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Abstra t
The me hanisms behind pore formation in aluminium alloys that are in ommer ial use for
making foam omponents are still not understood. It is a epted that they play a key role for the
quality of the evolving pore stru ture. In order to shed light on early pore formation, aluminium
foams in low expansion stages made by the powder- ompa t melting pro ess were investigated by
syn hrotron-based hard X-ray mi ro-tomography and quantitative image analysis. The al ulated
spatial orrelation fun tions between the gas sour e (TiH2 parti les) and the nu leating pores show
that the lo ation of pore formation and the spatial gas sour e distribution for AlSi7 and Al-Si-Cu
alloys are essentially independent. Therefore, in the alloys investigated, the position of the melt
formation is found to determine the pore nu leation rather than the spatial distribution of TiH2.
This behaviour explains the known positive e e t on the pore stru ture a hieved by adding opper.
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I.

INTRODUCTION

Repla ement of engineering stru tures, e.g. in automobiles, by lightweight aluminium
foam has been predi ted several times in the past, see Ref. [1℄ or more re ently [2℄, but
many years after these predi tions the market for aluminium foam is still small [3℄. One
reason for this is that the available aluminium alloy foams still do not have the desired
properties, partially owing to the fa t that during foaming the evolving ellular stru ture
ontains more heterogeneities than would be expe ted from purely statisti al s atter and
more than are a eptable in pra ti e. Therefore, resear h is been arried out aiming at
improving the uniformity of ell stru ture. To understand these irregularities, it is ne essary
to study the nu leation of pores and their evolution in early stages of foam evolution.
This paper solely fo uses on foaming of aluminium alloys based on metal powders: metal
and blowing agent powders are mixed and ompa ted, after whi h the ompa ted mixture is
heated to a temperature high enough to ensure the melting and foaming of the alloy [4℄. The
blowing agent parti les { usually TiH2 { start to release gas (hydrogen) that leads to pore
nu leation and subsequent pore growth. Mostly, highly expanded foams are studied whilst
not mu h work has been done on early stages of foam expansion when the solid pre ursor is
just starting to in rease its volume.
It was noti ed early in metal foam development that the di erent alloys in use showed
di erent foaming behaviour, pore shapes and size distributions. Two of the alloys used for
the produ tion of metal foam omponents at that time { the wrought alloy 6061 and the
asting alloy AlSi7 { were studied by Duarte et al. [5℄, Baumgartner et al. [6℄ and Mosler et
al. [7℄. Espe ially for AlSi7, extremely anisotropi foaming behaviour was found. Bellmann
et al. [8℄ de ned the problems, suggested suitable methods for investigating early stages of
foaming and distinguished between two types for pore formation in metal foams:
type-I:
type-II:

lo al pore formation o urring at the lo ation of individual blowing agent parti les,
non-lo al formation at other lo ations in the pre ursor material.

In a further step, AlSi7 was studied in more detail using syn hrotron X-ray mi rotomography to determine non-destru tively the size distribution of the pores in early stages
as well as to analyse their morphology and onne tivity [9℄. A further advan e was the
des ription of the di erent pore formation me hanisms in both AlSi7 and 6061 alloy by
employing mi ro-tomography with higher spatial resolution, and the observation not only
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of di erent pore morphologies but also of di erent orrelations between the positions of the
TiH2 parti les and the pore volume [10, 11℄. While in 6061 the TiH2 -parti les were preferentially found near the inner pore surfa es, they were distributed almost randomly in AlSi7.
It was on luded that in 6061 the pores are lo ally in ated around blowing agent parti les
(type-I), whereas in AlSi7 the evolving hydrogen migrates to weak points in the matrix and
reates pores there non-lo ally (type-II). The suspi ion that these weak points are de ned
by the Si parti les in the pressed powder mixture (Al+Si) [7℄ was on rmed later by holographi tomography [12℄. A further ontinuation of the work was undertaken subsequently
and ame in two parts. First, as the method of determining spatial orrelations was based
on standard morphologi al transformations, leading to a oarse grid of analyzable distan e
values around the pore volume, the mathemati al routines were reviewed. A new approa h
to a ess the distan e values around the pore spa e was implemented and applied to 6061
and AlSi7 alloy foam in early stages, thus demonstrating the new method [13℄. Se ond, and
this is the topi of the present paper, new high resolution data sets were analysed using the
re ned algorithm. Moreover, a number of new samples were manufa tured for imaging with
lower resolution but greater eld of view in order to in rease the statisti al signi an e of the
on lusions derived. As in the meantime alloys from the alloy system Al-Si-Cu had emerged
as preferred materials for industrially produ ed foam sandwi h ores [14, 15℄, hara terised
by low melting points and more uniform pore size distributions, two alloys from this system
were in luded in this study.
II.

METHODS

This paragraph des ribes the preparation of the di erent spe imens that were analysed
as well as the experimental and mathemati al approa hes used to investigate early pore
formation in aluminium foams.
A.

Sample preparation

The spe imens investigated were made by foaming powder ompa ts, i.e. blends of elemental metal powders and TiH2 powder. Table I summarises the pro essing parameters
used for the investigations in this work, namely omposition, blowing agent ontent, pressing
temperatures and pressures and foaming temperature.
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Some of the samples were prepared at the Fraunhofer Institute (IFAM), Bremen (Germany) and were ut to dimensions that the foams ould be imaged with syn hrotron mi rotomography (SCT) employing a high spatial resolution around 1 m. The parameters that
were varied in luded the alloy omposition (AlSi7 vs. AlSi6Cu4), TiH2 ontent (0.5 or 1
wt.%) and ompa tion temperature (200Æ C and 450ÆC). The lower ompa tion temperature
was known to lead to insuÆ ient ompa tion and expansion, while the higher temperature
produ es a virtually dense pre ursor material with a residual porosity

 0.75%, see Ref.

[5℄. The results presented in this work are restri ted to those samples series, where at least
four di erent expansion stages (see below) ould be su essfully investigated by SCT. The
samples in this series will be alled IFAM-AlSi (1 and 2) and IFAM-AlSiCu. In all ases, the
foaming pro ess was triggered by heating the obtained pre ursor material in a pre-heated
furna e (600ÆC). Quen hing the samples after pre-de ned varying dwell times in the furna e
onserves pore stru tures in various expansion states [10, 16℄. The highest temperatures
rea hed during foaming an be estimated by omparison with measurements on samples of
the same omposition foamed in a previous work [5℄. Depending on the expansion stage this
temperature ranges from 576Æ C to 585Æ C.
A se ond series of samples (TUB-AlSi and TUB-AlSiCu) was later prepared at Berlin
University of Te hnology (TUB, Germany) in order to be investigated with SCT employing
spatial resolutions around 10 m and orrespondingly larger sample volumes and statisti s.
The produ tion pro edure was slightly improved ompared to the manufa ture of the IFAM
samples, as higher ompa tion pressures ould be applied. The foaming devi e used allowed
more pre ise temperature and time ontrol. Samples were quen hed after expansion to di erent expansion levels in i e water [17℄. The highest temperature rea hed in these experiments
was measured by a thermo ouple inserted into the sample for the Al-Si-Cu alloy (unlike in
the previous IFAM experiments) and was about 525Æ C for AlSi6Cu10, or slightly higher. For
ea h parameter set of the TUB series, samples were produ ed by using non-treated TiH2 and
a heat-treated TiH2 (3 h at 480ÆC in air) that helps to avoid premature hydrogen evolution
[18℄.
Samples for SCT were prepared by ele trodis harge ma hining (IFAM) as well as by

sawing (TUB). The samples onsisted of rods with a square ross se tion of 11 mm2 for
the high resolution experiments and around 66 mm2 for the lower resolution.
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B.

Syn hrotron mi ro-tomography

Experiments were arried out using the mi ro-tomography fa ilities at the European
Syn hrotron Radiation Fa ility's ID19 (ESRF) and the BAMline lo ated at the light sour e
BESSY at the Helmholtz Centre Berlin [19, 20℄. Owing to the availability of higher photon
ux density we s anned sele ted samples with highest resolution at ESRF and performed
s ans of a broader range of larger spe imens with moderate resolutions at BESSY. Both
fa ilities employ onventional high pre ision sample manipulators for the alignment and
rotation of the spe imen before as well as during the tomography s an. For high resolution
pixel dete tors, the indire t approa h based on the on epts of W. Hartmann et al. as well
as F. Bus h and U. Bonse is used [21, 22℄. Here, a s intillating s reen (powder or single
rystal) onverts X-rays into visible light. This lumines en e image is aptured by oupling
a CCD hip opti ally with the s intillator. The indire t dete tion on ept using thin single
rystal lm s intillators makes it possible to rea h resolutions in the sub-mi rometre range
[23℄.
The high resolution s ans at ESRF were done utilizing a pixel size of 0.7 m, leading

to a true spatial resolution around 1.5 m and a eld of view of 1.41.4 mm2 (due to

the 20482048 pixel 'FReLoN type 2000' CCD amera used [24℄). The maximal sample
volume to be analysed with this setting would be (1.4 mm)3. The syn hrotron beam was
mono hromatised to 17 keV whi h allowed for easy subsequent image analysis (see next
se tion). 1400 proje tion images were re orded during 180Æ s ans in order to ensure high
quality re onstru tion of the tomographi images [19℄.
Tomographi s ans with a moderate resolution of around 12 m (10% of the modulation
transfer fun tion, determined via a knife-edge s an) were performed at BESSY. As CCD
amera, a Prin eton Instruments, type VersArray:2048B was used, with an e e tive pixel

size of 3.5 m (20482048 pixels, e e tive 77 mm2 eld of view, (7 mm)3 maximal sample
volume to be analysed). Depending on the sample dimensions, the syn hrotron beam was
mono hromatised to photon energies between 20 keV and 25 keV. Typi ally, 720 to 900
proje tion images were re orded during 180Æ s ans [25℄.
Tomographi

re onstru tions were

arried out using the

onventional

ltered-

ba kproje tion algorithm. As software we hose the software pa kage PyHST developed
by the S iSoft group at ESRF [26℄ as it allows for the use of self-written lters as plugins. In
order to improve the re onstru tion quality, two lters { a median lter to redu e noise and
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a ring artefa t lter based on a bandpass applied to the sinograms prior to ba kproje tion
{ were oded as plugins in ooperation with the S iSoft group, see e.g. Ref. 27.
C.

3D image analysis

Syn hrotron mi ro-tomography delivers volume data sets as 3D matrix of numbers that
an be interpreted as grey-s ales and thus appear as images. When working in absorption
ontrast mode, ea h matrix value represents the lo al attenuation of a voxel (a ronym for
'volume pi ture element') whi h is related to the density and the attenuation oeÆ ient of the
material [28℄. The grey-s ale information an be used to identify and subsequently separate
di erent material phases inside the volume images, provided that a signi ant di eren e in
the attenuation behaviour of the individual phases is given. For example, one an distinguish
between aluminium and TiH2 or Cu, while there is almost no absorption ontrast between
aluminium and sili on as, e.g., at an X-ray energy of 17 keV the attenuation oeÆ ients are:
13.5 m

1

(Al), 15.3 m

1

(Si), 110.8 m

1

(Ti), 471.3 m

1

(Cu) [29℄. In order to separate

the di erent phases into independent Boolean images, where voxels belonging to the sele ted
material are given the foreground value '1' and the remains are set to the ba kground value
'0', we use a grey-s ale threshold hysteresis in ombination with a region growing algorithm
[30℄. Here, two thresholds are used to de ne a range in the image's histogram where voxels
de nitively belong to one phase, e.g. the pores. A se ond pair of thresholds de nes a larger
range in the histogram, sele ting voxels that might belong to this phase. In su essive stages
the algorithm extends the voxels already identi ed as belonging to one phase, e.g. pores, by
those that, a) ontain a grey value in the se ond range de ned and, b) are dire t neighbours
of the already identi ed phase. The required parameters are optimised manually in order to
a quire Boolean images with minimal amounts of artefa ts and noise. For some data sets,
the morphologi al transformations

open

and

losure

are applied to the Boolean images to

further redu e noise and artefa ts [30, 31℄.
The aim of our image analysis is to identify spatial orrelations between the positions
of the blowing agent parti les and the positions of the pores inside aluminium foams at
di erent expansion stages. The analysis is based on the Boolean images introdu ed above,
here spe i ally the Boolean images of the pore spa e and the blowing agent parti les. Our
algorithm dilates the Boolean pore stru ture, reates the di eren e between the dilated
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and the original Boolean pore image and then al ulates the density of the blowing agent
parti les in this di erential volume, see Fig. 1. This pro edure is repeated in su essive
steps until the dilated pore volume en ompasses 99% of the total image volume. If the
blowing agent density is high during the rst dilation steps ( lose to the pore surfa e) and
then de reases with ongoing dilation, there is a orrelation between the pore surfa es and
the blowing agent parti les, identifying

type-I

behaviour, as the majority of the blowing

agent parti les is lo ated lose the the pores. If the density remains onstant for all dilation
steps then there is no spatial orrelation between pores and blowing agent, indi ating type-II
behaviour, f. e. g. Fig. 7.
Sometimes the density varies in an irregular way or even slightly grows as the distan e
to the pore surfa e in reases. There is no reason to believe that TiH2 parti les should be
preferentially found at a non-zero distan e from the pores, at least none we are aware of.
One might spe ulate that su h apparent 'negative orrelations' between pores and TiH2
densities stem from oarse spheri al TiH2 parti les that are situated at the interfa es and
have their maximum ross se tion at a distan e of half their diameter of, say, 20 m. We
prefer the viewpoint that su h variations are unphysi al and lass them as 'no orrelation'.
The presen e of various di erently absorbing phases around the pores ould give rise to
spurious ontributions to the distribution fun tion. This viewpoint is supported by the
observation that these 'negative orrelations' o ur in intermediate stages of evolution, i.e.
between 'unfoamed' and 'fully molten'.
Care has to be taken to treat the interfa es between the pores and the metal. To avoid
possible artefa ts, a layer around ea h pore spa e of the thi kness of the FWHM of the
dete tor's point spread fun tion is dis arded from the analysed density data. A more detailed
des ription of the algorithm in luding a sound mathemati al dis ourse has been published
elsewhere [13℄.
III.

RESULTS

In this se tion, the 3D image analysis of volume data sets a quired at ESRF and BESSY
will be presented in two parts, ea h dedi ated to one of the two alloy families investigated.
The high resolution s ans of sele ted samples are introdu ed rst, followed by the analysis
of the intermediate resolution s ans that are greater in number and underline the statisti al
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relevan e of our observations.
A.

AlSi7 foams

The AlSi7 samples labelled 'IFAM' were s anned with high resolution of around 1.5 m.
The four spe imens of the series IFAM-AlSi-1 ompa ted at 450Æ C (60 s, 75 s, 90 s and 120 s
dwell-time in furna e) show porosities of 0.31%, 0.43%, 0.46% and 7.43% as determined by
3D image analysis, see Fig. 2. The onset of foaming from the still dense material to the
pore- ontaining state is therefore fairly immediate, taking pla e between 90 s and 120 s after
heating begins. Tomographi sli es of the ve IFAM-AlSi7-2 samples ompa ted at 200Æ C
(0 s, 60 s, 75 s, 90 s and 120 s dwell-time in furna e) are displayed in Fig. 3. The respe tive
(initial) porosities of 15.8%, 11.4%, 15.2%, 18.3% and 14.5% are signi antly higher and more
onstant ompared to the rst four due to the lower ompa tion eÆ ien y at 200Æ C. Already
the unfoamed pre ursor ontains porosity when this ompa tion temperature { generally
regarded as insuÆ ient for making foams { is applied, whereas the 'normal' ompa tion
temperature leads to a virtually dense pre ursor.
After the reation of Boolean images the orrelation analysis algorithm was applied,
the results of whi h are displayed in Fig. 4 for the spe imens ompa ted at the higher
temperature. The quantity al ulated is the blowing agent parti le density (normalised to
the mean density in the foam matrix) as a fun tion of distan e to the losest pore surfa e.
For the unfoamed pre ursor, no value an be given sin e this sample is nearly dense and
no meaningful pore volume exists to whi h the TiH2 density an be related. The range for
whi h the orrelation fun tion an be given varies in Fig. 4 and in the subsequent gures
in this paper. For geometri al reasons, the available pore spa e an be dilated more before
meeting adja ent pores in dense samples. For the rst 3 stages of foaming { all still asso iated
with porosities well below 1% { the density fun tion does not show any sign of preferential
positioning of TiH2 parti les with respe t to the surfa e of the pores. This means that the
tiny rst pores nu leate at any distan e from the TiH2 parti les. Only in the last sample
of the series (120 s dwell time, 7.4% porosity) is a high density visible lose to the pore
spa e (spatial orrelation) that then de ays as the distan e from the nearest pore surfa e
in reases, i.e. in this sample most of the pore volume is lose to a blowing agent parti le.
For 90 s dwell time and also for some more data sets in the rest of the arti le, there is
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even a slight in rease of density as the distan e to the pore spa e in reases. Su h in reases
do not orrelate with any dire t observation of the foams by mi ros opy and, together with
minor variations as in the rst two urves, will be onsidered irrelevant in the following,
although no lear reason for these variations ould be identi ed.
The orrelation has also been observed for the other series, see Fig. 5, where the ompa tion temperature was deliberately set too low. The di eren e here is that the unfoamed
state already ontains 15% porosity and therefore an be used for the orrelation analysis.
The density urve is almost horizontal for this sample as it should be for a random powder
mixture, and the u tuations still observed provide an estimate for the error of the analysis. Heating for 60 s and 75 s does not hange the pi ture very mu h. Ex ept for a slight
indi ation of the artefa t already mentioned there is no sign of big hanges in the distribution fun tion. No sign is found that TiH2 parti les preferentially seggregate near the pore
surfa es. Only after longer heat treatments (90 s and 120 s in the furna e), the density of
the blowing agent parti les lose to the pore spa e in reases at the ost of the lo ations far
away from the surfa e, i.e TiH2 is segregated to the surfa e.
In order to validate these ndings based on a small number of low-volume samples we
investigated further AlSi7 foam samples, the TUB-AlSi series. These larger samples were
imaged with a lower resolution ( orresponding to a larger pixel size and, hen e, a larger
eld of view of the dete tor), while the resolution was still suÆ ient to distinguish between
orrelated and un orrelated TiH2 distributions. Of the 23 samples in this series, 12 an
be onsidered as early stages with porosities ranging from 1% to 6%, while the remaining
11 samples are in more expanded foaming stages with porosities between 15% and 50%.
Typi al tomographi sli es an be seen in Fig. 6. Our analysis revealed that in 11 out
of these 12 AlSi7 foam spe imens in early stages no segregation of TiH2 parti les to the
pore surfa es an be observed, while, on the ontrary, all of the more expanded AlSi7 foam
samples showed a lear segregation. In other words, in the early stages of foam expansion of
this alloy the pores are generated and in ated anywhere in the sample without ne essarily
being lose to the gas-generating TiH2 parti les (type-II), whereas in later stages most of
the TiH2 parti les are found very lose to the pores' surfa es (type-I).
Two typi al orrelation plots from the TUB samples showing the two limiting ases an
be found in Fig. 7. In the early foaming stage orresponding to 1.5% porosity, the density
of the blowing agent parti les is only weakly dependent on the distan e to the pore spa e,
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indi ating the absen e of segregation. In the more extended stage { 28% porosity { the
density distribution of the blowing agent parti les shows a lear spatial orrelation between
TiH2 and the pore spa e, see also Fig. 6 and 8. The in rease in the urve orresponding
to the lower density (from 0.7 to 1.2) is again seen as an artefa t and is indeed markedly
lower than the de rease in density for the more expanded sample from 1.85 to 0.35. For a
omplete listing of tomographi sli es and orrelation plots see 'Appendix D' of Ref. 25.
The nature of type-II pores in AlSi7 foam an be better understood by taking a look
at ut, polished, and et hed spe imens by light mi ros opy. Et hing makes it possible to
distinguish between former powder parti les more easily. In Fig. 8(a) a metallographi image
of an AlSi7 foam from the TUB bat h in the early stage { 1.5% porosity { is shown. In
the vi inity of the TiH2 parti les pores an only be found if sili on parti les are also in the
neighbourhood, while the majority of pores is lo ated dire tly adja ent to sili on parti les
or sili on parti le lusters, i.e. the sili on parti les de ne the positions of the pores. In
ontrast, in an extended stage with 28% porosity, see Fig. 8(b), most of the then mu h
larger pores are lo ated around or lose to blowing agent parti les.
B.

AlSi6Cu4 and AlSiCu10 foams

Four IFAM-AlSiCu spe imens with the nominal omposition AlSi6Cu4 + 0.5 wt.% TiH2
were imaged with the high-resolution (around 1.5 m) setup at ESRF. The respe tive dwelltimes in the pre-heated furna e for these samples were 0 s, 60 s, 90 s and 120 s, i.e. the
pre ursor and three foamed states were investigated. Tomographi sli es of the 0 s, the 90 s
and the 120 s sample are displayed in Fig. 9. Be ause of the high stopping power of pure
opper the volume images of the 0 s and the 60 s samples ontain so many artefa ts in
the form of white streaks that these images annot be interpreted more than qualitatively.
After 90 s, see Fig. 9(b), obviously most of the opper has been dissolved in the melting
aluminium. At the positions of former opper parti les a moderately absorbing mixed-phase
and rst pores an now be seen. In addition, several TiH2 parti les in the sli e an be
identi ed between the positions of former opper parti les. Pores only seem to be in ated
at these positions appearing in light grey, i.e. the opper parti les de ne the positions of
the pores. The volume image of the spe imen after 120 s of heat-treatment was the only
one that was artefa t-free, see Fig. 9( ), and allowed for a orrelation analysis.
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We separated all highly absorbing material (TiH2 and Al-Si-Cu mixed phase, about 0.32%
mass fra tion / 0.20% volume fra tion) into one Boolean image, the pore spa e (6.1% porosity
in this sample) into another. The result of the orrelation analysis is plotted in Fig. 10. Two
peaks an be distinguished: one lose to the pore surfa e and a se ond one at a distan e
of approximately 29 m from the pore surfa e. From the tomographi sli es in Fig. 9 we
identify the rst maximum with the mixed-phase (Al-Si-Cu), while the se ond maximum is
mainly aused by the TiH2 parti les in the foam. While being more diÆ ult to interpret, the
tomographi s ans of the IFAM AlSi6Cu4 + 0.5 wt.% TiH2 samples point towards type-II
behaviour, i.e. pores are preferentially surrounded by Cu-ri h aluminium melt, while the
blowing agent parti les an be at some distan e from the pores and in fa t even preferentially
around 30 m away from the gas/metal interfa es. Unlike AlSi7, the interpretation of these
orrelation urves requires some previous knowledge taken from metallographi se tions { see
below { be ause the value for the X-ray absorption oeÆ ient for the mixed phase (Al-Si-Cu)
an be very similar to that of TiH2 .
In analogy to the previous se tion, we s anned a larger bat h of samples at moderate
resolutions and higher sample volumes at BESSY, the TUB-AlSiCu series. The best and
most onsistent results were obtained for an alloy with an in reased opper ontent that will
be presented here. Altogether, volume images of 16 AlSi6Cu10 + 1.0 wt.% TiH2 ould be
a quired and analysed. In 5 out of 16 samples the porosity is between 4% and 11% (early
stage) and the TiH2 ontrast high enough so that a orrelation analysis is possible. None
of these 5 samples shows a spatial orrelation in the sense of segregation of the blowing
agent to the pore surfa e, thus indi ating type-II pores. In Fig. 11 an exemplary plot of
the orrelation analysis from this sample series an be found. Here, the Al-Si-Cu peak is
not visible as in Fig. 10, possibly due to the lower resolution of the imaging system used
and the higher Cu ontent in this alloy that in reases the signal from the Cu-ri h phase.
The density of highly absorbing material is nearly onstant throughout the volume and no
spatial orrelation between this material and the pore spa e an be found. Again, for a
omplete listing of tomographi sli es and orrelation plots, see 'Appendix D' of Ref. 25.
As for AlSi7, metallographi images are used to get additional information. In the image showing the raw pre ursor material, see Fig. 12(a), the round opper parti les, sili on
parti les as well as aluminium are visible. After 90 s of heat-treatment, see Fig. 12(b), the
opper parti les have dissolved in the evolving melt and in their positions the rst pores
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have now appeared. We performed EDX analysis in the vi inity of su h an early pore in
the IFAM sample, heat treated for 90 s, see Fig. 13. The high ontent of opper found lose
to and inside the pore on rms the observation that the pore surfa es are de orated with
opper-ri h eute ti melt. The metallographi image of the IFAM sample heat-treated for
120 s given in Fig. 12( ) illustrates the type-II nature of the pores in AlSi6Cu4 foam { early
pores in ate at the positions of former opper parti les, sometimes far away from the TiH2
parti les.
Although the number of tomographi data sets that ould be used for orrelation analysis
was mu h lower for this alloy than for AlSi7 { mainly be ause we ould not identify the
blowing agent with ertainty in many of the samples { we nd rm eviden e that pores are
of type-II in this foam too, but no transition to type-I is observed in later stages of foaming.
IV.

DISCUSSION

The experimental eviden e provided by the work presented here on rmed earlier observations that pore formation in metalli foams varies with the type of aluminium alloy
hosen. A new alloy type { ternary Al-Si-Cu alloys { was investigated and yet another pore
formation type found. The simple dire t pore in ation me hanism identi ed in alloy 6061
alloys by Helfen et al. [10℄ and explained s hemati ally in Fig. 14(a) was not found for any
of the alloys studied here.
For AlSi7, the earlier observation that pores are not formed dire tly around the blowing
agent parti les as would be expe ted, is on rmed by the orrelation analysis (Figs. 4 and
5) and the two-dimensional metallographi se tions. The idea that most pores form in the
vi inity of sili on parti les is supported by metallography (Fig. 8 and Ref. [7℄) { but only
on a non-representative basis { and by the holotomographi

orrelation analysis presented

by Helfen et al. [12℄; but only two samples were studied there. The ombined eviden e,
however, now makes it very likely that the reason for this pore formation me hanism is
that pores open at the weakest point in the metalli matrix whi h in this ase is the Al/Si
interfa e. As gas is being generated by the TiH2 parti les, this gas an be transported to
other parts of the foamable pre ursor, e.g. along the boundaries between the former powder
parti les, or through mi ro hannels in the oxide lms around these parti les et . There it
an reate a gas pressure even at lo ations some tens of m away from the blowing agent
12

parti le. As soon as the pressure ex eeds the delamination threshold of the Al/Si interfa e,
whi h is signi antly redu ed due to lo al melting of Al/Si eute ti , a pore opens there.
A new nding of the urrent work is that there is a transition from type-II to type-I
behaviour during the evolution from an early stage to a later one whi h, however, is still far
away from full expansion. The exa t reason for this transition is not lear. Possibly, in the
ourse of the formation of pores that in AlSi7 are very jagged and often ra k-like, a system of
dense inter onne ted ra ks evolves that then propagates through the entire sample. Helfen
et al. [9℄ have found that this ra k system an be very extensive and inter onne ts a large
volume of the sample. If, in addition, the ra ks propagate preferentially along the TiH2
parti les and not through the bulk of aluminium, most of the TiH2 parti les would then
be very lose to the next open volume and reate the type-I behaviour observed. This an
only be explained by an expansion of the open void spa e that eventually rea hes all TiH2
parti les (visualised in Fig. 14(b)).
This idea an also provide an explanation for the poor foamability of insuÆ iently pressed
powders su h as the ones used in Figs. 3 and 5. In these samples ompa ted at 200Æ C, the
hange from type-I to type-II behaviour takes pla e earlier than in the samples ompa ted
at 450Æ C, see Fig. 2, and the orrelation sunsequent is mu h more pronoun ed. As the interparti le bonding is weaker in the insuÆ iently pressed sample, the opening and propagation
of ra ks is more easily initiated by the internal pressure built up by the evolving blowing
gas. The blowing agent parti les are then onne ted to the large network of ra ks and pores
from an earlier stage whi h in turn leads to a more serious loss of blowing gas.
The behaviour of the Al-Si-Cu alloy is di erent from that of the AlSi7 alloy. Both alloys
share the feature that pore formation is not at the blowing agent site { i.e. type-II { but
the weakest point in the matrix, whi h is not the Al/Si interfa e this time but the ternary
eute ti melt that is formed at mu h lower temperatures than the binary eute ti in AlSi7,
namely at 525Æ C ompared to 577Æ C. As the sample expands further, the evolving liquid
ontinuously wets the aluminium grains and signi antly redu es the ex essive formation of
ra ks [32℄. Therefore, the pores an ontinuously grow in a fairly spheri al way within the
in reasingly large pool of liquid metal.
In a wider ontext, these ndings explain why Al-Si-Cu foams a tually exhibit better
foaming behaviour than AlSi7 and have repla ed AlSi7 as ore materials for aluminium
foam sandwi h panels [15℄. First of all, the blowing agent releases gas at temperatures at
13

whi h the matrix starts melting and then delivers gas into a pool of liquid where it an form
round pores { governed by surfa e tension { instead of the gas for ing the still solid material
apart and propagating ra ks through the material as happens in AlSi7. The situation
in AlSi7 is also more unfavourable be ause melting takes pla e at a higher temperature
(577Æ C) than in Al-Si-Cu (525ÆC) and therefore the hydrogen pressure generated by the
de omposing blowing agent is higher [18℄, [33℄. Although su h ra ks round o after the
metal has melted, as X-ray radiographi images show [34℄, they may lead to partial gas
losses in the heating stage and give rise to the more heterogeneous pore morphology and
size distribution generally observed in AlSi7 foams.
Looking into the future, the foaming behaviour of aluminium alloys ould be further
improved by tailoring the alloy omposition so that either the ternary eute ti temperature
is lowered { by further alloying elements { or the amount of melt immediately available after
melting is in reased by tuning the omposition of the ternary alloy [33℄. This would allow
the blowing agent to feed gas into the evolving liquid ontinuously, thus keeping the pores
spheri al.
V.

CONCLUSIONS

We on rmed a previous observation that AlSi7 foam develops type-II pores in the rst
stage, i.e. the pores form at the weakest links in the pressed powder, the Al/Si interfa es.
An improved statisti al analysis based on 27 samples and a quantitative evaluation based
on orrelation analysis has been given. A new nding is the hange from type-II to type-I
pores in the following stage of foaming in AlSi7.
In addition to Al-Si, two alloys of the ommon and industrially applied Al-Si-Cu alloy
family haven been investigated. In these alloys, the pores rst form along the liquid ternary
eute ti around individual opper parti les whi h is then the weakest part of the material.
These pores are therefore of type-II and remain so even in later stages with porosities up to

 10%.

The sequen e of pore formation with rising temperature in three di erent alloys (in luding
6061 from the literature) is summarised in Fig. 14 and an be des ribed as follows:
6061:

hydrogen gas from blowing agent evolves ! lo al pressure build-up around parti les

! melting of matrix ! pore expansion around TiH2 parti les [10℄.
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AlSi7:

hydrogen gas from blowing agent evolves ! debonding at Al/Si interfa es and lo al

! hydrogen pressure expands pore spa e at Si parti les !
further opening of pore spa e that eventually rea hes most of the TiH2 parti les !
melting of Al/Si eute ti

omplete melting of matrix.
Al-Si-Cu:

ternary eute ti melts

! hydrogen

gas from blowing agent evolves

! pores

nu leate along ternary melt pools and expand.
An interpretation of the favourable foaming hara teristi s of Al-Si-Cu alloys is now
a essible and the riteria for sele ting further alloys are learer.
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APPENDIX A: TABLES

TABLE I: Overview of sample series investigated, in luding their foaming and imaging parameters.
sample series omposition blowing agent

ompa tion

foaming image resolution

0.5 wt.% TiH2 450Æ C, 120 MPa 600Æ C
IFAM-AlSi-2
AlSi7
1.0 wt.% TiH2 200Æ C, 120 MPa 600Æ C
IFAM-AlSiCu AlSi6Cu4 0.5 wt.% TiH2 450Æ C, 120 MPa 600Æ C
AlSi7
1.0 wt.% TiH2 450Æ C, 295 MPa 650Æ C
TUB-AlSi
TUB-AlSiCu AlSi6Cu10 1.0 wt.% TiH2 400Æ C, 295 MPa 600Æ C
IFAM-AlSi-1

AlSi7
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APPENDIX B: FIGURES

Dilation of pore
space

µ ≈ 0 cm-1

pores
Masking with
TiH2 image
µ = 10-15 cm-1

TiH2 density function

Al, AlSi

µ > 100 cm-1

TiH2, AlSiCu

FIG. 1: S hemati representation of the orrelation analysis applied, based on the segmentation
of the grey s ale image (left olumn) into Boolean images representing, from top to bottom of
middle olumn, the pores, the metalli matrix, and the blowing agent plus { for Al-Si-Cu alloys
only { highly absorbing parts of the metalli matrix. Only the latter and former are used for the
nal analysis (right olumn), whereas the Boolean image of the metalli matrix is not needed. The
ranges given for the absorption oeÆ ient  are approximate and orrespond to a photon energy
of 17 keV.
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100 µm

100 µm
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100 µm
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d)

FIG. 2: Tomographi sli es of the IFAM-AlSi-1 foam series (AlSi7+0.5wt.% TiH2 hot ompa ted
at 450Æ C) with pores in dark grey, metalli matrix in grey and blowing agent parti les in white.
Porosities with respe tive dwell-times in the furna e are, a) 0.31% (60 s), b) 0.43% (75 s), ) 0.46%
(90 s), d) 7.4% (120 s). Orientation of ompa tion and foaming are perpendi ular to the image
plane. See also Fig. 4.
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100 µm

100 µm

100 µm

a)

b)

100 µm

100 µm

e)

c)

d)

FIG. 3: Analogous to Fig. 2 for 200Æ C ompa tion temperature (IFAM-AlSi-2 series). Porosities
with respe tive dwell-times in the furna e are, a) 15.8% (0 s), b) 11.4% (60 s), ) 15.2% (75 s), d)
18.3% (90 s), e) 14.5% (120 s). Orientation of ompa tion and foaming are perpendi ular to the
image plane. See also Fig. 5.
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FIG. 4: Spatial orrelation between pore volume and TiH2 parti les of the AlSi7+0.5 wt.% TiH2
samples (IFAM-AlSi-1 { pre ursor material hot ompa ted at 450Æ C, SCT volume images a quired
with high spatial resolution). The TiH2 density is normalised to the mean density found in the
foam matrix. Data for distan es < 1.5 m omitted due to the limitation given by the resolution.
Graphs are arranged in the same way as in Fig. 2.
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FIG. 5: Same as Fig. 4 for samples hot ompa ted at 200Æ C (IFAM-AlSi-2, SCT volume images
a quired with high spatial resolution). Data for distan es < 1.5 m omitted due to the limitation
given by the resolution. Graphs are arranged in the same way as in Fig. 3.
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(a)

(b)
0.5 mm

0.5 mm

FIG. 6: Sample sli es from the AlSi7+0.5 wt.% TiH2 (TUB-AlSi) foam series with heat-treated
TiH2 used as blowing agent (SCT volume images a quired with moderate spatial resolution). The
pores are dark, metalli matrix grey and the blowing agent appears in white. a) 1.5% porosity,
b) 28% porosity , f. Figs. 7, 8. Orientation of ompa tion and foaming are parallel to the image
plane [25℄.
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FIG. 7: Correlation analysis of the two samples from the TUB-AlSi foam series shown in Fig. 6.
Data for distan es < 10 m omitted due to the limitation given by the resolution.
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(a)

50 µm

(b)

50 µm

FIG. 8: Metallographi image of AlSi7 + 0.5%TiH2 (TUB-AlSi) samples in two foaming stages, a)
early stage with 1.5% porosity (dis ussed also in Ref. 13), b) later stage with 28% porosity. Both
samples were et hed with 0.5% HF. Aluminium parti les appear in light grey, sili on parti les in
medium density grey and TiH2 parti les are marked with ir les, f. Figs. 6, 7.
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(a)
100 µm

(b)
100 µm

(c)
100 µm

FIG. 9: Tomographi sli es of IFAM-AlSiCu spe imens (AlSi6Cu4 + 0.5 wt.% TiH2, hot ompa ted at 450Æ C, SCT volume images a quired with high spatial resolution). White represents
Cu, light grey TiH2 , medium grey metal, dark grey pores. a) raw pre ursor material with strong
artefa ts originating from the opper parti les, b) state after 90 s of heat treatment showing that
opper has been largely dissolved and rst pores have appeared, ) state after 120 s showing no
more Cu, the remaining highly absorbing parti les are TiH2 (6.1% porosity). See also Fig. 10.
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FIG. 10:

Correlation analysis of an IFAM-AlSiCu spe imen (AlSi6Cu4 + 0.5 wt.% TiH2 hot
ompa ted at 450Æ C) after 120 s of heat-treatment: the density of highly absorbing material

(aluminium- opper alloy and TiH2 ) is plotted vs. its distan e to the pore surfa e. See also Fig. 9( ).
Data for distan es < 1.5 m omitted due to the limitation given by the resolution.
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FIG. 11: Correlation analysis of a TUB-AlSiCu spe imen (AlSi6Cu10 + 1.0 wt.% TiH2 ). The
density of the blowing agent parti les is almost onstant for all distan es to the pore surfa e,
indi ating a la k of lear spatial orrelation between the positions of the pores and the TiH2
parti les. Data for distan es < 10 m omitted due to the limitation given by the resolution.
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(a)

50 µm

(b)

50 µm

()
50 µm

FIG. 12:

Metallographi images of some IFAM-AlSiCu samples (AlSi6Cu4 + 0.5 wt.% TiH2,
hot ompa ted at 450Æ C, sample surfa es et hed with 0.5% HF), a) raw pre ursor material (0 s
heat-treatment), b) 90 s of heat treatment, ) 120 s of heat treatment. Copper appears in orange,
sili on in blueish-grey, aluminium in white-grey aluminium and pores are dark. TiH2 parti les are
marked by red ir les in ( ). See also Fig. 9.
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FIG. 13:

SEM lose-up of the sample shown in Fig. 12(b), EDX analysis was performed at

positions marked, red ross: 57 wt.% aluminium, 12 wt.% sili on and 31 wt.% opper, green ross:
94 wt.% aluminium, 4 wt.% opper and 2 wt.% sili on. The large white parti le at the left border
is opper, the one to the right of the pore (in the entre of the image) was identi ed as sili on
parti le.
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Figs. 9b,12b,13
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FIG. 14: S hemati summary of pores formation in di erent alloys in luding alloy 6061 studied
elsewhere [10, 11, 12, 13℄. The predominant pore formation type is given for ea h of the states and
the images and gures supporting a given representation.
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