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ABSTRACT

It was reported recently that closed cell Al foams
exhibit strain hardening when subjected to monotonic or
cyclic loading with lateral constraint. In the present study
compressive and fatigue testing was carried out on some
Alporas foams with lateral constraint. The deformation
mechanisms responsible for this behaviour were
examined in this study, by employing non-destructive
X-ray tomography on load-interrupted specimens. Foam
deformation mechanisms with constraint, studied from the
tomograms, were compared with the literature data on
foam deformation mechanisms without any constraint. It
was found that the deformation mechanisms are similar in
both cases.

INTRODUCTION

Metal foams, having unique mechanical properties
[1,2], are finding importance in many structural
applications [1-4] where they are subjected to
compressive or cyclic loading. In many of these
applications, especially when the foam is used to fill
parts, deformation of the foam occurs under constrained
stress conditions. Hence it is necessary to study the
deformation behaviour with constraint.

The vast amount of literature on mechanical properties
of metal foams focuses on mechanical testing of metal
foams without any constraint. In some studies,
deformation was carried out on foam filled tubes [5-9].
The strength of the foam filled tubes is higher than the
sum of the strength of the two sub-elements (foam and
tube). The outer skin of the foam also results in a higher
strength of the foam compared to that without any outer
skin [9,10]. In all these studies — with the presence of
constraint — foam deformation takes place along with the
deformation of the constraint. Therefore the effect of
constraint separately on the strength of the foam is not
clear from these studies. Recently Kolluri et al. [11]
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reported the effect of lateral constraint on the mechanical
properties of a closed cell Al foam where the foam
deformation takes place without any deformation of the
constraint.  Their experimental results on quasi-static
compression indicate that the constraint induces a positive
slope to the stress-strain curve in the plastic regime that is
not seen without constraint. The strain hardening rate
(do/de, where o is the stress and ¢ is the strain) with
constraint is much higher, 2.59 MPa, compared to the same
without constraint, 0.9 MPa. Karthikeyan et al. [12]
suggested that multi-axial state of stress and frictional
resistance between the deforming foam and the rigid
constraint walls are the two sources responsible for the
observed hardening. The observed hardening has important
practical consequences. For example, Kolluri et al. [13]
show that there are marked differences in N., the critical
number of cycles when strain rises rapidly indicating the
onset of stage III of a S-N curve. The stage III initiates
relatively earlier in the unconstrained samples followed by
a rapid rise in strain level. In contrast, in constrained
samples stage III is not a continuous process, but is
intervened by periodic slow strain accumulation.

In the present paper, the deformation mechanisms both
for monotonic and cyclic compressive loading on samples
with lateral constraint were studied with the help of X-ray
tomography. The deformation mechanisms were compared
with the data available in the literature for similar types of
loading but without any constraint.

EXPERIMENTAL

Closed cell aluminium foam, commercial name
“Alporas”, samples of ~50x50 mm” cross section and ~100
mm height were prepared by electro discharge machining.
A total of 4 samples were used for testing - samples 1 and
2 for quasi-static compression and samples 3 and 4 for
compression-compression fatigue tests. All the samples
have similar relative densities (p*) of ~0.09. A die-steel
sleeve with a slightly larger inner cross-section than that of



the samples and 118 mm depth was used as constraint
during testing. After placing the samples in the sleeve, a
solid aluminium block of 50x50 mm® cross section was
placed on top of the sample. Quasi-static compression and
compression-compression fatigue tests were performed in
a servo-hydraulic universal testing machine. Quasi-static
tests were conducted at a crosshead displacement rate of
0.1 mm/s. Fatigue tests were carried out at a frequency of
10Hz and with a minimum (o,,;,,) to the maximum (o,,.)
compressive stress ratio of 0.1. Plastic strength (o,,) of the
samples, in MPa, was calculated from p* data by using
the equation given by [11]

o, =6O.92><(,0*)1'5 1))

The maximum load for the fatigue tests was chosen such
that the 6,,,/0, = 0.9. Each test was interrupted at a given
amount of strain and X-ray tomography was conducted,
after which straining was continued. All the tomograms
shown in this paper are binarised boolean images. The
strain shown in the tomograms corresponds to the
accumulated strain up to that point and does not include
the elastic strain because the tomograms were acquired
after unloading the sample.

RESULTS AND DISCUSSION
Quasi-static compression

The tomograms in Figure 1 show the vertical section
near the central axis of an Alporas foam quasi-statically
compressed to various plastic strains. Loading is applied
in the vertical direction, shown by an arrow at the top of
the foam. The foam is largely homogeneous except for the
big pore at the bottom of the foam, Figure 1(a). The
corresponding deformed section, Figure 1(b), shows that
most of the strain is localized around this big pore, shown
by the crush band “1” marked with broken lines. The
crush band “1” has a thickness of about 4 to 5 cell
diameters. The cells of another band “2” started to buckle
in Figure 1(b) and further deformed and formed a
collapsed band in Figure 1(c). This band “2” is 3 to 4 cell
diameters large. Another crush band “3” of one cell
dimension is seen to intersect “2” in Figure 1(c).

Meso-inhomogeneity caused by the presence of the big
pore — reflected by the density variation along the height
of the foam — results in a higher strain at the bottom of the
sample. The big pore reduces local density which in turn
reduces the strength of the material. This is in agreement
with the results reported by Gradinger et al. [14] who
tested foams without any constraint, with similar densities
but with different meso-inhomogeneities and found that
samples with higher meso-inhomogeneity had lower
strength. Sample 2, despite of having a similar density as
sample 1, is meso-scopically more homogeneous
compared to sample 1, see Figure 2(a). As a result, o, is
considerably higher for sample 2 (~2.12 MPa) than for
sample 1 (~1.66 MPa).

The yz and xz section of sample 2 are shown in Figure
2(a) and (c), respectively. The corresponding deformed
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sections, strain level of 25.3%, are shown in Figure 2(b)
and (d), respectively. The collapsed bands are shown by
pair of broken lines. Although care was taken to make the
top and bottom faces of the foam parallel to each other,
slight deviation could result in a horizontal band at the top
of the foam, such as band nos. 1 and 5. All the collapsed
bands sweep the entire foam cross section. They are at an
angle with the horizontal axes (x or y). It can be seen that
all the collapsed bands are not oriented the same way.
Band nos. 2, 3 and 4 in Figure 2(b) make an angle ~15°

Figure 1. Binarised images of the vertical section of

sample 1 that was quasi-statically compressed with

lateral constraint, (a) 0%, (b) 17.1% and (c) 25.4%

strain. This vertical section is close to the centre of the

foam. The arrow in (a) indicate the direction of

applied load. It is seen in figure (b) that the biggest
pore in the lower part of the foam leads a highest

amount of strain localization.

with the horizontal axis, whereas, band no. 6 in Figure 2(d)
makes an angle ~13°. Band nos. 8§ and 9 have opposite
slope and are at an angle ~11°. Band no. 7 is a combination
of two intersecting bands. It is similar to band no. 3 in



Figure 2. Two perpendicular vertical sections, intersecting near the central axis of the foam, of a quasi-statically
compressed with lateral constraint foam (sample 2) are shown. (a) and (b) are the yz and xz section respectively. The
arrows in (a) and (c) indicate the loading direction. The corresponding deformed sections after a strain of 25.3% are
shown in (b) and (d) respectively. z is the loading direction. Different crush bands are marked by numbers.

Figure 1(c). Band no. 2 in Figure 1(b) has an angle of
~12° with the horizontal axis. Bastawros et al. [15] have
tested foams in compression without constraint and have
reported that the collapsed bands are at an angle ~20°, but
in some instances reach 40°. The angles observed in the
present work are lower, within a range of ~11° - 15°. The
angle reported in quasi-static compression on a similar
foam with constraint is ~15° [11]. It was also reported in
Ref 15 that the deformation bands have widths of one cell
diameter as compared to the multi-cell band width
observed in the present case. Here it should be noted that
the tomograms of sample 1 and 2 were acquired above
4% strain. Therefore nothing can be said about the width
of a band at a very low strain. However, it can be seen in
band no. 2 in Figure 1(b) that buckling started at the same
time within a width of 3 cell diameters. Later this formed
a collapsed band with 3 cell diameters, see Figure 1(c).
Band nos. 8 and 9 in Figure 2(d) have a width of one cell
diameter. It can be concluded that the deformation bands
are wider than one cell diameter.

Compression-compression fatigue

Figure 3 shows a vertical section of sample 3 which was
cyclically tested in compression-compression with lateral
constraint, (a) 0% and (b) 13.7% strain. The tomograms
of the intermediate strain levels are not shown here. It was
observed that a single band forms which then broadens.
The same observation was reported by Harte et al. based
on their compression-compression fatigue experiments on
relatively homogeneous Alporas foams without any
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constraint [16]. Figure 3(a) reveals that the foam used here
also has a homogeneous structure. The angle of the crush
band observed by them was ~20° at low strain, later it
became constant at a level of ~25° at higher strain. The
crush band shown in Figure 3(b) makes an angle ~15° with
horizontal.

So far it is seen that there are some differences in
orientation and thickness of collapsed bands, between
constrained and unconstrained deformation of metal foam
both in quasi-static compression and compression-
compression fatigue. However, basic macro-mechanisms —
progression of deformation by collective cell band
collapse, separation of collapsed band by less deformed
part — are the same for both constrained and unconstrained
deformations. A close look at the tomograms will reveal
that the micro-mechanisms which were not discussed here
in details are also similar as one would expect in case of
unconstrained deformation. For example, the circle-marked
regions in Figure 2(a) and (b) show that cell wall
deformation is a combination of distortion and shear. The
circle-marked regions in Figure 1(a) and (b) show that
deformation is only due to distortion. These micro-
mechanisms are the same as the ones reported by
Bastawros et al. [15]. Formation of cracks in compression-
compression fatigue were observed by Kolluri et al. [13] in
case of constrained deformation and by Sugimura et al.
[17] in case of unconstrained deformation. Hence, the
micro-mechanisms are also the same both for constrained
and unconstrained deformation. The only difference is that
in constrained deformation there is no shearing
displacement — which is an obvious effect of constraint —
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Figure 3. (a) Vertical section (yz) near the central axis

of an Alporas foam tested in compression-
compression fatigue with lateral constraint. (b) The
same section is shown after a strain of 13.7%. The
arrow in (a) indicates the direction of loading.

Deformation is localised at one crush band. Rest of the

foam shows very little strain.

as one would expect in case of constrained deformation.

CONCLUSIONS

Deformation mechanisms of foams tested both in quasi-
statically

compression and cyclic compression-

compression with lateral constraints were investigated by
X-ray tomography. The observations were compared with
the data available in the literature for unconstrained tested
foams. It was found that although there are some
differences, the fundamental deformation mechanisms are

similar for constrained and unconstrained testing

conditions.
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