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Abstract

Acoustic Emission (AE) is used to characterize the plastic
deformation of open-cell pure aluminum foams produced by salt
replication. Measurements were performed on samples with cells
25, 75 or 400 pm in average diameter, all with a relative density
near 24%. AE signals were measured during compression tests
conducted with a constant cross-head speed. Deformation is
uniform along the porous metal samples. Recorded AE
accompanying plastic deformation of the cellular structure
exhibits intermittent behaviour, with the probabilities of AE event
energies distributed according to a power-law similar to those
previously found in many different materials. The present study
thus confirms the universal scale-free character of global plastic
deformation dynamics and extends the observation to pure
aluminum.

Introduction

Various cellular materials are used in light-weight structures, in
transport industry or in packaging [1]. Metal foams are a
relatively novel class of cellular materials with outstanding
mechanical, thermal, acoustic and electrical properties due to their
combination of attractive features of metals and porous materials.
Metal foams are light and stiff, they are good flame arresters and
energy absorbers and therefore they possess potential for
applications as lightweight structural components in load-bearing
systems, in transport and aerospace industries [2,3,4].

Many different manufacturing techniques have been
developed for the production of open-cell and closed-cell
microcellular metal [2,3,4]. Open-cell foams made by replication
have special interest since these have reproducible
macroscopically uniform structures, and can be produced with
systematic variations several parameters, e.g., cell shape, cell size
or relative density [5].

There are still numerous questions concerning the
deformation mechanisms in these materials, particularly when
their pores are small [2,3,4]. In this work, the compressive
behaviour of salt replicated foams of different cell sizes was
studied by the acoustic emission (AE) technique. AE stems from
transient elastic waves generated within the material due to
sudden localized structural changes, e.g. collective dislocation
motion and damage processes, it thus yields interesting in-situ
information on the dynamic processes involved in deformation
and failure of the material. In particular, it is now well established
that processes that underlie plastic deformation are far from being
smooth and steady; rather, an intermittent and avalanche-like
signature of dislocations moving through the material is observed
[6]. Experiments on creeping ice and metallic single crystals [6,7]
furthermore indicate that, during plastic deformation, the
dislocations self-organize into a scale-free pattern that generates
dislocation avalanches, characterized by power law distribution of
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avalanche amplitudes Ao, i.e. P(4o) ~ Ao 7, independently of
material and testing mode [6], characteristic of self-organized
criticality (SOC). The validity of the SOC concept for dislocation
dynamics in aluminum foams is the object of this paper.

Experimental procedure

Compression test samples of three different open-cell
microcellular aluminum materials were produced at EPFL using
NaCl-based replication. In brief, the process comprises: (i)
producing a preform of cold-pressed uniformly sized (400, 75 or
25 um diameter) NaCl particles, (ii) infiltrating this preform with
pressurized 99.99% pure aluminum, (iii) solidifying the metal
within the preform, (iv) machining the resulting preform/metal
composite to produce test samples and (v) leaching the preform in
water, using a corrosion inhibitor; more details can be found in
Refs. [5, 8, 9]. The relative densities of samples were in each case
approximately 25%. One 25 pum sample (diameter 10 mm, length
20 mm), two 400 pm and two 75 pm samples (diameter 10 mm,
length 15 mm) were prepared in this way for testing. Compression
test data included stress-time curves and AE responses, recorded
versus time during the deformation.

Compression tests were performed using a universal
testing machine (Instron 5882) at room temperature with a cross-
head speed of 1x1073 s”!. The AE response was monitored with a
computer controlled DAKEL-XEDO-3 AE system on the basis of
two-threshold-level detection (recommended by ASTM standard
E1067-85 [10]). A miniaturized MSTS8S piezoelectric transducer
(diameter 3 mm, flat response in the frequency band from 100 to
600 kHz), was attached to the specimen surface using silicon
grease and a spring. The total gain was 88 dB. The AE signal
sampling rate was 4 MHz, and the threshold voltages for the total
AE count and for the burst AE count were 824 and 1450 mV,
respectively. The full scale of the A/D converter was +2.4V. A
comprehensive set of AE parameters involving count rate Nci
(count per second) at the lower threshold level (giving total AE
count) were evaluated. Scanning electron microscopy (SEM)
micrographs were obtained using a Tesla BS343 microscope
(secondary electron imaging) operating at 15 kV.

Results and discussion

Relative densities of Al foam samples with 25, 75 and 400 um
cell size were 24 %, 24 % and 23.5 % respectively: these values
are sufficiently close not to affect the compression behavior
significantly. Thus, the major effect on the deformation curves
can be ascribed to different cell sizes of the specimens, or in other
words to the plasticity size effect, as documented elsewhere
[4,11]. The respective stress-strain curves are shown in Fig. 1.
Due to the presence of noisy signals, AE data for the tests of
Samples 25 and 75a were aborted.
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Fig. 1. Compressive stress-time curves for Al foam samples.
Almost identical deformation behaviour of samples with the same
pore size (75a and 75b; 400a and 400b) is observed

Curves in Fig. 1 are smooth, as is typical of replicated
microcellular aluminum compression, and exhibit three different
stages of strain hardening typical of microcellular metals in
general, in which cell struts deform, buckle and eventually are
pressed together (densification), causing the stress to increase
rapidly [1-4,11-13]. Stress-strain curves of each pair of Samples
75a and 75b, 400a and 400b almost superimpose, showing a good
reproducibility of the results. Further, finer pore samples have a
higher flow stress, as seen by comparing the deformation curves
from 400 to 75 and to 25 pum pore sizes, Fig. 1, confirming the
plasticity size effect previously reported for this material [4,5,
11,14].

Owing to the fabrication process, the grain size of the
metal in the samples is very large (millimeters). Nearly all struts,
for this reason, are single crystals of pure aluminum.

Since the foams are comprised of many struts connected
by nodes, the deformation of a foam material under compression
is driven by the collective deformation of single struts, which
primarily deform by bending and also by some degree of torsion,
tension and compression. The stress-strain dependence and the
corresponding AE response recorded in the compression tests are,
therefore, the collective signals coming from many variously
stressed small single crystals of irregular shape.

As these crystals deform, they deform independently,
interacting one with another, from strut to strut, via the nodes. The
struts diameters are approximately of the order of one-tenth of the
pore diameter. Thus, at these sizes, each strut is likely to deform
plastically in intermittent mode [15]. This is suggested in a
scanning electron microscopy micrograph (Fig. 2), where discrete
slip steps along the surface of individual deformed struts are
observed. The slip steps are not of a negligible magnitude, hence
the struts are likely to “feel” the strain bursts. Therefore, plastic
deformation is likely to be intermittent for each strut, while the
recorded stress-strain curves are a collection of strain bursts from
individual struts.

The AE response of Samples 25, 75b and 400a recorded
during the tests simultaneously with the respective stress-time
curves are presented in Fig. 3-5. It is observed that the AE activity
varies with the cell size of the sample. The count rate, which is the
rate of counts registered by the measuring instrument per second,
reflects the number and activity of individual AE sources within
the tested material. Thus, in our case, the samples with a higher
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Fig. 2. Surface of the struts in the microcellular aluminum after
deformation (sample 75b). The discrete slip steps along the
surface of deformed struts are observed.

density of struts (or smaller pores) should render a higher number
of AE signals than those with a lower strut density (larger pores).
On the other hand, in large pore samples, the struts are larger and
one may therefore expect the individual AE sources to be more
intense. A non-monotonous dependence of the AE count rate on
pore size can therefore be anticipated. This is confirmed, as
clearly seen from Figs. 3-5, showing that the largest AE count rate
is observed in the sample with the 75 um pore size (Fig. 4).
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Fig. 3. The stress-time curve and the respective AE count rate

observed during the compression test of the sample 25.

In order to evaluate the statistical properties of the
recorded AE signal, the probability density distributions of the
squared AE event amplitudes were examined (the squared AE
amplitudes are proportional to the AE event energy).
Corresponding log-log plots for the Samples 25, 75b and 400a are
shown in Fig. 6-8, respectively. Clear signatures of universal
scaling are present for the 75b and 400a samples, showing power-
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Fig. 4. The stress-time curve and the respective AE count rate
observed during the compression test of the sample 75b. The
largest AE count rate is observed in this sample.
4140
L 120
g 100 '7:,,\
S 10 80 o
@ ®
@ o
o 60 £
2 3
54 40 ©
20
c
oo Ml ol L gl | L o
0,0 0,1 0,2 0,3 04 0,5 0,6
Strain
Fig. 5. The stress-time curve and the respective AE count rate

observed during the compression test of Sample 400a.
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Fig. 6. Power-law distribution of the squared AE amplitude
probability density for the sample 25. The power-law distribution
was not observed.
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law distributions with critical exponents T ~ 2.1 and t~ 1.5,
respectively. These results are consistent with the earlier works
[6,7,16-18]. Yet, the energy probability curve of the sample 25
apparently does not exhibit a power-law distribution. Therefore,
the universal exponent t is found only for Al foams with pore size
of 75 and 400 um.

This inconsistency found with Sample 25, as analyzed
above, may indicate e.g. a change in deformation mechanism or a
second deformation mechanism being active in small sized pore
Al foams. Thus, a further research, primarily on the AE
dependence on the cell-size is necessary.
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Fig. 7. Power-law distribution of the squared AE amplitude

probability density for Sample 75b. Critical exponent T ~ 2.1 is

found.
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Fig. 8. Power-law distribution of the squared AE amplitude
probability density for Sample 400a. Critical exponent t ~ 1.5 is

found.

Conclusions

Compression tests were performed on 25, 75 and
400 pum salt replicated microcellular aluminum. The smooth
deformation curves typical for microcellular metals were found.
Further, it was shown that the stress-strain curves separate
according to sample pore size (finer pore samples have higher
flow stress). The acoustic emission activity is also dependent on
the cell size. The largest acoustic emission count rate was
recorded during the compression of the finer pore sample 75b



(with a larger number of struts), by comparison to the sample
400a, while the behavior of the sample 25 was unexpected.
Statistical properties of the acoustic emission data were also
evaluated. Samples 75b and 400a exhibit power-law distributions
of the acoustic emission energies with the exponent similar to
those previously found in several works. It suggests the universal
scaling character of plastic deformation (micro)processes in the
materials. However, the inconsistencies found by the small pore-
sized sample 25, which might be a result of a change in the
deformation mechanism or the second deformation mechanism
being active, require further study.
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