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Investigation of pore initiation in metal foams by synchrotron-radiation
tomography
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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 particle20@ American
Institute of Physic§ DOI: 10.1063/1.1941453

Aluminium foam is a good candidate for a wide range ofcal analysis. Structural studies of metal foams by laboratory
engineering applications owing to its low specific weight andtomography until now focused on expansion states near full
good energy-dissipation propertijezsA growing number of expansion(see, e.g., Refs. 7\&t spatial resolutions around
companies is producing such foam for various applicatfons.10 um.

One of the most promising production methods for metal It is still not clear, where cracks initiate in the solid state
foams is known as thepowder-compactor powder- during foam expansion. Formation in the vicinity of the
metallurgical route? Foams are produced by subjecting ablowing agent particle has been postulated as well as at lo-
foamable precursor material to a heat treatment above theations of structural weakne®&.he observed differences in
melting temperature of the metal. The precursor is a powderthe foaming behavior of different aluminium alloys suggest
compact containing a blowing agent which—above its dethat the mechanisms might vary. Cracking at spatial inhomo-
composition temperature—releases a blowing gagially  geneities could lead to networks of cratkhich facilitate
hydrogen, thus inflating pores in the formerly almost densethe blowing gas to escape from the solid matrix and thus
precursor material. In contrast to processes in which foamgetard foam expansion which is a potential technological
are prepared by gas injection into a liquid, the first formationgrawback.

of pores during foaming of a solid precursor can already take  So far, the investigation of pore initiation was limited to
place before any liquid occurs. Naturally, in this stage,ex sjtusurface examination of foam samples by scanning
growth of pores is governed by solid-state propertieselectron microscopySEM) and metallography? Due to de-
whereas §urface tension becomes dominant in later staggfuctive sample preparatioftutting, polishing, etg. such
after melting. ) - 2D surface investigations may lead to a false interpretation.

Although there has been intense research activity fokor example, the polishing can remove constituing particles
many years, the formation of metal foams is only partly un-e g. of the blowing agenfrom the surface or particles can
derstood up to now. Nondestructive imaging methods such gse hidden in deep pores which cannot be investigated from
x-ray radiography and tomography already provided valuthe surface.
able information about microstructural evolution during  Therefore, nondestructive 3D investigation methods are
metal foam formation. Real-time synchrotron-radiati®®  of crucial importance to provide reliable information about
radiography enabled imaging of the entire foaming procesghe microstructural constituents and their spatial correlation.
in situ,”” monitoring the initiation of oblate cracks rather gor this reason we applied SR tomografhy*with down to
than round spherical pores for a wide range of Al alloys.micrometer resolution and in both the absorption-contrast
However, radiography is not able to provide three-,nq holographic imaging modes to solve these questions.

dimensional(3D) structural properties including 3D statisti- We employed the microtomography setup of beamline
ID19 at the ESRHRsee Fig. 1 At four detector-sample dis-

dElectronic mail: helfen@estf.fr tances(4, 64, 154, and 400 mmtomographic scans of each

0003-6951/2005/86(23)/231907/3/$22.50 86, 231907-1 © 2005 American Institute of Physics

Downloaded 11 Aug 2005 to 134.30.19.8. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp


http://dx.doi.org/10.1063/1.1941453
http://dx.doi.org/10.1063/1.1941453

231907-2 Helfen et al. Appl. Phys. Lett. 86, 231907 (2005)

y o o
insertion device
source .
tat, =
S 140m e
\ /// =2m s Il_ - i
A A A A
: . f f 4 / 00pum
\/- sample :
multilayer 0.004 to 0.4 m sybiees

monochromator

£

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.

rotation stage

1400 projections were acquired at an x-ray energy of 18 keV
and using a detector pixel size of Lun. 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 w(X) 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 tomograpti—enabled

by a high spatigl coherenc(&a_msvgrse coherence length up FIG. 2. Reconstructed cross-sectional images through partly expanded foam
to 250 um) available at SR imaging setups—allows Us 10 .,y pjeq 2 An6061 (porosityP=2.796; (b) and(c) AISI7 (P=0.129%; (d)
obtain contrast between materials as soon as there is a dinde) Alsi7 (P=4.9%) Pores are rendered black, the blowing agent,TiH
ference in electron density. This additional information iswhite. (a), (b), and (d) are absorption contrast images) and (e) holo-
crucial whenever one is interested in separating materialgraphic images. Image widths are 512 pixels of 4 size in all cases.
which have very similar linear attenuation coefficients such

as Al and Si |n.the present case. . . . stages: AA6061 with a porosi‘t§/of P=2.7% exhibits a very

By absorption Q”d ho|ograph|c.|mag|n We_mvestlgatedstrong spatial correlation with up to 2.5 times the average
samples representing early foaming stageshich stem concentration near the pores, whereas for AlSi7 with
from different precursor materials. In particular, here we_, go no significant spatial correlation between pores and

present one sample compacted by extrusion from a powdgjj\ying agent is foundnormalized concentration values
mix of a prealloyed AAB061 metal powder and a blowing o4y unity—only later, for more progressed expansion

agent(0.5 wt % TiH,). Further two samples representing tWo ga9e5(not shown here a significant correlation appears,

different expansion stages are composed of two eIementglgreeing with 2D scanning electron microscofSEM)
powders (93 wt %AlI+7 wt %S) mixed with the same pservationt of an AlSi7 sample.

blowing agent but compacted by closed-die uniaxial  The high imaging resolutiofreflected by a pixel size of
comp_ressmr’r. _ ) 1.4 um) allows us to perceive characteristic differences in
Figures 2a), 2(b), and 2Zd) show high-resolution shape and arrangement of cracks between the two alloys, see
absorption-contrast tomographic slices of the three sampleﬁgs_ 2a) and Zd): For AA6061 (a) the cracks are pre-
During heat treatment of the foamable precursor, isolategerredly oriented in the up—down directigparallel to extru-
cracks have appeared due to the hydrogen released by thgyn direction while AISi7 (d) exhibits angular or curved

blowing agent. In later stagesot investigated hejethese  cracks in the shown slices. An explanation for both the dif-
cracks would first form open-porous crack netwotksind

then transform to the typical closed-cell foam structures .

studied intensely elsewhefsee, e.g., Ref.)8 () correlation TiHp [pores: 1 (b) " corefation A1ST7,
As we are interested in the pore initiation process we AISi7  P=4.9 % == 131/ pores ——

perform a numerical analy§f350n the segmented tomogra- | 5 27P

phic 3D data sets which is based erosion(see, e.g., Ref. |

17), a morphological image processing technique. In order to

assure comparability, the 3D data sets—obtained with the | 3

same experimental parameters—have been treated with th

same image processing parameters. The 3D correlation prog

erties between the positions of Tillowing agent particles

and pores are reflected by profiles of Fiebncentratior{see

Fig. 3 as a function of increasing distance from the pore O' ST o5 o810 o

space which is parametrized by the volume of the erodeCemsionwaiume. ol samplovolume  erwsionvalume. tota sampe volume

solid matrix. For instance, a more or less constant value is a

sign for a random distribution while positive or negative FIG. 3. Spatial correlation between pores and powder particles investigated

slopes of the profile indicate anticorrelation or correlation,%ith 1.4 «m voxel size. Plotted are volume fractions of TiHa) all and(b)
respectively dashed _I|n§]sand $|[(b) full line], normalized to their mean volume frac-

& . . . tions, with increasing distanog@arametrized by the erosion volume of the
From Fig. 3a), a significantly different behavior can be sjig matrix around the pores. The computations were carried out on 3D

observed for the two precursor materials at early foaminglata sets of 660voxels.
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ferent crack shapes and the different correlation betweeMonochromatic radiation facilitated the distinction between
TiH, and pores in the two alloys can be obtained by phasepores, alloy matrix, and blowing agent. 3D image processing
contrast imaging employing the partial coherence of the SRind analysis techniques were developed and applied to the
imaging setup. quantitative determination of the spatial correlation between
Due to different electron densities of Al and Si, the Sipores and blowing agent. Significantly different correlation
particles differ from the Al matrix in the holographically re- properties were found for AA6061 and AlSi7 precursor ma-
constructed imagelgFigs. Ac) and Ze)] and appear as dark terials which, by holographic imaging, could be interpreted
gray, edged particles whereas in the corresponding absorps specific crack initiation at the Al/Si interface in early
tion images[Figs. 2b) and 2d)] they cannot be distin- foaming stages for the latter precursor material.
guished from the surrounding matrix. Therefore, the holo-  Support by the Deutsche Forschungsgemeinsalixt
graphic reconstruction allows us to label regions in the1170/4-2 and the Arbeitsgemeinschaft Industrieller Fors-
absorption contrast tomographs as “Al” and “Si” although chungsvereinigungefKF 0010502KWM9 are gratefully
there is no contrast discernible between these regions in Figicknowledged.
2(d). After this labeling we observe that cracks are predomi-
nantly aligned around silicon particles in the AISi7 material, M. Ashby, A. Evans, N. Fleck, L. Gibson, J. Hutchinson, and H. Wadley,
exp|aining the observed angu|ar or curved Shapes in the asz\/IetaI foams: A Design Guiquutterworth—Heinemann, Oxford, 2000
sorption images. This indicates a mechanism of crack initia-,: Banhart, Prog. Mater. Sc46, 559(2001.
tion which is alternative to pore generation around blowing Metalfoam.net web site: Url htp://www.metalfoam. net/

. . . . F. Baumgartner, |. Duarte, and J. Banhart, Adv. Eng. M&e1.68(2000.
agent particles. These results confirm previous observations; ganhart, H. Stanzick, L. Helfen, and T. Baumbach, Appl. Phys. Lett.
in 2D surface studies by SENRef. 11 which gave first 78, 1152(2001).
evidence for this mechanism now extended to nondestructiveelJv-I Btanh?’arzoi-(it)%r;)zicky L. Helfen, T. Baumbach, and K. Nijhof, Adv. Eng.

H H ater. s, .
sb IS‘I;/?:]I‘;JQ I%L?[ﬁlsgr?ﬁlee ;/i‘ijigjor?]ebarticles we incorporate "H. Bart-Smith, A.-F. Bastawros, D. Mumm, A. Evans, D. Sypeck, and H.
.. . . . . . Wadley, Acta Mater.46, 3582(1998.
this information into the numerical 3D correlation analysis. 8o. olurin, M. Amold, C. Kémer, and R. Singer, Mater. Sci. Eng. 328,
Due to image noise, analysis of the later foaming stage of 334 (2002.
AISi7 (P=4.9% is rather difficult. Especially for very early °J. Banhart, D. Bellmann, and H. Clemens, Acta Ma#9, 3409(2001.

foaming stageéP=0.12%), however, we can show the pres- 19, Helfen, T. Baumbach, H. Stanzick, J. Banhart, A. Elmoutaouakkil, and
) ! ' P. Cloetens, Adv. Eng. Mated, 808 (2002.

ence of a §trong Spat_'f"" Correl"’,‘mﬁsee '_:I_g' 8)] t?etwee” 1y, Mosler, A. Miiller, H. Baum, U. Martin, and H. Oettel, i@ellular
crack positions and silicon particle positions. This perfectly metals and Metal Foaming Technolaggdited by J. Banhart, M. Ashby,
agrees with the observation of crack formation at the Al/Si and N. Fleck(MIT-Verlag, Bremen, Germany, 20D1pp. 233-238.
interfaces in the tomographic images. Although the I’ESU“SHP- Cloetens, M. Pateyron-Salomé, J. Y. Buffiére, G. Peix, J. Baruchel, F.

concerning the correlation Si/pores cannot be compare@ie}{?n”r;e"’)‘/”dN"\"l'_;‘;h'Z?\ZEB.JHQSEI" s_hé’iﬁeﬁ?fi:éigszé 264(1995.

q_uanutanvel;?O to the correlatlon Tllj/pores a glear quahta- 1p_Cloetens, W. Ludwig, E. Boller, L. Helfen, L. Salvo, R. Mache, and M.
tive statement concerning the high correlation Si/pores is schienker, irProceedings SPIE: Developments in X-Ray Tomography I1l
allowed. edited by U. BonsgSPIE, San Diego, CA, 2002Vol. 4503, pp. 82-91.
These results in combination with the comparisoricHf 152- _Cloetenz, &V Sl-uhffwigk, J-ABaYIU%hheL DL- ;f;nzgxllgl?l §]§ g;/an Landuyt, J.
; uigay, and M. Schlenker, Appl. Phys. Leff5, .
and (e) of Fig. 2 enable us to conclude thaft for the .pOWderlGL. Helfen, H. Stanzick, J. Ohser, K. Schladitz, P. Pernot, J. Banhart, and T.
compact the bondmg _strength betV\_/eeln.S| and Al ',S lower Baumbach, inProceedings SPIE: Testing, Reliability, and Application of
than between Al and Tiglor between individual Al particles.  wicro- and Nanomaterial Systemedited by N. Meyendorf, G. Baaklini,
Pores thus initiate at Al/Si interfaces by mechanical cracking and B. Michel(SPIE, San Diego, CA, 2003Vol. 5045, pp. 254—265.
during gas release triggered by the heating process. It has f@( CastlemanDigital Image ProcessingPrentice-Hall, Englewood Cliffs,
be assumed that the evolving hydrogen gas migrates from thgew Jersey, 1996 . . .

. icles to the Al/Si interfaces. probablv alona bound- For classification of foam expansion stages, the pord3ity,ored Viotal i
T'HZ particles o p y 9 used where by analysis of 3D images of sig, the volumes of the
aries between former powder particles to create cracks theregegmented pore Spab,esare determined.

It seems that in very early stages this is the dominant mecha?2Al—si alloys are technologically favorable due to their low melting point.
nism of porecrack formation, explaining why in such Al-Si Using two elementary base powders enables an especially cost-efficient
two-powder compacts no significant correlation between,Preduction.

initiati d the blowi ¢ ticl ites is f d %Naturally, the parameters of image processing have to be adapted to the
pore Iniuaton an € blowing agent parlicie sites 1S tound. images. Moreover, image blurrin@s slightly discernible from Fig. 2 in

SynCthtron'radiation tomography allowed us to St_Udy the comparison between the holographic and the absorption inages
nondestructively early stages of metal foam formation. ally results in blurred correlation profiles.
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