JOURNAL OF MATERIALS SCIENCE 40 (2005)5813-5819

MECHANICAL BEHAVIOR OF CELLULAR SOLIDS

Fracture and microstructure of open cell
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SEM and EDS measurements were used to scrutinize the microstructure of Duocel open
cell 6101 aluminum foam in relation to its fracture properties. In-situ SEM tensile tests on
the open cell aluminum foam were performed to investigate the different fracture modes of
struts and Aramis/Digital Image Correlation software was used to map the strain in
individual struts. Observations during tensile tests showed that the microstructure of the
struts has a great influence on the fracture behaviour of the foam. In particular
AlFeSi-precipitates, which are due to the casting of the 6101 aluminum alloy, and the
morphology of the foam alters the fracture mode of the struts in the foam from
transgranular to intergranular. Less energy is needed for intergranular fracture of struts and
the strain to failure of the foam is decreased due to weak individual struts.
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1. Introduction
This paper concentrates on the relationship between
the microstructure and failure behavior of open cell
6101 aluminum foam. When macroscopic forces act
on metal foam both compressive and tensile stresses
are operating in local areas. Under macroscopic com-
pression metal foams usually exhibit ductile behav-
ior. However, under macroscopic tension the reported
strains reached at peak stress are a few percent for
open- and closed-cell metal foam [1-9], e.g. an elon-
gation to failure of 5% for a pure aluminum open cell
foam and 1-2% for an Al-12Si open cell foam have
been reported [1]. The difference in strain at failure ef
is due to the difference in microstructure. In fact, the
brittle second phase of Si fractures during deforma-
tion in Al-12Si foam, resulting in a much higher dam-
age accumulation rate than in pure aluminum foam
[1]. Strains at failure of 1.2% parallel and 2.4% per-
pendicular to the long axis of the cells have been re-
ported for ERG Duocel open cell aluminum foam [4].
Because detailed information of the effect of the mi-
crostructure on the fracture behavior of Duocel open
aluminum foam is only scantly available [10] the ob-
jective of this paper is to describe the microstructure
and the tensile behavior so as to gain insight into the
relationship between the tensile behavior and the mi-
crostructure for ERG Duocel open cell 6101 aluminum
foam.

The paper is organized as follows. In the following
section the material is described and the experimental
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procedures are explained. In the subsequent section the
experimental observations are reported followed by a
discussion and recommendations.

2. Material and experimental procedures

In this study, ERG Duocel open cell aluminum foam,
with 20 pores per inch (PPI), has been examined. Duo-
cel is fabricated from 6101 aluminum alloy using the
so-called investment casting technique [11, 12]. A poly-
mer foam is employed as a template, which is filled with
a ceramic casting slurry. After baking to burn out the
polymer foam template, a ceramic mould is created.
Subsequently, the ceramic mould is infiltrated with a
liquid aluminum alloy and after resolidification the ce-
ramic is removed and an open cell aluminum alloy
foam remains. A consequence of this methodology is
that the chemical composition of the 6101 aluminum
foam differs from that of bulk 6101 aluminum [10], see
Table I. The chemical compositions of both the metal
foam and the bulk were reported in [10] using an in-
ductively coupled plasma-atomic emission technique.
Although the presence of the elements Pb, Ni and Cr
were not reported these elements have been listed in
Table I because EDS measurements showed their pres-
ence. Also the microstructure of the foam is different
from the microstructure of the bulk. In particular the
grain size and the size of the secondary phases are both
larger in the aluminum foam than in bulk aluminum,
which is probably caused by the slow cooling rate of
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TABLE I Chemical composition (wt%) of the aluminum alloy before casting (bulk alloy) and after casting of the open cell foam (PPI 20) [10]
Samples Cu Mg Mn Si Fe 7Zn B Pb, Ni, Cr Al

Bulk alloy 0.04 0.47 0.02 0.29 0.18 0.01 0.04 0.10 max Balance
PPI 20 0.03 0.29 0.01 0.25 0.14 0.01 0.03 0.10 max Balance

the foam due to the low thermal conductivity of the
ceramic casting slurry.

To investigate in-situ the deformation behavior of
struts in a scanning electron microscope the aluminum
foam samples were cut to the correct size with electro
discharging so as to avoid mechanical deformation and
the generation of surface defects. Ex-situ tensile tests
were performed with a tensile machine under displace-
ment control at a rate of 0.5 mm/min. In both cases the
foam samples were glued on both sides to aluminum
blocks with an epoxy-glue (Araldite 2011) made by
Vantico. The aluminum blocks with the foam glued
in between could easily be clamped inside the tensile
stages without deforming the foam prior to the tensile
test. A tensile stage made by Kamrath&Weiss was used
for in-situ scanning electron microscope (SEM) tensile
tests. The displacement rate for in-situ tensile tests was
300 m/min and the maximum dimensions of the foam
test samples are 4 x 10 x 15 mm (excluding clamp-
ing blocks). Foam test samples with these dimensions
were used for in-situ as well as ex-situ tensile tests and
all samples were tested with the long axis of the cells
parallel to the loading direction. With these dimensions
of the test samples and the cell size of 20 PPI it is not
possible to have more then 7 cells in height and width
of the samples. As a consequence size effects become
important because it is only possible to interpret foam
specimen as a continuum if the specimen size is more
then 7 times the cell size [13, 14].

A Philips/FEI XL.30-FEG environmental scanning
electron microscope (ESEM) was used for the in-situ
tensile tests and a Philips/FEI SEM XL30S-FEG was
used for further characterization of the microstructure
of the aluminum foam. Both SEMs are equipped with
detectors to carry out energy-dispersive X-ray spec-
troscopy (EDS). To investigate grain orientations (Ori-
entation Imaging Microscopy, EBSD/OIM) an elec-
tron backscatter detector is attached to the XL30s
FEG-SEM. The secondary electron (SE) images and
backscatter electron (BSE) images of single struts taken
with the SEM during the in-situ tensile tests are fed into
Aramis/Digital Image Correlation software for strain
mapping. The images were taken at certain strain in-
tervals and the tensile stage was stopped to insure a
good quality of the image. The applied load was not
decreased when the tensile stage was halted.

For optical microscopy examinations the foam sam-
ples were embedded in Epo-thin, made by Buehler.
This embedding material has the advantage that it is
transparent and does not exert internal stress on the
open cell foam. The embedded foam samples were
polished and etched with Keller’s reagent to reveal the
grain boundaries. The Keller’s reagent also etched away
precipitates, which are located at the grain boundary,
leaving holes behind. To polish aluminum foam with-
out an embedding material, samples of open cell alu-
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minum foam were electro-chemically polished (ECP).
The electrolyte used for ECP of the aluminum foam is
A2, made by Struers. The ECP did not remove the pre-
cipitates from the grain boundary. In order to examine
grain boundaries and the grain size of the aluminum
alloy struts, OIM measurements were executed. Af-
ter electro-chemical polishing the surface became very
smooth and suitable for OIM. During ECP material
was first removed at the corners of the triangular cross
section of the struts and at the grain boundary. At low
voltages (<7 V) the foam was etched and at high volt-
ages (>9 V) the ECP was too fast and pitting of the
surface was observed.

To examine the effect of precipitates on the fracture
mode also artificial struts were manufactured by electro
discharging a strut of bulk 6061 aluminum alloy. The
shape of the artificial strut was approximately the same
as the struts in Duocel open cell foam, i.e. triangular
and thicker near the ends.

3. Results

3.1. Microstructural characterization

The length of the struts of the 20 PPI open cell foam
ranges from 500 um to 2 mm and the cross sectional
shape of the struts is triangular with round edges. The
length of the triangular base ranges from 200 um for
long struts to 400 pm for small struts. Almost all struts
consist of one grain through the thickness (see Fig. 1)
and 1-3 grains along the length, which means that the
shape of the grains is elongated along the length of the
struts. The observed grain distributions were confirmed
with optical microscopy of an embedded and polished
foam sample and with orientation imaging microscopy
(OIM). A similar grain structure was also detected in
[10, 15]. One strut was found to have a polycrystalline
structure with an average grain size of 40-50 pum (see
Fig. 2a for a small section of the strut), which was also
confirmed with OIM.

The grain structure of the artificial strut was found
to be polycrystalline with an approximate grain size
of 150-200 pum, being 3—4 times the grain size in the
Duocel polycrystalline strut. However, due to the larger
dimensions of the artificial strut, the two struts consist
of an equal number of grains. Figure 1b represents
a BSE image of a grain boundary, which shows pre-
cipitates on the grain boundary. However, not every
grain boundary contains the same amount of precipi-
tates (see Fig. 1a). EDS measurements indicated that
the precipitates are Al-Fe-Si precipitates, which are
commonly found in aluminum alloy 6xxx series [16—
18]. No precipitates were found in the polycrystalline
strut, whereas all grain boundaries of the bulk 6061
aluminum alloy were found to be covered with thin
B-AlFeSi-precipitates.
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Figure I (a) BSE image of a part of a strut with a grain boundary (GB).
There are no precipitates on the GB. (b) BSE image of a part of a strut
with a grain boundary. The white parts are AlFeSi-precipitates and are
located on the GB.

The most common impurity of the alloying addi-
tions in the 6xxx series is iron (Fe). Because of the low
solid solubility of ~0.052 wt%, nearly all iron forms
second-phase precipitates. The two principal second-
phase particles in a silicon-containing alloy are the o-
AlFeSi (AlgFe;Si) and the B-AlFeSi (AlsFeSi) phase.
The B-AlFeSi (AlsFeSi) phase has a monoclinic crys-
tal structure and a plate-like morphology. EDS spectra
taken from the B-phase showed a Fe/Si (at.%) ratio
of approximately 1 in the chemical composition [16].
The B-AlFeSi has a sharp interface boundary and the
highly faceted nature may induce significant stresses
in the aluminum matrix acting as a potential site for
crack initiation. The «-AlFeSi (AlgFe,Si) has a hexag-
onal (o) or a cubic () crystal structure and compact
Chinese script morphology, with an Fe/Si ratio of about
1.9 [16]. The hexagonal crystal structure forms in alloys
with Mn, V or Cr concentrations less than 0.01 wt%,
while higher concentrations lead to stabilization of the
cubic phase [19, 16]. The «-AlFeSi has a rough or
diffuse interface in contact with the aluminum matrix
and improves the ductility of the alloy. Which phase
(otp, ¢ or B) will form during solidification and the
particle size depend on the cooling rate and the exact
chemical composition of the aluminum alloy. Besides
these two principal phases there are also other stable
intermediate phases with stoichiometrical composition
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Aly_15Fe3Sij_,, reported in [20]. We also observed
some of these phases via the Fe:Si ratio obtained with
EDS measurements. The formation of the intermetal-
lic phases during equilibrium solidification has been
examined in detail and reference is made to [16-19].
The B-phase is dominant at high silicon content and
low cooling rates. The size of the AlFeSi-precipitates
increases with low cooling rates and scales with the
amount of Fe in the aluminum alloy [17, 20-22].

For the Duocel open cell foam the amount of AlFeSi-
precipitates clearly differs among various grain bound-
aries and so does the coverage ratio for the «- and
B-phase for the same amount of AlFeSi (see Fig. 1).
The fracture toughness of a grain boundary is deter-
mined by the coverage ratio, which in turn is deter-
mined by the amount of AlFeSi and its phase. Op-
tical microscopy of an embedded and polished foam
sample also shows that the total coverage of all grain
boundaries in one cross sectional plane is low and
non-uniform.

3.2. Fracture behavior

Failure of Duocel open cell foam samples under tensile
loading proceeds with the consecutive failure of struts,
forming a fracture plane that is more or less perpendicu-
lar to the loading direction. Two different failure modes
for struts were observed: transgranular and intergranu-
lar. The former was found to be more ductile and the
latter rather brittle. In the case of transgranular failure
the formation of a shear band prior to failure through
necking of the strut was detected using DIC (digital
image correlation), as can be seen from Fig. 3. The
shear band was initiated inside a single grain and the
fracture path was transgranular. In contrast, no neck-
ing was observed in the case of intergranular failure.
Instead, AlFeSi-precipitates were found on both sides
of the fracture surfaces suggesting that the crack ran
through the AlFeSi-precipitates (see Fig. 2b—d). An in-
ternal report, about single strut tensile tests, shows that
intergranular fracture of a single strut occurs before the
peak stress of the transgranularly fractured strut and
therefore less energy is needed for the intergranular
fracture of a strut than for transgranular fracture of a
similar strut [23].

The Duocel polycrystalline strut without precipitates
on the grain boundaries was also deformed in-situ to ob-
serve failure. During the tensile test the strut fractured
transgranularly and substantial necking was observed
before failure. Also slip bands were clearly visible.
Two polycrystalline artificial struts with grain bound-
ary precipitates were tested under uniaxial tension and
both samples fractured without visible plastic deforma-
tion. All fracture surfaces were covered with AlFeSi-
precipitates, indicating intergranular fracture. From the
above it can be concluded that grain boundaries with-
out precipitates are stronger and precipitates contribute
to intergranular failure.

The fracture surfaces of struts in the Duocel foam
that show intergranular failure are all covered with
AlFeSi-precipitates and EDS measurements show that
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Figure 2 (a) Grain structure of the polycrystalline strut revealed by electro-chemical polishing that caused pitting. The pitting depends on the
orientation of the grains and therefore each grain has a different amount of pitting and a different contrast in the SE image. (b) SE image of an
electro-chemically polished (ECP) strut. ECP does not remove the AlFeSi-precipitates and the difference in pitting for different grain orientations
is clearly visible. The crack associated with intergranular fracture runs through the AlFeSi-precipitates and sometimes over the interface with the
aluminum. (c), (d) BSE images of the fracture surface of the upper part (c) and lower part (d) of a fractured strut. The fracture surface is covered with
B-AlFeSi and additional Si, indicating that the fracture was intergranular. Most of the surface area has failed by cleavage of the precipitates, while a

small portion has failed by debonding along the precipitate-matrix interface.

the Fe:Si ratio of the precipitates lies between 1:1 and
1:2. The phase is likely to be 8-AlFeSi with additional
Si. Near the edges of the strut also Fe:Si ratios between
2:1 and 3:2 were sometimes measured, indicating that
a-AlFeSi is also present at particular sites. From the lit-
erature [1] it is known that Si is a very brittle phase, and
it will probably decrease the strength of the plate-like
B-AlFeSi. The amount of AlFeSi-precipitates clearly
differs among various grain boundaries and so does
the coverage ratio for the «- and S-phase for the same
amount of AlFeSi (see Fig. 1).

Observations during 3 ex-situ tensile tests on small
open cell foam samples, pointed out that bending is
the dominant deformation mechanism as a result of
which the struts effectively rotate to become more
aligned with the loading direction. Struts that are al-
ready aligned in this direction can only stretch and the
amount of strain depends on the local topology. If one
of these struts contains a weak grain boundary and a
highly realigning surrounding, this strut will fracture
first. Fig. 4 displays the fracture plane of a small foam
sample; the numbers indicate fractured struts and strut
number 1 fractured first. In all samples the first strut
that fractures fails intergranularly. After fracture of the
first strut the applied load is redistributed over the re-
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maining struts and if some of the surrounding struts
also contain weak grain boundaries that cannot with-
stand the applied load, they will fracture as well. Strut
#2 fractured transgranularly and strut #3 fractured in-
tergranularly before the peak stress was reached. A
notch is being created and the stress on the remaining
struts in the fracture plane increases. Stronger struts
in the fracture plane also start to fail transgranularly
as the applied load increases. After the transgranular
fracture of struts 4, 5, 6 and 7 the stress of the foam
sample decreases and the realignment of the struts in
the rest of the foam stops. The stress is shifted to the
remaining struts that hold the two ends of the foam
together. These struts fail either transgranularly (#10)
or intergranularly (#8, 9, 11). Near the end of the ten-
sile test most strut have failed either in a intergranular
or transgranular manner and only one strut holds the
two pieces of foam still together. This last strut #12 re-
orientates itself in the loading direction and it strains
until it fails transgranular upon increasing the applied
displacement.

In all samples we investigated the first strut fails in-
tergranularly, while the last strut often fails transgran-
ularly. This is in accordance with the long tail of the
tensile stress strain curves, often observed for relatively
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Figure 3 (a) BSE image of a strut during an in-situ tensile test with a small amount of deformation, but before plastic localization. (b) Principal strain
distribution inside the strut; A shear band is clearly visible. Strain was calculated with Aramis by comparing the image of 3a with an image of the
same strut prior to deformation. The white rectangles inside the strut are areas for which Aramis could not give an accurate correlation. (c) Ductile
fracture of the strut of figure (a) during the in-situ tensile test. The location of the shear band is not influenced by the incision made with a surgical

blade. (d) Ultimate transgranular failure.

Figure 4 Fracture plane of Duocel open cell foam. The numbers indicate the consecutively failed struts and the stars indicate intergranular fracture.

ductile foams. Fig. 5 shows two histograms plotting the
frequency of the occurrence of intergranular and trans-
granular strut failure as a function of location along the
struts and initial orientation for the 3 samples analyzed.
In total 37% of all struts fail in an intergranular man-
ner. Despite the limited amount of struts analyzed, two
trends can be observed: (i) most struts that have failed
in either an intergranular or transgranular manner were
initially aligned in the loading direction and (ii) most
transgranular struts failed half way the strut axis. The
first trend is probably a consequence of the fact that the
applied strain is accommodated by bending of struts
that are not aligned with the loading direction, while
it is accommodated by uniaxial stretching in case of
aligned struts. In the latter case a full plastic cross sec-
tion is attained at a smaller applied strain [24], while
stresses are high throughout the entire length of the
strut. Due to the uniformly high stresses all possible
locations of weak (precipitation-covered) boundaries

are probed, ultimately resulting in intergranular failure
at a random position along the strut (cf. Fig. 5).

Simulations have shown that stress peaks occur at
20% and 80% of the length of the strut under combined
shear/tensile loading and in-situ observations indeed
indicate plasticity yielding at these places under shear
loading [25]. Two polycrystalline artificial struts with
precipitates on the grain boundaries fractured intergran-
ularly at 20% or 80% of their length under shear/tensile
loading. Therefore a strut inside the foam under shear
loading with a weak grain boundary at 20% or 80% of
the length of the strut may fracture intergranularly due
to the non-uniform stress distribution, while in pure
tension the strut would fracture in a ductile manner at
the thinnest part of the strut. Clearly, besides the non-
uniform chemical composition and cooling rate of the
whole foam also the local topology and geometry of the
struts have an effect on the failure mode of the metal
foam.
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Figure 5 Statistics showing the relation between the location of fracture along the strut and the angle with the tensile direction prior to deformation
of transgranular (a) and intergranular (b) fractured struts. A fracture point of 50% means that the strut fractured half way and 0% or 100% means at

the vertex.

4. Discussion
In order to enhance the transgranular/intergranular frac-
ture ratio the fracture toughness of the grain boundaries
of the intergranularly fractured struts has to be im-
proved. When the grain boundary coverage of AlFeSi-
precipitates decreases, this ratio is bound to increase.
The coverage can be altered in two different ways: by
influencing the volume fraction of precipitates and by
influencing the phase of the AlFeSi-precipitates.
Decreasing the concentration of Fe in the alloy
will decrease the concentration of AlFeSi-precipitates,
since this concentration scales with the amount of Fe
and not of Si. Fe is an unwanted alloying impurity
but its presence is hard to avoid. The amount of Fe
can only be decreased by using rather pure starting
materials (leading to an increase of the costs). The con-
centration of AlFeSi-precipitates also scales with the
cooling rate. The concentration of AlFeSi-precipitates
decreases with increasing cooling rates [21, 22].
When the phase of the precipitates changes from -
AlFeSi to a-AlFeSi, the coverage decreases due to the
morphology of the o-phase. The formation of the o-
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phase can be promoted by heat treatment of the foam
or by adding certain transition elements to the alloy
prior to the solidification. Heat treatment using an ex-
tended homogenization procedure changes most of the
B-phase into the a-phase [17]. However, also the alu-
minum matrix changes due to heat treatments, so that
the overall effect on the ductility is to be awaited. Heat-
treated samples of Duocel open cell foam, for instance,
were more brittle during compression tests than un-
treated samples [10]. Addition of transition elements
such as Mn, Cr, Co and Sr promote the formation of
the «-phase during solidification of the aluminum al-
loy [16]. It is thought that Sr is adsorbed at the o-
AlFeSi/aluminum interface, thus preventing the diffu-
sion of Si into the «a-AlFeSi as the temperature de-
creases during solidification.

In Duocel foam the transgranular failure of struts
is initiated by plastic localization, such as shear band
formation and necking. Since plastic localization is
postponed when strain hardening is more pronounced,
it is expected that the ductility of transgranularly fail-
ing foam is enhanced when struts are polycrystalline



instead of single crystalline (in thickness) [26]. Indeed,
some parts in the Duocel foam were found to be poly-
crystalline, without grain boundary particles. Since
the grain size and the size of the secondary phases
are inversely proportional to the cooling rate, a locally
enhanced cooling rate could have caused this. Another
possibility is that the cooling rate was the same as
in the rest of the foam, but the chemical composition
differs so that precipitates could not be formed.

5. Conclusion

Casting of 6101 aluminum open cell foam intro-
duces intermetallic phases into the microstructure.
The intermetallic phases, which are primarily o-
and B-AlFeSi-precipitates, are located at the grain
boundary and alter the fracture mode of struts from
transgranular to intergranular. The fracture surfaces
of the brittle fractured struts were covered with
B-AlFeSi-precipitates to a large extent. Due to the
plate-like shape and the low fracture toughness of
the B-AlFeSi-precipitates, the toughness of grain
boundaries is decreased which leads to intergranular
fracture of struts. As a result of the non-uniform
distribution of the precipitates a portion of the struts in
the fracture plane of the foam fails intergranularly and
the energy required for intergranular fracture of a strut
is less than for transgranular fracture. The non-uniform
stress distribution inside a strut under shear loading, in
combination with the precipitation on the grain bound-
ary, can also cause struts to fail intergranularly. In total
37% of the struts in a fracture plane fail intergranularly.
The intergranular fracture of the struts due to the
B-AlFeSi-precipitates decreases the strain to failure
of the entire aluminum foam. According to literature
the grain boundary coverage of AlFeSi-precipitates
can be reduced by heat-treatment, reduction of Fe
concentration and addition of transition elements.
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