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Synchrotron-radiation tomography was used to investigate early foaming stages of aluminium
alloys. Monochromatic radiation, high spatial resolution down to the micrometer scale, partial beam
coherence, and holographic reconstruction techniques permit the distinction between different foam
constituents which are not visible by other volume imaging techniques. In combination with
three-dimensional image analysis, the differences in the pore initiation processes in two different
aluminium alloys are shown. We find that, in powder compacts made from prealloyed AA6061 alloy
powder, pores appear predominantly around the blowing agent particles whereas, in compacts made
from a powder blend of Al and Si, pores tend to initiate around Si particles. ©2005 American
Institute of Physics. fDOI: 10.1063/1.1941453g

Aluminium foam is a good candidate for a wide range of
engineering applications owing to its low specific weight and
good energy-dissipation properties.1,2 A growing number of
companies is producing such foam for various applications.3

One of the most promising production methods for metal
foams is known as thepowder-compact or powder-
metallurgical route:4 Foams are produced by subjecting a
foamable precursor material to a heat treatment above the
melting temperature of the metal. The precursor is a powder-
compact containing a blowing agent which—above its de-
composition temperature—releases a blowing gassusually
hydrogend, thus inflating pores in the formerly almost dense
precursor material. In contrast to processes in which foams
are prepared by gas injection into a liquid, the first formation
of pores during foaming of a solid precursor can already take
place before any liquid occurs. Naturally, in this stage,
growth of pores is governed by solid-state properties,
whereas surface tension becomes dominant in later stages
after melting.

Although there has been intense research activity for
many years, the formation of metal foams is only partly un-
derstood up to now. Nondestructive imaging methods such as
x-ray radiography and tomography already provided valu-
able information about microstructural evolution during
metal foam formation. Real-time synchrotron-radiationsSRd
radiography enabled imaging of the entire foaming process
in situ,5,6 monitoring the initiation of oblate cracks rather
than round spherical pores for a wide range of Al alloys.
However, radiography is not able to provide three-
dimensionals3Dd structural properties including 3D statisti-

cal analysis. Structural studies of metal foams by laboratory
tomography until now focused on expansion states near full
expansionssee, e.g., Refs. 7,8d at spatial resolutions around
10mm.

It is still not clear, where cracks initiate in the solid state
during foam expansion. Formation in the vicinity of the
blowing agent particle has been postulated as well as at lo-
cations of structural weakness.9 The observed differences in
the foaming behavior of different aluminium alloys suggest
that the mechanisms might vary. Cracking at spatial inhomo-
geneities could lead to networks of cracks10 which facilitate
the blowing gas to escape from the solid matrix and thus
retard foam expansion which is a potential technological
drawback.

So far, the investigation of pore initiation was limited to
ex situ surface examination of foam samples by scanning
electron microscopysSEMd and metallography.11 Due to de-
structive sample preparationscutting, polishing, etc.d such
2D surface investigations may lead to a false interpretation.9

For example, the polishing can remove constituing particles
se.g., of the blowing agentd from the surface or particles can
be hidden in deep pores which cannot be investigated from
the surface.

Therefore, nondestructive 3D investigation methods are
of crucial importance to provide reliable information about
the microstructural constituents and their spatial correlation.
For this reason we applied SR tomography12–14with down to
micrometer resolution and in both the absorption-contrast
and holographic imaging modes to solve these questions.

We employed the microtomography setup of beamline
ID19 at the ESRFssee Fig. 1d. At four detector-sample dis-
tancess4, 64, 154, and 400 mmd, tomographic scans of eachadElectronic mail: helfen@esrf.fr
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1400 projections were acquired at an x-ray energy of 18 keV
and using a detector pixel size of 1.4mm. Absorption
tomography—based on the attenuation of x rays by a
sample—is carried out at the smallest detector-sample dis-
tance, providing the 3D distribution of the linear attenuation
coefficient msxWd after reconstruction by a filtered-
backprojection algorithm for the parallel-beam case. By
combining the information obtained at the four different dis-
tances, holographic phase-contrast tomography14,15—enabled
by a high spatial coherencestransverse coherence length up
to 250mmd available at SR imaging setups—allows us to
obtain contrast between materials as soon as there is a dif-
ference in electron density. This additional information is
crucial whenever one is interested in separating materials
which have very similar linear attenuation coefficients such
as Al and Si in the present case.

By absorption and holographic imaging we investigated
samples representing early foaming stages18 which stem
from different precursor materials. In particular, here we
present one sample compacted by extrusion from a powder
mix of a prealloyed AA6061 metal powder and a blowing
agents0.5 wt % TiH2d. Further two samples representing two
different expansion stages are composed of two elemental
powders s93 wt %Al+7 wt %Sid mixed with the same
blowing agent but compacted by closed-die uniaxial
compression.19

Figures 2sad, 2sbd, and 2sdd show high-resolution
absorption-contrast tomographic slices of the three samples.
During heat treatment of the foamable precursor, isolated
cracks have appeared due to the hydrogen released by the
blowing agent. In later stagessnot investigated hered, these
cracks would first form open-porous crack networks,10 and
then transform to the typical closed-cell foam structures
studied intensely elsewheressee, e.g., Ref. 8d.

As we are interested in the pore initiation process we
perform a numerical analysis16 on the segmented tomogra-
phic 3D data sets which is based onerosionssee, e.g., Ref.
17d, a morphological image processing technique. In order to
assure comparability, the 3D data sets—obtained with the
same experimental parameters—have been treated with the
same image processing parameters. The 3D correlation prop-
erties between the positions of TiH2 blowing agent particles
and pores are reflected by profiles of TiH2 concentrationssee
Fig. 3d as a function of increasing distance from the pore
space which is parametrized by the volume of the eroded
solid matrix. For instance, a more or less constant value is a
sign for a random distribution while positive or negative
slopes of the profile indicate anticorrelation or correlation,
respectively.

From Fig. 3sad, a significantly different behavior can be
observed for the two precursor materials at early foaming

stages: AA6061 with a porosity18 of P=2.7% exhibits a very
strong spatial correlation with up to 2.5 times the average
concentration near the pores, whereas for AlSi7 withP
=4.9% no significant spatial correlation between pores and
blowing agent is foundsnormalized concentration values
near unityd—only later, for more progressed expansion
stagessnot shown hered, a significant correlation appears,
agreeing with 2D scanning electron microscopysSEMd
observations11 of an AlSi7 sample.

The high imaging resolutionsreflected by a pixel size of
1.4 mmd allows us to perceive characteristic differences in
shape and arrangement of cracks between the two alloys, see
Figs. 2sad and 2sdd: For AA6061 sad the cracks are pre-
ferredly oriented in the up–down directionsparallel to extru-
sion directiond while AlSi7 sdd exhibits angular or curved
cracks in the shown slices. An explanation for both the dif-

FIG. 1. Sketch of the experimental setup for holographic tomography at
beamline ID19 of the ESRF. Radiographs exhibiting interference patterns
due to Fresnel diffraction are recorded at different distances to the sample.

FIG. 2. Reconstructed cross-sectional images through partly expanded foam
samples.sad AA6061 sporosityP=2.7%d; sbd andscd AlSi7 sP=0.12%d; sdd
andsed AlSi7 sP=4.9%d Pores are rendered black, the blowing agent TiH2

white. sad, sbd, and sdd are absorption contrast images,scd and sed holo-
graphic images. Image widths are 512 pixels of 1.4mm size in all cases.

FIG. 3. Spatial correlation between pores and powder particles investigated
with 1.4 mm voxel size. Plotted are volume fractions of TiH2 fsad all andsbd
dashed linesg and Sifsbd full lineg, normalized to their mean volume frac-
tions, with increasing distancesparametrized by the erosion volume of the
solid matrixd around the pores. The computations were carried out on 3D
data sets of 6603 voxels.
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ferent crack shapes and the different correlation between
TiH2 and pores in the two alloys can be obtained by phase-
contrast imaging employing the partial coherence of the SR
imaging setup.

Due to different electron densities of Al and Si, the Si
particles differ from the Al matrix in the holographically re-
constructed imagesfFigs. 2scd and 2sedg and appear as dark
gray, edged particles whereas in the corresponding absorp-
tion imagesfFigs. 2sbd and 2sddg they cannot be distin-
guished from the surrounding matrix. Therefore, the holo-
graphic reconstruction allows us to label regions in the
absorption contrast tomographs as “Al” and “Si” although
there is no contrast discernible between these regions in Fig.
2sdd. After this labeling we observe that cracks are predomi-
nantly aligned around silicon particles in the AlSi7 material,
explaining the observed angular or curved shapes in the ab-
sorption images. This indicates a mechanism of crack initia-
tion which is alternative to pore generation around blowing
agent particles. These results confirm previous observations
in 2D surface studies by SEMsRef. 11d which gave first
evidence for this mechanism now extended to nondestructive
3D imaging of the sample volume.

Having identified the silicon particles we incorporate
this information into the numerical 3D correlation analysis.
Due to image noise, analysis of the later foaming stage of
AlSi7 sP=4.9%d is rather difficult. Especially for very early
foaming stagessP=0.12%d, however, we can show the pres-
ence of a strong spatial correlationfsee Fig. 3sbdg between
crack positions and silicon particle positions. This perfectly
agrees with the observation of crack formation at the Al/Si
interfaces in the tomographic images. Although the results
concerning the correlation Si/pores cannot be compared
quantitatively20 to the correlation TiH2/pores a clear qualita-
tive statement concerning the high correlation Si/pores is
allowed.

These results in combination with the comparison ofsdd
and sed of Fig. 2 enable us to conclude that for the powder
compact the bonding strength between Si and Al is lower
than between Al and TiH2 or between individual Al particles.
Pores thus initiate at Al/Si interfaces by mechanical cracking
during gas release triggered by the heating process. It has to
be assumed that the evolving hydrogen gas migrates from the
TiH2 particles to the Al/Si interfaces, probably along bound-
aries between former powder particles to create cracks there.
It seems that in very early stages this is the dominant mecha-
nism of porecrack formation, explaining why in such Al–Si
two-powder compacts no significant correlation between
pore initiation and the blowing agent particle sites is found.

Synchrotron-radiation tomography allowed us to study
nondestructively early stages of metal foam formation.

Monochromatic radiation facilitated the distinction between
pores, alloy matrix, and blowing agent. 3D image processing
and analysis techniques were developed and applied to the
quantitative determination of the spatial correlation between
pores and blowing agent. Significantly different correlation
properties were found for AA6061 and AlSi7 precursor ma-
terials which, by holographic imaging, could be interpreted
as specific crack initiation at the Al/Si interface in early
foaming stages for the latter precursor material.
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