responses

Altogether six mesoscopic samples were tested. Since ETZ
dimension is within two times the cell size, local imperfections
and variance in cell morphology (cell shape, cell size and cell wall
thickness, etc.) would dominate the compression behaviour, there-
fore a significant difference in the stress–strain responses could be
expected. This discrepancy does not matter much, since the main
purpose of the tests is to correlate the fracture process of cell walls
with the stress–strain responses, therefore reveal the mechanisms
of energy absorption. Fig. 4 gives some of the stress–strain curves
obtained from the mesoscopic tests. One can still find some com-
mon items, e.g., each of the crushing histories can be roughly di-
vided into three stages. We will focus in a typical mesoscopic
test in the following section.

In Fig. 5, the effective test zone (ETZ) was extracted from the
low magnification SEM image of a representative untested sample.
The morphology of ETZ needs to be characterized first. A ‘‘com-
plete” cell, marked X, is located at the center of the ETZ. The cell
X can be viewed as being composed of six cell walls, numbered



Fig. 6. Deformation and fracture process of cell walls in the mesoscopic scale, ob-
tained from in situ compression tests in SEM. The SEM images are shown at diff-
erent loading stages indicated by the numbers 1–9 corresponding to the stress–
strain curve. The arrow indicates the regions where buckling begins, and
arrow indicates the regions where fractures or contacts take place. The
engineering strains eE from 1 to 9 are 10%, 15%, 20%, 30%, 35%, 40%, 50%, 60% and
75%, respectively.
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from A to F in the clockwise. Meanwhile, X is surround by six
neighbouring cells, either ‘‘complete” or ‘‘incomplete” in shape,
numbered from I to VI in the clockwise. Each of the neighbouring
cell shares one common cell wall with X. The cell X is also sup-
ported by 6 struts, which are the cell walls of the surrounding cells.
The struts are numbered from A0 to F0 in the clockwise, in corre-
sponding to the cell walls which compose X.

Unlike common ductile, solid metals which have significant
Poisson’s effect, in compression the plastic Poisson’s ratio of the
metallic foams is very small and even can be taken as zero
[6,13,22,31,32], hence the true stress–strain can be approximated
by the engineering stress–strain. In Fig. 6, the nominal stress–
strain curves were obtained by dividing the applied load by the ori-
ginal cross-sectional area of ETZ to obtain the stress, and dividing
the measured displacement by the original ETZ length to obtain
the strain. Refer to Fig. 6, the characteristic deformation and frac-
ture process of cell walls, together with the stress–strain re-
sponses, will be described in details according to the loading
stages.

Stage 0 (eE = 0%): The initial stage can be referred to Fig. 5. The
morphology and location of cells gives a basic clue for the first col-
lapse. Cells I, III and VI, located at the edges of the sample, demon-
strate pronounced edge effect: they provide less mechanical
support upon loading and the stress level is relatively low
[20,24,25]. Cells II, IV and V, however, located partially inside ETZ
and partially outside. Collapse in these cells at the initial loading
stage is less likely, since lower stress level would be achieved out-
side ETZ. Comparably, stress concentration in the cell X is predom-
inant, due to its location inside ETZ and the relatively thin cell
walls.

Stage 1 (eE = 10%): Compressive stress increased with increasing
strain almost linearly till an apparent large strain 10%, accompa-
nied by the overall elastic deformation of the cell walls. Notice that
cell walls outside ETZ also experienced elastic deformation at this
stage, therefore, the elastic strain calculated with the method men-
tioned in the early part of this section is significantly larger than
that is real. At the final stage of elastic deformation, cell wall A
yielded. As being analyzed in the previous stage, stress concentra-
tion would take effect in cell X. The obvious defects in the cell wall
A induced further local stress concentration and weakened the
wall strength. As a result, the first yield took place in cell wall A.

Stage 2 (eE = 15%): Cell wall A failed in bending fracture, forming
three ‘‘hinges”. The fractured cell wall segments moved around the
‘‘hinges” under the bending moment induced by remote compres-
sive stress. This phenomenon is similar to ‘‘plastic hinges” in the
axial crushing of thin-walled ductile metal tubes, except that in
the present situation the ‘‘hinges” are not plastic but brittle frac-
tured. Cell wall C begun to yield, due to the stress redistribution
after cell wall A fracture. The stress level is appreciably high at this
stage, and both fracturing of wall A and yielding of wall C contrib-
ute to this high stress.

Stage 3 (eE = 20%): Cell wall C failed in bending fracture, forming
two ‘‘hinges”. No obvious damage was found in other cell walls. At
this stage cell wall A fractured into discontinuous fragments which
sustain little load. Correspondingly, the stress begun to drop.

Stage 4 (eE = 30%): Cell walls A and C lost integrity and con-
straint, leaving the undamaged cell walls move in a manner of rigid
body. The stress dropt significantly. Visible crack initiated in the
cell wall E under the tensile stress induced by remote compression.
By the end of this stage, all the damaged and fractured cell walls
belong to X. Cells I, III and X are the only three cells collapsed.

Stage 5 (eE = 35%): Cell wall E fractured, and crack initiated in
cell wall F0, forming the first damage in a cell wall that is outside
X. At this stage, cell X as well as cells I and III were seriously dam-
aged and sustained little stress, and stress concentration begun to
transfer to other cells. As a result, a trough stress value arrived.
Stage 6 (eE = 40%): Cell walls F, F0 and A0 fractured and lost integ-
rity. The fractured fragments tended to be compacted, causing a
notable increase in stress in the subsequent stages.

Stage 7 (eE = 50%): Two opposing cell walls in III, D0 and D00, be-
gun to contact, indicating a further compaction. The stress in-
creased continuously.

Stage 8 (eE = 60%): D0 and D00 contacted each other in two areas.
The broken cell walls and fractured region have been sufficiently
compacted, as an indicator the stress rise to a level near maximum.
At this stage, only three undamaged or partially damaged cells in-
side ETZ can be distinguished.

Stage 9 (eE = 75%): The debris fractured D00, a cell wall that is
outside ETZ. This indicated the end of the mesoscopic compression
test, and the stress–strain thereafter should not be taken as ‘‘real”.

At the final stage (refer to stage 8), 4 out 6 cell walls of X, i.e.,
A, C, E, and F fractured. By contrast, only two cell walls (A0 and
F0) outside X fractured. The fracturing of cell walls belong to the
neighbouring cells leads to a stress redistribution and fracture
region evolution. A small collapse path (or collapse band) is
formed and this path is not perpendicular to the loading direc-
tion. Apparently, cracks and fractures follow the weakest path
throughout the cell structure, therefore the fracture process is
weakness and defects directed one. A typical stress–strain curve
obtained from mesoscopic compression tests can be divided into
three regimes: elastic regime, bending and fracturing regime,
and densification regime. Unlike the bulk foams which have a
plateau stress regime, in meso tests the stress in the bending
and fracturing regime is not stable, since the local failure signif-
icantly affects the stress response in such small dimensions.
Meanwhile, the densification effect is not as obvious, again due
to the edge effect.

3.2. Macroscopic collapse behaviour of the foam

Altogether five macroscopic samples were tested. Fig. 7 gives
the typical stress–strain responses and several characteristic
images of bulk foam under compression. Similar to the common
metallic foams, the typical stress–strain curve of the AlSi brittle
foam can be divided into three regimes [15,33]: elastic regime,
where the compressive stress increases with increasing strain al-
most linearly, accompanied by the overall elastic deflection of



Fig. 6 (continued)
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the cell walls; plateau regime, where the stress remains nearly
constant with increasing deformation, accompanied by the initia-
tion and propagation of fracture bands; and densification regime,
where the stress rises steeply at high strains, accompanied by
the sufficient collapse of cell walls and pack-together of broken
fragments.



Fig. 7. Formation of fracture bands in the macroscopic compression test for a bulk foam. The pictures are shown at different loading stages indicated by the numbers 1–5
corresponding to the stress–strain curve. The engineering strains eE from 1 to 5 are 0, 5.6%, 11.7%, 33.3% and 60%, respectively.
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In Fig. 7, the largest cell (marked Xmax) is located near the center
of the visible face. It has been reported that the permanent defor-
mation or fracture starts predominantly in the regions with the
highest concentration of defects and the lowest local densities
[17–20], and regions with these characteristics are usually occu-
pied by the largest cells. In the case shown in Fig. 7, cracks and
fractures in the cell walls were first spotted in the cell Xmax. As
the compressive strain increased, two macroscopic fracture bands
formed sequentially, both passing through Xmax. The first fracture
band became evident at the engineering strain eE of about 5.6%
(stage 2). When further deforming of this band became difficult,
the second fracture band came into being, at eE of about 11.7%
(stage 3). When eE reached 33.3% (stage 4), two macroscopic frac-
ture bands, swallowing most of the fractured cells, appeared viv-
idly in a ‘‘X” shape. Similar to those in meso tests, the band
normals are not coincident with the loading direction. Bastawros
et al. [15] reported that for closed-cell Al alloy foams the angles be-
tween normals of deformation bands and the loading axis are usu-
ally within 20�, but in some instances reach 40�. Large angles
(about 40�) were also observed in the present study. Notice that
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the in-plane crushing of honeycombs also produces oblique ‘‘X”
shaped bands at low impact velocity [34]. According to the meso
tests, local failure always results in stress redistribution, which
means prominent stress concentration in the neighbouring cells
or cell walls. Therefore, the subsequent failures often occur in the
weakest cell walls of the neighbouring cells. All the fractured
neighbouring cells formed the macroscopic fracture bands.

3.3. Mesoscopic mechanisms of energy absorption

Energy absorption, when evaluated quantitatively, can be ob-
tained by integration of the load and displacement curve; when ex-
plained from the deformation mechanisms, can be any motion
involved in the plastic yield or brittle fracture that leads to the var-
iation in load–displacement responses. Bastawros et al. [15] sug-
gested that the combination of distortional and rotational
deformations produces at least three possible mechanisms at the
cell-level. In the present study, special attention was paid to the
failure modes of cell walls, in order to understand the mechanisms
of energy absorption in the mesoscopic scale.

It has been well summarized that the dominating deformation
mechanisms of the closed-cell foams were bending of cell edges
and stretching of cell faces [24,35–37]. For ductile foams, cell walls
usually deformed into plastic hinges at sufficiently high loads, and
bending and hinging are the main mechanisms. The images ac-
Fig. 8. Images acquired from CCD, showing various failure modes in cells and cell
walls in brittle foams. (a) As received. (b) After eE = 20%. Apart from a macroscopic
fracture band, individual cells experience various failure modes before being ‘‘sw-
allowed” by the fracture bands.
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Fig. 9. Failure modes in the cell-wall level, in order to understand the energy ab-
sorption mechanisms in the mesoscopic scale. (a) Mode I; (b) Mode II; (c) Mode III;
(d) Mode IV.
quired from CCD in Fig. 8 however, show more complex failure
modes in cells and cell walls for brittle closed-cell foams. When
considered at the cell-wall level, at least four failure modes can
be identified. The sketches of the basic failure modes were illus-
trated in Fig. 9. Mode I is compressive bending and fracturing. At
low strains, the cell wall begins to yield and bend, forming either
one, two or three ‘‘hinges”. This early stage behavior is similar to
the plastic deformation of ductile foams. At high strains, the cell
wall eventually fractures at the hinge positions into several frag-
ments. Mode II is direct brittle fracture due to tension or shearing.
Tensile or shear stress can be induced in the cell walls nearly per-
pendicular to the compression axis, by stretching the cell faces.
Mode III is cracking in the cell face, due to stretching induced from
remote compressive stress, when the cell face parallels the com-
pression axis. Mode IV is shear and friction between fractured cell
walls, usually occurs at high compressive strains. The above phe-
nomenological description of failure modes were summarized
from the in situ observation of compression tests for mesoscopic
samples. Fig. 10 gives some typical SEM images corresponding to
the failure modes descrpted in Fig. 9. The major mechanisms of en-
ergy absorption in the mesoscopic scale are those comprised in



Fig. 10. SEM images showing mechanisms of energy absorption in the mesoscopic scale. (a) compressive bending and fracturing at ‘‘hinges”, Mode I; (b) direct brittle
fracturing due to induced tension or shear, Mode II; (c) cracking in the cell face, Mode III; (d) friction and shear between fractured cells, Mode IV.
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Modes I, II and III, all of which lead to fractures in cell walls. Frac-
ture energy is usually higher than plastic energy at a given defor-
mation, that is the reason why typically brittle foams absorb
more energy than ductile ones in the condition of progressive
compression.

3.4. Mechanical properties: size effect

In the present study, both types of specimens are in some ex-
treme conditions. The edges of the ETZ in mesoscopic samples
and the edges of macroscopic samples are approximately 1.5 and
15 times of the average cell size, respectively. The mechanical
properties obtained from these tests involve strong size effect.
According to the size-effect models for ductile cellular solids pro-
posed by Onck et al. [24], for a square-prism foam with the cross
section of ad � ad (where d is the average cell size, a is the cell
number contained in one edge), the Young’s modulus Epl gives

Epl

E�
¼ 1� 2n

a
� 2p

a

� �2

þ 4mn
a

1� 2n
a
� 2p

a

� �
þ 4m2n2

a2 ð2Þ

where E* is the true Young’s modulus obtained from bulk materials
with sufficient large dimensions, m is the reduced stiffness factor
for the boundary layer of thickness nd and the stress free layer of
zero stiffness is of thickness pd. Reference [25] gave a demonstra-
tion plot according to Eq. (2) with m = 0.85, n = 0.5 and p = 0.25.
The plastic collapse strength rpl obeys
rpl

r�pl

¼
ða� 1

2 Þ
2

a2 ð3Þ

where r�pl is the true plastic collapse strength obtained from speci-
mens of sufficient large. For the brittle metallic foams, the above
two size-effect equations may also feasible. Blazy et al. [38] re-
ported that metallic foams usually deforms in a combination of brit-
tle fracture and plastic yielding, and they did not make distinction
of these two mechanisms. Although the AlSi12 foams are typical
brittle materials [19], at the early stage of deformation they behave
like ductile metallic foams, as depicted in the previous section. For
the meso tests, a is among 1.5–2, therefore Epl1 = 0.32–0.46E*,
rpl1 ¼ 0:44 � 0:56r�pl. As for the macro tests, a = 15, therefore
Epl2 = 0.92E*, rpl2 ¼ 0:93r�pl. The mechanical properties obtained
from macro tests approximate to the true values. The predicted ra-
tios of the two type tests are, Epl1/Epl2 = 0.35–0.5E8 and rpl1/
rpl2 = 0.47–0.6, respectively.

The true Young’s modulus E* and true plastic strength r�pl can
be predicted from the models proposed by Gibson and Ashby
[12]. Neglected the gas pressure effect, the brittle closed-cell
foams have

E�

Es
¼ /2ðq

�

qs
Þ2 þ ð1� /Þðq

�

qs
Þ ð4Þ

r�pl

rys
¼ 0:2ð/q�

qs
Þ3=2 þ ð1� /Þq

�

qs
ð5Þ



Table 1
Comparison of mechanical properties: macro and meso, experimental and theoretical

Macro, prediction
(MPa)

Meso, prediction
(MPa)

Predicted ratio (meso/
macro)

Macro, experiments
(MPa)

Meso, experiments
(MPa)

experimental ratio (meso/
macro)

Young’s
modulus E

10304 3584–5152 0.35–0.5 672.0 61.8 0.09(0.3)

Plastic strength
rpl

22.2 10.6–13.4 0.47–0.6 10.3 6.0 0.58
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where / is the volume fraction of solid in the foam that is contained
in cell edges, Es and rys are the Young’s modulus and yield stress of
cell wall material respectively, q*/qs is the relative density of the
foam. Predictions of Young’s modulus and plastic collapse strength
in Eqs. (4) and (5) require data for cell wall modulus Es, yield stress
rys and relative density. For the AlSi12 foam of NEU brand, we took
Es = 70GPa, rys = 157 MPa, the relative density q*/qs = 0.25, and /
= 0.4. Combining Eqs. (2)–(5), one obtains the predicted Young’s
modulus Epl and plastic strength rpl for both meso and macro spec-
imens. The predicted values are compared with those of tests,
which were obtained by averaging the data of at least three typical
samples. Table 1 gives the results. The obvious discrepancies of
absolute values between predictions and experiments are caused
by morphological defects in the microstructures of the foams, the
effects which were not included in the Gibson and Ashby’s models
[39,40]. The ratios of plastic strengths are in a reasonable accor-
dance in predictions and experiments, indicating a good match of
size-effect models proposed by Onck et al. [24]. Apparently the elas-
tic modulus obtained from meso tests underestimated the value by
neglecting elastic deformation outside ETZ. Inclusion the elastic
behaviour outside ETZ, the ratio of Young’s moduli in meso and
macro tests is raised from 0.09 to 0.38, a value approaches the pre-
dicted ratio obtained from Eq. (2). The normalized Young’s modules
Epl/E* and normalized plastic strength rpl/r* plotted against normal-
ized edge length a, obtained both from models and experiments, are
given in Fig. 11. In this figure, the true Young’s modulus and plastic
strength, E* and r�pl, were obtained from macro tests according to
Eqs. (2) and (3), respectively. Commercial metallic foams invariably
contain imperfections and inhomogeneities in their cell structures
[16]. On the mesoscopic scale the morphological defects include
missing cell wall, pores, plateau border, wiggle, etc. [39]. In the
macro tests, each edge of the sample is at least 15 times the cell
size, and the effects of local imperfections and boundary layers
could be reduced to an acceptable level. In the meso tests, however,
Fig. 11. Normalized Young’s modules and plastic strength plotted against normal-
ized edge length a.
local imperfections and morphology variance would be dominant.
Fig. 11 shows the scattered mechanical properties obtained from
meso tests, whereas those obtained from macro tests show little
dispersion. While investigating the size effect on the compression
strength of brittle graphitic foams, Mora and Waas [26] pointed
out that the fewer amounts of struts present in the foam structure,
the higher the non-uniformity of the critical stresses. They also
plotted the critical stress against the loading area into three stages:
discrete behaviour, transition phase and continuum behaviour. The
discrete behaviour stage shows similar tendency to Fig. 11.

4. Conclusions

In situ tests for condensed materials inside the SEM can be
readily found. For a material which is cellular structured macro-
scopically, i.e., the cell size is comparable to the specimen dimen-
sion that could be prepared for the inside-SEM examination
(obtain the sequential deformation images and stress–strain re-
sponses simultaneously), this kind of in situ test is rare. Rather
than to learn the actual stiffness or strength of the material, the
main objective of in situ tests adopted in the present study is to
correlated the instantaneous stress–strain responses with the frac-
ture process of a single cell and its cell walls, therefore identify the
mechanisms of energy absorption in the mesoscopic scale. The lim-
ited number of cell walls inside the ETZ that can sustain the com-
pressive load, is helpful to achieve this goal. According to the in
situ mesoscopic compression tests, four major failure modes in
the cell-wall level were characterized. Mode I, compressive bend-
ing and fracturing at ‘‘hinges”; Mode II, direct brittle fracturing
due to induced tension or shear; Mode III, cracking in the cell face;
and Mode IV, friction and shear between fractured cells.

The study also made attempts to connect meso tests with macro
tests. Although the local imperfections and variance in cell mor-
phology may dominate the fracture process of a meso sample,
the typical stress–strain curve can still be divided into three char-
acteristic stages. Unlike marco tests, the stress–strain curve of a
meso test has no plateau stress regime, instead the bending and
fracturing regime demonstrates strong dispersion in the stress re-
sponse. However, the mechanical properties obtained from the two
types of tests can be generalized in the size-effect models. This
means the size-effect models for ductile cellular solids proposed
by Onck et al. [24] can be readily used for brittle metallic foams.
As also observed by previous researchers, both fracturing of a sin-
gle cell and cell walls in meso tests and developing of fracture
bands in macro tests are defect-directed or weakness-directed
processes.

The in situ meso compression test method employed in the
present study is also helpful in characterizing the representative
unit cell and its failure behaviours for metallic foams, therefore
building the unit-cell-based models [41,42]. Further work may be
carried out in this category.
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