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Abstract

The mec hanisms b ehind p ore formation in aluminium allo ys that are in commercial use for

making foam comp onen ts are still not understo o d. It is accepted that they pla y a k ey role for the

qualit y of the ev olving p ore structure. In order to shed ligh t on early p ore formation, aluminium

foams in lo w expansion stages made b y the p o wder-compact melting pro cess w ere in v estigated b y

sync hrotron-based hard X-ra y micro-tomograph y and quan titativ e image analysis. The calculated

spatial correlation functions b et w een the gas source (TiH

2

particles) and the n ucleating p ores sho w

that the lo cation of p ore formation and the spatial gas source distribution for AlSi7 and Al-Si-Cu

allo ys are essen tially indep enden t. Therefore, in the allo ys in v estigated, the p osition of the melt

formation is found to determine the p ore n ucleation rather than the spatial distribution of TiH

2

.

This b eha viour explains the kno wn p ositiv e e�ect on the p ore structure ac hiev ed b y adding copp er.
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I. INTR ODUCTION

Replacemen t of engineering structures, e.g. in automobiles, b y ligh t w eigh t aluminium

foam has b een predicted sev eral times in the past, see Ref. [ 1 ] or more recen tly [ 2 ], but

man y y ears after these predictions the mark et for aluminium foam is still small [ 3 ]. One

reason for this is that the a v ailable aluminium allo y foams still do not ha v e the desired

prop erties, partially o wing to the fact that during foaming the ev olving cellular structure

con tains more heterogeneities than w ould b e exp ected from purely statistical scatter and

more than are acceptable in practice. Therefore, researc h is b een carried out aiming at

impro ving the uniformit y of cell structure. T o understand these irregularities, it is necessary

to study the n ucleation of p ores and their ev olution in early stages of foam ev olution.

This pap er solely fo cuses on foaming of aluminium allo ys based on metal p o wders: metal

and blo wing agen t p o wders are mixed and compacted, after whic h the compacted mixture is

heated to a temp erature high enough to ensure the melting and foaming of the allo y [ 4 ]. The

blo wing agen t particles { usually TiH

2

{ start to release gas (h ydrogen) that leads to p ore

n ucleation and subsequen t p ore gro wth. Mostly , highly expanded foams are studied whilst

not m uc h w ork has b een done on early stages of foam expansion when the solid precursor is

just starting to increase its v olume.

It w as noticed early in metal foam dev elopmen t that the di�eren t allo ys in use sho w ed

di�eren t foaming b eha viour, p ore shap es and size distributions. Tw o of the allo ys used for

the pro duction of metal foam comp onen ts at that time { the wrough t allo y 6061 and the

casting allo y AlSi7 { w ere studied b y Duarte et al. [ 5 ], Baumg• artner et al. [ 6 ] and Mosler et

al. [ 7 ]. Esp ecially for AlSi7, extremely anisotropic foaming b eha viour w as found. Bellmann

et al. [ 8 ] de�ned the problems, suggested suitable metho ds for in v estigating early stages of

foaming and distinguished b et w een t w o t yp es for p ore formation in metal foams:

t yp e-I: lo cal p ore formation o ccurring at the lo cation of individual blo wing agen t particles,

t yp e-I I: non-lo cal formation at other lo cations in the precursor material.

In a further step, AlSi7 w as studied in more detail using sync hrotron X-ra y micro-

tomograph y to determine non-destructiv ely the size distribution of the p ores in early stages

as w ell as to analyse their morphology and connectivit y [ 9 ]. A further adv ance w as the

description of the di�eren t p ore formation mec hanisms in b oth AlSi7 and 6061 allo y b y

emplo ying micro-tomograph y with higher spatial resolution, and the observ ation not only
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of di�eren t p ore morphologies but also of di�eren t correlations b et w een the p ositions of the

TiH

2

particles and the p ore v olume [ 10 , 11 ]. While in 6061 the TiH

2

-particles w ere prefer-

en tially found near the inner p ore surfaces, they w ere distributed almost randomly in AlSi7.

It w as concluded that in 6061 the p ores are lo cally inated around blo wing agen t particles

(t yp e-I), whereas in AlSi7 the ev olving h ydrogen migrates to w eak p oin ts in the matrix and

creates p ores there non-lo cally (t yp e-I I). The suspicion that these w eak p oin ts are de�ned

b y the Si particles in the pressed p o wder mixture (Al+Si) [ 7 ] w as con�rmed later b y holo-

graphic tomograph y [ 12 ]. A further con tin uation of the w ork w as undertak en subsequen tly

and came in t w o parts. First, as the metho d of determining spatial correlations w as based

on standard morphological transformations, leading to a coarse grid of analyzable distance

v alues around the p ore v olume, the mathematical routines w ere review ed. A new approac h

to access the distance v alues around the p ore space w as implemen ted and applied to 6061

and AlSi7 allo y foam in early stages, th us demonstrating the new metho d [ 13 ]. Second, and

this is the topic of the presen t pap er, new high resolution data sets w ere analysed using the

re�ned algorithm. Moreo v er, a n um b er of new samples w ere man ufactured for imaging with

lo w er resolution but greater �eld of view in order to increase the statistical signi�cance of the

conclusions deriv ed. As in the mean time allo ys from the allo y system Al-Si-Cu had emerged

as preferred materials for industrially pro duced foam sandwic h cores [ 14 , 15 ], c haracterised

b y lo w melting p oin ts and more uniform p ore size distributions, t w o allo ys from this system

w ere included in this study .

I I. METHODS

This paragraph describ es the preparation of the di�eren t sp ecimens that w ere analysed

as w ell as the exp erimen tal and mathematical approac hes used to in v estigate early p ore

formation in aluminium foams.

A. Sample preparation

The sp ecimens in v estigated w ere made b y foaming p o wder compacts, i.e. blends of el-

emen tal metal p o wders and TiH

2

p o wder. T able I summarises the pro cessing parameters

used for the in v estigations in this w ork, namely comp osition, blo wing agen t con ten t, pressing

temp eratures and pressures and foaming temp erature.
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Some of the samples w ere prepared at the F raunhofer Institute (IF AM), Bremen (Ger-

man y) and w ere cut to dimensions that the foams could b e imaged with sync hrotron micro-

tomograph y (S � CT) emplo ying a high spatial resolution around 1 � m. The parameters that

w ere v aried included the allo y comp osition (AlSi7 vs. AlSi6Cu4), TiH

2

con ten t (0.5 or 1

wt.%) and compaction temp erature (200

�

C and 450

�

C). The lo w er compaction temp erature

w as kno wn to lead to insu�cien t compaction and expansion, while the higher temp erature

pro duces a virtually dense precursor material with a residual p orosit y � 0.75%, see Ref.

[ 5 ]. The results presen ted in this w ork are restricted to those samples series, where at least

four di�eren t expansion stages (see b elo w) could b e successfully in v estigated b y S � CT. The

samples in this series will b e called IF AM-AlSi (1 and 2) and IF AM-AlSiCu. In all cases, the

foaming pro cess w as triggered b y heating the obtained precursor material in a pre-heated

furnace (600

�

C). Quenc hing the samples after pre-de�ned v arying dw ell times in the furnace

conserv es p ore structures in v arious expansion states [ 10 , 16 ]. The highest temp eratures

reac hed during foaming can b e estimated b y comparison with measuremen ts on samples of

the same comp osition foamed in a previous w ork [ 5 ]. Dep ending on the expansion stage this

temp erature ranges from 576

�

C to 585

�

C.

A second series of samples (TUB-AlSi and TUB-AlSiCu) w as later prepared at Berlin

Univ ersit y of T ec hnology (TUB, German y) in order to b e in v estigated with S � CT emplo ying

spatial resolutions around 10 � m and corresp ondingly larger sample v olumes and statistics.

The pro duction pro cedure w as sligh tly impro v ed compared to the man ufacture of the IF AM

samples, as higher compaction pressures could b e applied. The foaming device used allo w ed

more precise temp erature and time con trol. Samples w ere quenc hed after expansion to di�er-

en t expansion lev els in ice w ater [ 17 ]. The highest temp erature reac hed in these exp erimen ts

w as measured b y a thermo couple inserted in to the sample for the Al-Si-Cu allo y (unlik e in

the previous IF AM exp erimen ts) and w as ab out 525

�

C for AlSi6Cu10, or sligh tly higher. F or

eac h parameter set of the TUB series, samples w ere pro duced b y using non-treated TiH

2

and

a heat-treated TiH

2

(3 h at 480

�

C in air) that helps to a v oid premature h ydrogen ev olution

[ 18 ].

Samples for S � CT w ere prepared b y electro disc harge mac hining (IF AM) as w ell as b y

sa wing (TUB). The samples consisted of ro ds with a square cross section of 1 � 1 mm

2

for

the high resolution exp erimen ts and around 6 � 6 mm

2

for the lo w er resolution.
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B. Sync hrotron micro-tomograph y

Exp erimen ts w ere carried out using the micro-tomograph y facilities at the Europ ean

Sync hrotron Radiation F acilit y's ID19 (ESRF) and the BAM line lo cated at the ligh t source

BESSY at the Helmholtz Cen tre Berlin [ 19 , 20 ]. Owing to the a v ailabilit y of higher photon

ux densit y w e scanned selected samples with highest resolution at ESRF and p erformed

scans of a broader range of larger sp ecimens with mo derate resolutions at BESSY. Both

facilities emplo y con v en tional high precision sample manipulators for the alignmen t and

rotation of the sp ecimen b efore as w ell as during the tomograph y scan. F or high resolution

pixel detectors, the indirect approac h based on the concepts of W. Hartmann et al. as w ell

as F. Busc h and U. Bonse is used [ 21 , 22 ]. Here, a scin tillating screen (p o wder or single

crystal) con v erts X-ra ys in to visible ligh t. This luminescence image is captured b y coupling

a CCD c hip optically with the scin tillator. The indirect detection concept using thin single

crystal �lm scin tillators mak es it p ossible to reac h resolutions in the sub-micrometre range

[ 23 ].

The high resolution scans at ESRF w ere 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 1.4 � 1.4 mm

2

(due to

the 2048 � 2048 pixel 'FReLoN t yp e 2000' CCD camera used [ 24 ]). The maximal sample

v olume to b e analysed with this setting w ould b e (1.4 mm)

3

. The sync hrotron b eam w as

mono c hromatised to 17 k eV whic h allo w ed for easy subsequen t image analysis (see next

section). 1400 pro jection images w ere recorded during 180

�

scans in order to ensure high

qualit y reconstruction of the tomographic images [ 19 ].

T omographic scans with a mo derate resolution of around 12 � m (10% of the mo dulation

transfer function, determined via a knife-edge scan) w ere p erformed at BESSY. As CCD

camera, a Princeton Instrumen ts, t yp e V ersArra y:2048B w as used, with an e�ectiv e pixel

size of 3.5 � m (2048 � 2048 pixels, e�ectiv e 7 � 7 mm

2

�eld of view, (7 mm)

3

maximal sample

v olume to b e analysed). Dep ending on the sample dimensions, the sync hrotron b eam w as

mono c hromatised to photon energies b et w een 20 k eV and 25 k eV. T ypically , 720 to 900

pro jection images w ere recorded during 180

�

scans [ 25 ].

T omographic reconstructions w ere carried out using the con v en tional �ltered-

bac kpro jection algorithm. As soft w are w e c hose the soft w are pac k age PyHST dev elop ed

b y the SciSoft group at ESRF [ 26 ] as it allo ws for the use of self-written �lters as plugins. In

order to impro v e the reconstruction qualit y , t w o �lters { a median �lter to reduce noise and
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a ring artefact �lter based on a bandpass applied to the sinograms prior to bac kpro jection

{ w ere co ded as plugins in co op eration with the SciSoft group, see e.g. Ref. 27 .

C. 3D image analysis

Sync hrotron micro-tomograph y deliv ers v olume data sets as 3D matrix of n um b ers that

can b e in terpreted as grey-scales and th us app ear as images. When w orking in absorption

con trast mo de, eac h matrix v alue represen ts the lo cal atten uation of a v o xel (acron ym for

'v olume picture elemen t') whic h is related to the densit y and the atten uation co e�cien t of the

material [ 28 ]. The grey-scale information can b e used to iden tify and subsequen tly separate

di�eren t material phases inside the v olume images, pro vided that a signi�can t di�erence in

the atten uation b eha viour of the individual phases is giv en. F or example, one can distinguish

b et w een aluminium and TiH

2

or Cu, while there is almost no absorption con trast b et w een

aluminium and silicon as, e.g., at an X-ra y energy of 17 k eV the atten uation co e�cien ts are:

13.5 cm

� 1

(Al), 15.3 cm

� 1

(Si), 110.8 cm

� 1

(Ti), 471.3 cm

� 1

(Cu) [ 29 ]. In order to separate

the di�eren t phases in to indep enden t Bo olean images, where v o xels b elonging to the selected

material are giv en the foreground v alue '1' and the remains are set to the bac kground v alue

'0', w e use a grey-scale threshold h ysteresis in com bination with a region gro wing algorithm

[ 30 ]. Here, t w o thresholds are used to de�ne a range in the image's histogram where v o xels

de�nitiv ely b elong to one phase, e.g. the p ores. A second pair of thresholds de�nes a larger

range in the histogram, selecting v o xels that migh t b elong to this phase. In successiv e stages

the algorithm extends the v o xels already iden ti�ed as b elonging to one phase, e.g. p ores, b y

those that, a) con tain a grey v alue in the second range de�ned and, b) are direct neigh b ours

of the already iden ti�ed phase. The required parameters are optimised man ually in order to

acquire Bo olean images with minimal amoun ts of artefacts and noise. F or some data sets,

the morphological transformations op en and closur e are applied to the Bo olean images to

further reduce noise and artefacts [ 30 , 31 ].

The aim of our image analysis is to iden tify spatial correlations b et w een the p ositions

of the blo wing agen t particles and the p ositions of the p ores inside aluminium foams at

di�eren t expansion stages. The analysis is based on the Bo olean images in tro duced ab o v e,

here sp eci�cally the Bo olean images of the p ore space and the blo wing agen t particles. Our

algorithm dilates the Bo olean p ore structure, creates the di�erence b et w een the dilated
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and the original Bo olean p ore image and then calculates the densit y of the blo wing agen t

particles in this di�eren tial v olume, see Fig. 1 . This pro cedure is rep eated in successiv e

steps un til the dilated p ore v olume encompasses 99% of the total image v olume. If the

blo wing agen t densit y is high during the �rst dilation steps (close to the p ore surface) and

then decreases with ongoing dilation, there is a correlation b et w een the p ore surfaces and

the blo wing agen t particles, iden tifying typ e-I b eha viour, as the ma jorit y of the blo wing

agen t particles is lo cated close the the p ores. If the densit y remains constan t for all dilation

steps then there is no spatial correlation b et w een p ores and blo wing agen t, indicating typ e-II

b eha viour, cf. e. g. Fig. 7 .

Sometimes the densit y v aries in an irregular w a y or ev en sligh tly gro ws as the distance

to the p ore surface increases. There is no reason to b eliev e that TiH

2

particles should b e

preferen tially found at a non-zero distance from the p ores, at least none w e are a w are of.

One migh t sp eculate that suc h apparen t 'negativ e correlations' b et w een p ores and TiH

2

densities stem from coarse spherical TiH

2

particles that are situated at the in terfaces and

ha v e their maxim um cross section at a distance of half their diameter of, sa y , 20 � m. W e

prefer the viewp oin t that suc h v ariations are unph ysical and class them as 'no correlation'.

The presence of v arious di�eren tly absorbing phases around the p ores could giv e rise to

spurious con tributions to the distribution function. This viewp oin t is supp orted b y the

observ ation that these 'negativ e correlations' o ccur in in termediate stages of ev olution, i.e.

b et w een 'unfoamed' and 'fully molten'.

Care has to b e tak en to treat the in terfaces b et w een the p ores and the metal. T o a v oid

p ossible artefacts, a la y er around eac h p ore space of the thic kness of the FWHM of the

detector's p oin t spread function is discarded from the analysed densit y data. A more detailed

description of the algorithm including a sound mathematical discourse has b een published

elsewhere [ 13 ].

I I I. RESUL TS

In this section, the 3D image analysis of v olume data sets acquired at ESRF and BESSY

will b e presen ted in t w o parts, eac h dedicated to one of the t w o allo y families in v estigated.

The high resolution scans of selected samples are in tro duced �rst, follo w ed b y the analysis

of the in termediate resolution scans that are greater in n um b er and underline the statistical
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relev ance of our observ ations.

A. AlSi7 foams

The AlSi7 samples lab elled 'IF AM' w ere scanned with high resolution of around 1.5 � m.

The four sp ecimens of the series IF AM-AlSi-1 compacted at 450

�

C (60 s, 75 s, 90 s and 120 s

dw ell-time in furnace) sho w p orosities of 0.31%, 0.43%, 0.46% and 7.43% as determined b y

3D image analysis, see Fig. 2 . The onset of foaming from the still dense material to the

p ore-con taining state is therefore fairly immediate, taking place b et w een 90 s and 120 s after

heating b egins. T omographic slices of the �v e IF AM-AlSi7-2 samples compacted at 200

�

C

(0 s, 60 s, 75 s, 90 s and 120 s dw ell-time in furnace) are displa y ed in Fig. 3 . The resp ectiv e

(initial) p orosities of 15.8%, 11.4%, 15.2%, 18.3% and 14.5% are signi�can tly higher and more

constan t compared to the �rst four due to the lo w er compaction e�ciency at 200

�

C. Already

the unfoamed precursor con tains p orosit y when this compaction temp erature { generally

regarded as insu�cien t for making foams { is applied, whereas the 'normal' compaction

temp erature leads to a virtually dense precursor.

After the creation of Bo olean images the correlation analysis algorithm w as applied,

the results of whic h are displa y ed in Fig. 4 for the sp ecimens compacted at the higher

temp erature. The quan tit y calculated is the blo wing agen t particle densit y (normalised to

the mean densit y in the foam matrix) as a function of distance to the closest p ore surface.

F or the unfoamed precursor, no v alue can b e giv en since this sample is nearly dense and

no meaningful p ore v olume exists to whic h the TiH

2

densit y can b e related. The range for

whic h the correlation function can b e giv en v aries in Fig. 4 and in the subsequen t �gures

in this pap er. F or geometrical reasons, the a v ailable p ore space can b e dilated more b efore

meeting adjacen t p ores in dense samples. F or the �rst 3 stages of foaming { all still asso ciated

with p orosities w ell b elo w 1% { the densit y function do es not sho w an y sign of preferen tial

p ositioning of TiH

2

particles with resp ect to the surface of the p ores. This means that the

tin y �rst p ores n ucleate at an y distance from the TiH

2

particles. Only in the last sample

of the series (120 s dw ell time, 7.4% p orosit y) is a high densit y visible close to the p ore

space (spatial correlation) that then deca ys as the distance from the nearest p ore surface

increases, i.e. in this sample most of the p ore v olume is close to a blo wing agen t particle.

F or 90 s dw ell time and also for some more data sets in the rest of the article, there is
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ev en a sligh t increase of densit y as the distance to the p ore space increases. Suc h increases

do not correlate with an y direct observ ation of the foams b y microscop y and, together with

minor v ariations as in the �rst t w o curv es, will b e considered irrelev an t in the follo wing,

although no clear reason for these v ariations could b e iden ti�ed.

The correlation has also b een observ ed for the other series, see Fig. 5 , where the com-

paction temp erature w as delib erately set to o lo w. The di�erence here is that the unfoamed

state already con tains 15% p orosit y and therefore can b e used for the correlation analysis.

The densit y curv e is almost horizon tal for this sample as it should b e for a random p o wder

mixture, and the uctuations still observ ed pro vide an estimate for the error of the analy-

sis. Heating for 60 s and 75 s do es not c hange the picture v ery m uc h. Except for a sligh t

indication of the artefact already men tioned there is no sign of big c hanges in the distribu-

tion function. No sign is found that TiH

2

particles preferen tially seggregate near the p ore

surfaces. Only after longer heat treatmen ts (90 s and 120 s in the furnace), the densit y of

the blo wing agen t particles close to the p ore space increases at the cost of the lo cations far

a w a y from the surface, i.e TiH

2

is segregated to the surface.

In order to v alidate these �ndings based on a small n um b er of lo w-v olume samples w e

in v estigated further AlSi7 foam samples, the TUB-AlSi series. These larger samples w ere

imaged with a lo w er resolution (corresp onding to a larger pixel size and, hence, a larger

�eld of view of the detector), while the resolution w as still su�cien t to distinguish b et w een

correlated and uncorrelated TiH

2

distributions. Of the 23 samples in this series, 12 can

b e considered as early stages with p orosities ranging from 1% to 6%, while the remaining

11 samples are in more expanded foaming stages with p orosities b et w een 15% and 50%.

T ypical tomographic slices can b e seen in Fig. 6 . Our analysis rev ealed that in 11 out

of these 12 AlSi7 foam sp ecimens in early stages no segregation of TiH

2

particles to the

p ore surfaces can b e observ ed, while, on the con trary , all of the more expanded AlSi7 foam

samples sho w ed a clear segregation. In other w ords, in the early stages of foam expansion of

this allo y the p ores are generated and inated an ywhere in the sample without necessarily

b eing close to the gas-generating TiH

2

particles (t yp e-I I), whereas in later stages most of

the TiH

2

particles are found v ery close to the p ores' surfaces (t yp e-I).

Tw o t ypical correlation plots from the TUB samples sho wing the t w o limiting cases can

b e found in Fig. 7 . In the early foaming stage corresp onding to 1.5% p orosit y , the densit y

of the blo wing agen t particles is only w eakly dep enden t on the distance to the p ore space,
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indicating the absence of segregation. In the more extended stage { 28% p orosit y { the

densit y distribution of the blo wing agen t particles sho ws a clear spatial correlation b et w een

TiH

2

and the p ore space, see also Fig. 6 and 8 . The increase in the curv e corresp onding

to the lo w er densit y (from 0.7 to 1.2) is again seen as an artefact and is indeed mark edly

lo w er than the decrease in densit y for the more expanded sample from 1.85 to 0.35. F or a

complete listing of tomographic slices and correlation plots see 'App endix D' of Ref. 25 .

The nature of t yp e-I I p ores in AlSi7 foam can b e b etter understo o d b y taking a lo ok

at cut, p olished, and etc hed sp ecimens b y ligh t microscop y . Etc hing mak es it p ossible to

distinguish b et w een former p o wder particles more easily . In Fig. 8 (a) a metallographic image

of an AlSi7 foam from the TUB batc h in the early stage { 1.5% p orosit y { is sho wn. In

the vicinit y of the TiH

2

particles p ores can only b e found if silicon particles are also in the

neigh b ourho o d, while the ma jorit y of p ores is lo cated directly adjacen t to silicon particles

or silicon particle clusters, i.e. the silicon particles de�ne the p ositions of the p ores. In

con trast, in an extended stage with 28% p orosit y , see Fig. 8 (b), most of the then m uc h

larger p ores are lo cated around or close to blo wing agen t particles.

B. AlSi6Cu4 and AlSiCu10 foams

F our IF AM-AlSiCu sp ecimens with the nominal comp osition AlSi6Cu4 + 0.5 wt.% TiH

2

w ere imaged with the high-resolution (around 1.5 � m) setup at ESRF. The resp ectiv e dw ell-

times in the pre-heated furnace for these samples w ere 0 s, 60 s, 90 s and 120 s, i.e. the

precursor and three foamed states w ere in v estigated. T omographic slices of the 0 s, the 90 s

and the 120 s sample are displa y ed in Fig. 9 . Because of the high stopping p o w er of pure

copp er the v olume images of the 0 s and the 60 s samples con tain so man y artefacts in

the form of white streaks that these images cannot b e in terpreted more than qualitativ ely .

After 90 s, see Fig. 9 (b), ob viously most of the copp er has b een dissolv ed in the melting

aluminium. A t the p ositions of former copp er particles a mo derately absorbing mixed-phase

and �rst p ores can no w b e seen. In addition, sev eral TiH

2

particles in the slice can b e

iden ti�ed b et w een the p ositions of former copp er particles. P ores only seem to b e inated

at these p ositions app earing in ligh t grey , i.e. the copp er particles de�ne the p ositions of

the p ores. The v olume image of the sp ecimen after 120 s of heat-treatmen t w as the only

one that w as artefact-free, see Fig. 9 (c), and allo w ed for a correlation analysis.
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W e separated all highly absorbing material (TiH

2

and Al-Si-Cu mixed phase, ab out 0.32%

mass fraction / 0.20% v olume fraction) in to one Bo olean image, the p ore space (6.1% p orosit y

in this sample) in to another. The result of the correlation analysis is plotted in Fig. 10 . Tw o

p eaks can b e distinguished: one close to the p ore surface and a second one at a distance

of appro ximately 29 � m from the p ore surface. F rom the tomographic slices in Fig. 9 w e

iden tify the �rst maxim um with the mixed-phase (Al-Si-Cu), while the second maxim um is

mainly caused b y the TiH

2

particles in the foam. While b eing more di�cult to in terpret, the

tomographic scans of the IF AM AlSi6Cu4 + 0.5 wt.% TiH

2

samples p oin t to w ards t yp e-I I

b eha viour, i.e. p ores are preferen tially surrounded b y Cu-ric h aluminium melt, while the

blo wing agen t particles can b e at some distance from the p ores and in fact ev en preferen tially

around 30 � m a w a y from the gas/metal in terfaces. Unlik e AlSi7, the in terpretation of these

correlation curv es requires some previous kno wledge tak en from metallographic sections { see

b elo w { b ecause the v alue for the X-ra y absorption co e�cien t for the mixed phase (Al-Si-Cu)

can b e v ery similar to that of TiH

2

.

In analogy to the previous section, w e scanned a larger batc h of samples at mo derate

resolutions and higher sample v olumes at BESSY, the TUB-AlSiCu series. The b est and

most consisten t results w ere obtained for an allo y with an increased copp er con ten t that will

b e presen ted here. Altogether, v olume images of 16 AlSi6Cu10 + 1.0 wt.% TiH

2

could b e

acquired and analysed. In 5 out of 16 samples the p orosit y is b et w een 4% and 11% (early

stage) and the TiH

2

con trast high enough so that a correlation analysis is p ossible. None

of these 5 samples sho ws a spatial correlation in the sense of segregation of the blo wing

agen t to the p ore surface, th us indicating t yp e-I I p ores. In Fig. 11 an exemplary plot of

the correlation analysis from this sample series can b e found. Here, the Al-Si-Cu p eak is

not visible as in Fig. 10 , p ossibly due to the lo w er resolution of the imaging system used

and the higher Cu con ten t in this allo y that increases the signal from the Cu-ric h phase.

The densit y of highly absorbing material is nearly constan t throughout the v olume and no

spatial correlation b et w een this material and the p ore space can b e found. Again, for a

complete listing of tomographic slices and correlation plots, see 'App endix D' of Ref. 25 .

As for AlSi7, metallographic images are used to get additional information. In the im-

age sho wing the ra w precursor material, see Fig. 12 (a), the round copp er particles, silicon

particles as w ell as aluminium are visible. After 90 s of heat-treatmen t, see Fig. 12 (b), the

copp er particles ha v e dissolv ed in the ev olving melt and in their p ositions the �rst p ores
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ha v e no w app eared. W e p erformed ED X analysis in the vicinit y of suc h an early p ore in

the IF AM sample, heat treated for 90 s, see Fig. 13 . The high con ten t of copp er found close

to and inside the p ore con�rms the observ ation that the p ore surfaces are decorated with

copp er-ric h eutectic melt. The metallographic image of the IF AM sample heat-treated for

120 s giv en in Fig. 12 (c) illustrates the t yp e-I I nature of the p ores in AlSi6Cu4 foam { early

p ores inate at the p ositions of former copp er particles, sometimes far a w a y from the TiH

2

particles.

Although the n um b er of tomographic data sets that could b e used for correlation analysis

w as m uc h lo w er for this allo y than for AlSi7 { mainly b ecause w e could not iden tify the

blo wing agen t with certain t y in man y of the samples { w e �nd �rm evidence that p ores are

of t yp e-I I in this foam to o, but no transition to t yp e-I is observ ed in later stages of foaming.

IV. DISCUSSION

The exp erimen tal evidence pro vided b y the w ork presen ted here con�rmed earlier ob-

serv ations that p ore formation in metallic foams v aries with the t yp e of aluminium allo y

c hosen. A new allo y t yp e { ternary Al-Si-Cu allo ys { w as in v estigated and y et another p ore

formation t yp e found. The simple direct p ore ination mec hanism iden ti�ed in allo y 6061

allo ys b y Helfen et al. [ 10 ] and explained sc hematically in Fig. 14 (a) w as not found for an y

of the allo ys studied here.

F or AlSi7, the earlier observ ation that p ores are not formed directly around the blo wing

agen t particles as w ould b e exp ected, is con�rmed b y the correlation analysis (Figs. 4 and

5 ) and the t w o-dimensional metallographic sections. The idea that most p ores form in the

vicinit y of silicon particles is supp orted b y metallograph y (Fig. 8 and Ref. [ 7 ]) { but only

on a non-represen tativ e basis { and b y the holotomographic correlation analysis presen ted

b y Helfen et al. [ 12 ]; but only t w o samples w ere studied there. The com bined evidence,

ho w ev er, no w mak es it v ery lik ely that the reason for this p ore formation mec hanism is

that p ores op en at the w eak est p oin t in the metallic matrix whic h in this case is the Al/Si

in terface. As gas is b eing generated b y the TiH

2

particles, this gas can b e transp orted to

other parts of the foamable precursor, e.g. along the b oundaries b et w een the former p o wder

particles, or through micro c hannels in the o xide �lms around these particles etc. There it

can create a gas pressure ev en at lo cations some tens of � m a w a y from the blo wing agen t
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particle. As so on as the pressure exceeds the delamination threshold of the Al/Si in terface,

whic h is signi�can tly reduced due to lo cal melting of Al/Si eutectic, a p ore op ens there.

A new �nding of the curren t w ork is that there is a transition from t yp e-I I to t yp e-I

b eha viour during the ev olution from an early stage to a later one whic h, ho w ev er, is still far

a w a y from full expansion. The exact reason for this transition is not clear. P ossibly , in the

course of the formation of p ores that in AlSi7 are v ery jagged and often crac k-lik e, a system of

dense in terconnected crac ks ev olv es that then propagates through the en tire sample. Helfen

et al. [ 9 ] ha v e found that this crac k system can b e v ery extensiv e and in terconnects a large

v olume of the sample. If, in addition, the crac ks propagate preferen tially along the TiH

2

particles and not through the bulk of aluminium, most of the TiH

2

particles w ould then

b e v ery close to the next op en v olume and create the t yp e-I b eha viour observ ed. This can

only b e explained b y an expansion of the op en v oid space that ev en tually reac hes all TiH

2

particles (visualised in Fig. 14 (b)).

This idea can also pro vide an explanation for the p o or foamabilit y of insu�cien tly pressed

p o wders suc h as the ones used in Figs. 3 and 5 . In these samples compacted at 200

�

C, the

c hange from t yp e-I to t yp e-I I b eha viour tak es place earlier than in the samples compacted

at 450

�

C, see Fig. 2 , and the correlation sunsequen t is m uc h more pronounced. As the in ter-

particle b onding is w eak er in the insu�cien tly pressed sample, the op ening and propagation

of crac ks is more easily initiated b y the in ternal pressure built up b y the ev olving blo wing

gas. The blo wing agen t particles are then connected to the large net w ork of crac ks and p ores

from an earlier stage whic h in turn leads to a more serious loss of blo wing gas.

The b eha viour of the Al-Si-Cu allo y is di�eren t from that of the AlSi7 allo y . Both allo ys

share the feature that p ore formation is not at the blo wing agen t site { i.e. t yp e-I I { but

the w eak est p oin t in the matrix, whic h is not the Al/Si in terface this time but the ternary

eutectic melt that is formed at m uc h lo w er temp eratures than the binary eutectic in AlSi7,

namely at 525

�

C compared to 577

�

C. As the sample expands further, the ev olving liquid

con tin uously w ets the aluminium grains and signi�can tly reduces the excessiv e formation of

crac ks [ 32 ]. Therefore, the p ores can con tin uously gro w in a fairly spherical w a y within the

increasingly large p o ol of liquid metal.

In a wider con text, these �ndings explain wh y Al-Si-Cu foams actually exhibit b etter

foaming b eha viour than AlSi7 and ha v e replaced AlSi7 as core materials for aluminium

foam sandwic h panels [ 15 ]. First of all, the blo wing agen t releases gas at temp eratures at
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whic h the matrix starts melting and then deliv ers gas in to a p o ol of liquid where it can form

round p ores { go v erned b y surface tension { instead of the gas forcing the still solid material

apart and propagating crac ks through the material as happ ens in AlSi7. The situation

in AlSi7 is also more unfa v ourable b ecause melting tak es place at a higher temp erature

(577

�

C) than in Al-Si-Cu (525

�

C) and therefore the h ydrogen pressure generated b y the

decomp osing blo wing agen t is higher [ 18 ], [ 33 ]. Although suc h crac ks round o� after the

metal has melted, as X-ra y radiographic images sho w [ 34 ], they ma y lead to partial gas

losses in the heating stage and giv e rise to the more heterogeneous p ore morphology and

size distribution generally observ ed in AlSi7 foams.

Lo oking in to the future, the foaming b eha viour of aluminium allo ys could b e further

impro v ed b y tailoring the allo y comp osition so that either the ternary eutectic temp erature

is lo w ered { b y further allo ying elemen ts { or the amoun t of melt immediately a v ailable after

melting is increased b y tuning the comp osition of the ternary allo y [ 33 ]. This w ould allo w

the blo wing agen t to feed gas in to the ev olving liquid con tin uously , th us k eeping the p ores

spherical.

V. CONCLUSIONS

W e con�rmed a previous observ ation that AlSi7 foam dev elops t yp e-I I p ores in the �rst

stage, i.e. the p ores form at the w eak est links in the pressed p o wder, the Al/Si in terfaces.

An impro v ed statistical analysis based on 27 samples and a quan titativ e ev aluation based

on correlation analysis has b een giv en. A new �nding is the c hange from t yp e-I I to t yp e-I

p ores in the follo wing stage of foaming in AlSi7.

In addition to Al-Si, t w o allo ys of the common and industrially applied Al-Si-Cu allo y

family ha v en b een in v estigated. In these allo ys, the p ores �rst form along the liquid ternary

eutectic around individual copp er particles whic h is then the w eak est part of the material.

These p ores are therefore of t yp e-I I and remain so ev en in later stages with p orosities up to

� 10%.

The sequence of p ore formation with rising temp erature in three di�eren t allo ys (including

6061 from the literature) is summarised in Fig. 14 and can b e describ ed as follo ws:

6061: h ydrogen gas from blo wing agen t ev olv es ! lo cal pressure build-up around particles

! melting of matrix ! p ore expansion around TiH

2

particles [ 10 ].
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AlSi7: h ydrogen gas from blo wing agen t ev olv es ! deb onding at Al/Si in terfaces and lo cal

melting of Al/Si eutectic ! h ydrogen pressure expands p ore space at Si particles !

further op ening of p ore space that ev en tually reac hes most of the TiH

2

particles !

complete melting of matrix.

Al-Si-Cu: ternary eutectic melts ! h ydrogen gas from blo wing agen t ev olv es ! p ores

n ucleate along ternary melt p o ols and expand.

An in terpretation of the fa v ourable foaming c haracteristics of Al-Si-Cu allo ys is no w

accessible and the criteria for selecting further allo ys are clearer.
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APPENDIX A: T ABLES

T ABLE I: Ov erview of sample series in v estigated, including their foaming and imaging parameters.

sample series comp osition blo wing agen t compaction foaming image resolution

IF AM-AlSi-1 AlSi7 0.5 wt.% TiH

2

450

�

C, 120 MP a 600

�

C � 1 � m

IF AM-AlSi-2 AlSi7 1.0 wt.% TiH

2

200

�

C, 120 MP a 600

�

C � 1 � m

IF AM-AlSiCu AlSi6Cu4 0.5 wt.% TiH

2

450

�

C, 120 MP a 600

�

C � 1 � m

TUB-AlSi AlSi7 1.0 wt.% TiH

2

450

�

C, 295 MP a 650

�

C � 10 � m

TUB-AlSiCu AlSi6Cu10 1.0 wt.% TiH

2

400

�

C, 295 MP a 600

�

C � 10 � m
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APPENDIX B: FIGURES

µ = 10-15 cm -1

µ � 0 cm -1

µ > 100 cm -1

pores

TiH2, AlSiCu

Al, AlSi
TiH2 density function

Dilation of pore 
space

Masking with
TiH2 image

FIG. 1: Sc hematic represen tation of the correlation analysis applied, based on the segmen tation

of the grey scale image (left column) in to Bo olean images represen ting, from top to b ottom of

middle column, the p ores, the metallic matrix, and the blo wing agen t plus { for Al-Si-Cu allo ys

only { highly absorbing parts of the metallic matrix. Only the latter and former are used for the

�nal analysis (righ t column), whereas the Bo olean image of the metallic matrix is not needed. The

ranges giv en for the absorption co e�cien t � are appro ximate and corresp ond to a photon energy

of 17 k eV.
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100 µm 100 µm 

100 µm 100 µm 

a) b) 

c) d)

FIG. 2: T omographic slices of the IF AM-AlSi-1 foam series (AlSi7+0.5wt.% TiH

2

hot compacted

at 450

�

C) with p ores in dark grey , metallic matrix in grey and blo wing agen t particles in white.

P orosities with resp ectiv e dw ell-times in the furnace are, a) 0.31% (60 s), b) 0.43% (75 s), c) 0.46%

(90 s), d) 7.4% (120 s). Orien tation of compaction and foaming are p erp endicular to the image

plane. See also Fig. 4 .
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100 µm 100 µm 

100 µm 100 µm 

100 µm 

a) b)

c) d)

e)

FIG. 3: Analogous to Fig. 2 for 200

�

C compaction temp erature (IF AM-AlSi-2 series). P orosities

with resp ectiv e dw ell-times in the furnace are, a) 15.8% (0 s), b) 11.4% (60 s), c) 15.2% (75 s), d)

18.3% (90 s), e) 14.5% (120 s). Orien tation of compaction and foaming are p erp endicular to the

image plane. See also Fig. 5 .
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FIG. 4: Spatial correlation b et w een p ore v olume and TiH

2

particles of the AlSi7+0.5 wt.% TiH

2

samples (IF AM-AlSi-1 { precursor material hot compacted at 450

�

C, S � CT v olume images acquired

with high spatial resolution). The TiH

2

densit y is normalised to the mean densit y found in the

foam matrix. Data for distances < 1.5 � m omitted due to the limitation giv en b y the resolution.

Graphs are arranged in the same w a y as in Fig. 2 .
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FIG. 5: Same as Fig. 4 for samples hot compacted at 200

�

C (IF AM-AlSi-2, S � CT v olume images

acquired with high spatial resolution). Data for distances < 1.5 � m omitted due to the limitation

giv en b y the resolution. Graphs are arranged in the same w a y as in Fig. 3 .
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(a)

0.5 mm 0.5 mm 

(b)

FIG. 6: Sample slices from the AlSi7+0.5 wt.% TiH

2

(TUB-AlSi) foam series with heat-treated

TiH

2

used as blo wing agen t (S � CT v olume images acquired with mo derate spatial resolution). The

p ores are dark, metallic matrix grey and the blo wing agen t app ears in white. a) 1.5% p orosit y ,

b) 28% p orosit y , cf. Figs. 7 , 8 . Orien tation of compaction and foaming are parallel to the image

plane [ 25 ].
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FIG. 7: Correlation analysis of the t w o samples from the TUB-AlSi foam series sho wn in Fig. 6 .

Data for distances < 10 � m omitted due to the limitation giv en b y the resolution.
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(a)

50 µm

(b)

50 µm

FIG. 8: Metallographic image of AlSi7 + 0.5%TiH

2

(TUB-AlSi) samples in t w o foaming stages, a)

early stage with 1.5% p orosit y (discussed also in Ref. 13 ), b) later stage with 28% p orosit y . Both

samples w ere etc hed with 0.5% HF. Aluminium particles app ear in ligh t grey , silicon particles in

medium densit y grey and TiH

2

particles are mark ed with circles, cf. Figs. 6 , 7 .
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                                             (a) 

                                             (b)

                                             (c)

100 µm 

100 µm 

100 µm 

FIG. 9: T omographic slices of IF AM-AlSiCu sp ecimens (AlSi6Cu4 + 0.5 wt.% TiH

2

, hot com-

pacted at 450

�

C, S � CT v olume images acquired with high spatial resolution). White represen ts

Cu, ligh t grey TiH

2

, medium grey metal, dark grey p ores. a) ra w precursor material with strong

artefacts originating from the copp er particles, b) state after 90 s of heat treatmen t sho wing that

copp er has b een largely dissolv ed and �rst p ores ha v e app eared, c) state after 120 s sho wing no

more Cu, the remaining highly absorbing particles are TiH

2

(6.1% p orosit y). See also Fig. 10 .
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FIG. 10: Correlation analysis of an IF AM-AlSiCu sp ecimen (AlSi6Cu4 + 0.5 wt.% TiH

2

hot

compacted at 450

�

C) after 120 s of heat-treatmen t: the densit y of highly absorbing material

(aluminium-copp er allo y and TiH

2

) is plotted vs. its distance to the p ore surface. See also Fig. 9 (c).

Data for distances < 1.5 � m omitted due to the limitation giv en b y the resolution.
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FIG. 11: Correlation analysis of a TUB-AlSiCu sp ecimen (AlSi6Cu10 + 1.0 wt.% TiH

2

). The

densit y of the blo wing agen t particles is almost constan t for all distances to the p ore surface,

indicating a lac k of clear spatial correlation b et w een the p ositions of the p ores and the TiH

2

particles. Data for distances < 10 � m omitted due to the limitation giv en b y the resolution.
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(a)

50 µm

(b)

50 µm

(c)

50 µm

FIG. 12: Metallographic images of some IF AM-AlSiCu samples (AlSi6Cu4 + 0.5 wt.% TiH

2

,

hot compacted at 450

�

C, sample surfaces etc hed with 0.5% HF), a) ra w precursor material (0 s

heat-treatmen t), b) 90 s of heat treatmen t, c) 120 s of heat treatmen t. Copp er app ears in orange,

silicon in blueish-grey , aluminium in white-grey aluminium and p ores are dark. TiH

2

particles are

mark ed b y red circles in (c). See also Fig. 9 .
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FIG. 13: SEM close-up of the sample sho wn in Fig. 12 (b), ED X analysis w as p erformed at

p ositions mark ed, red cross: 57 wt.% aluminium, 12 wt.% silicon and 31 wt.% copp er, green cross:

94 wt.% aluminium, 4 wt.% copp er and 2 wt.% silicon. The large white particle at the left b order

is copp er, the one to the righ t of the p ore (in the cen tre of the image) w as iden ti�ed as silicon

particle.
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(b)
AlSi7

(c)
AlSi6Cu

Figs. 4,5,7,8a

AlSiCu eutectic

Cu

Si

TiH2

hydrogen flow

Figs. 4,5,7,8b

Figs. 9c,10,11,12c 

II II

II I

(a)
6061

Ref. 10 - 13 Ref. 10 - 13

I I

Figs. 9b,12b,13 

FIG. 14: Sc hematic summary of p ores formation in di�eren t allo ys including allo y 6061 studied

elsewhere [ 10 , 11 , 12 , 13 ]. The predominan t p ore formation t yp e is giv en for eac h of the states and

the images and �gures supp orting a giv en represen tation.
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