
���������
	������	������ ����	������������ ������! "�$#%�����&���(' �)	��+*��-,/.0 .���#1�2 "��	3 4����5768��9�����	������ ���:�+����2
L. Helfen*a,b, H. Stanzickc, J.Ohserd, K. Schladitzd, P. Rejmánková-Pernota,b, J.Banharte and
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ABSTRACT

Synchrotron-radiationimagingservesasapowerful tool for thenon-destructivematerialcharacterisationof metallicfoams.
Thefoamingprocessis visualisedin situ by real-timeradiographyin projectionimagesequences.Thetemporalevolution
of foamexpansionfrom earlyporeformationover poregrowth up to thecollapseof the foamstructurearereported.Ex
situ microtomographyis appliedfor thestudyof statisticaldistributionpropertiesat theearlyfoamingstages.

Variousimageprocessingandanalysistechniquesyield quantitativeresultsconcerningporenucleationandtheir early
formation,film ruptureandfoamdrainage.Thesimilaritiesanddifferencesof themetalfoamingprocesswith respectto
theprecursormaterial,its processingstepsandprocessparametersaredeterminable.

Keywords: metalfoam,non-destructivetesting,synchrotronradiation,in situ radiography, computerisedtomography, 3d
imageprocessingandanalysis

1. INTRODUCTION

Metallic foamsaremodernmicrostructuredmaterialswhich areinterestingfor technologicalapplicationassolid foams.
Dueto relativedensities;=<?>A@CBEDGFC>IH (where>I@JBED is themacroscopicallydeterminedmassdensityof theporousfoamand>IH is the theoreticalbulk densityof the solid precursormaterial)up to a factorof onesixth, light-weightconstructionis
oneof themaininterestsfor theapplicationof metallicfoams,especiallyin thecaseof aluminiumalloy foams.Moreover,
thehighenergy dissipationperunit massmakesthosefoamsattractive in groundtransportationapplicationsfor increasing
passengersafety in crashsituations. Additionally, improved propertieswith respectto the bulk materialsconcerning
acousticalandmechanicaldampingandheatconductionmaybenoted.K

Dependingon foamexpansion,metallic foamscanhave characteristicsizesanddistancesof their constituentson and
below the micrometrescale.Modernx-ray laboratorycomputerisedtomography(CT) scannersareableto attainspatial
resolutionsdown to approximately10 L m which allows oneto resolve thecell walls of aluminiumalloy foamsandthus
to study the 3D structureM of expandedmetal foams,e.g. undermechanicalload.N Olurin et al. O acquired3D datato
determinemorphologicalparametersof foamsamplesnearfull expansion.

Although nowadaysthe technologyfor metal foamingis ratherwell established,metalfoam formation is still rather
poorly explored. In this paperwe demonstratethe applicationof SR imagingto investigatemetalfoamformation. High
spatialresolutionspresentlydown to approximately1 L m canbeattainedfor theinvestigationof smallspatialfeatures.The
applicationof SR for non-destructive materialcharacterisationis alsofavourableP with respectto a high beamintensity
per unit solid angle,monochromaticradiationwhich avoids the effectsof beamhardeningandphasecontrastQSRUT dueto
coherentillumination.

* Email: helfen@esrf.fr
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In situ observationof the foamingprocessunderthermalload is performedby radiographicexperiments.They were
thefirst experimentswhich allowedthestudyof theinternalfoamstructureduringexpansionunderheattreatment.Some
resultsconcerningfoamingphysics,the materialsscienceaspectsandconcerningtechnologicalapplicationhave already
beendescribedelsewhere.VXWYK[Z In this paper, selectedtwo-dimensional(2d) imageanalysistechniquesareappliedto yield
quantitativeresultsconcerningfoamdrainageandbubblecollapse.

Especiallyatearlyfoamingstages,smallspatialfeatures(suchassmallpores)cannotbedistinguishedin theprojection
imagessincethey aresuperposed.In orderto avoid theconfusionof superposition,CT is appliedto varioussampleseries
in which eachsamplerepresentsa particularexpansionstagecorrespondingto a certainfoamingtime. Three-dimensional
(3d) imageanalysistechniquesareusedto quantifydistributionpropertiesof the3dmicrostructureof suchpartlyexpanded
foamsamples.The comparisonbetweenthe individual samplesof the seriesyields a descriptionof porenucleationand
their earlyformation.Furtherresultsobtainedby differentimageanalysistechniquesarepublishedelsewhere.KGK

The samplesinvestigatedin this paperare mostly fabricatedby the powdermetallurgical (PM) methodK which is
describedin Sect.2.1. In Sects.2.2 and2.3 follow the two experimentalset-upswhich have beenemployed for in situ
radiographyandex situ microtomography. Then in Sect.3 we presentresultsobtainedby the experimentsandby the
appliedimageprocessingandanalysistechniques.Thefinal conclusionsin Sect.4 subsumetheresults.

2. SAMPLES AND EXPERIMENTAL SET-UPS

2.1. Sample preparation

Nowadaysthereexistsa varietyof methodsKGR\K]M for metalfoamfabrication.Thetwo-stepprocedureof thePM fabrication
methodis describedin thefollowing for a foammadeof analuminiumalloy containinĝ wt-% of silicon (AlSi7).

For the fabricationof a foamableprecursor threepowderswereused,namelypowdersof purealuminiumandof pure
silicon to form anAlSi7 alloy matrix with theadditionof _a`cb wt-% of a TiH M powderastheblowing agent.Subsequently,
the powder blendwascompactedto a foamableprecursormaterialby conventionalaxial (closed-die)compressionat a
temperatureof deb�_�f C andapressureof gCh�_ MPa. Theresultingprecursormaterialis virtually dense( ij_k`c^lb % porosity).V
ExtrusionwouldbeanalternativepowdercompactionmethodK]N which is especiallysuitedfor industrialapplication.

For thefabricationof thefinal metalfoam, thefoamingprocessis triggeredby heatingtheobtainedprecursormaterial
within a pre-heatedfurnace.During theheatingprocesstheblowing agentTiH M decomposesandreleasestheblowing gas
hydrogen.As a consequenceporesform in themetalmatrix andthesampleexpands.Furnacetemperaturesbetween600
and ml_l_
f C areusuallyemployed for foamingAl alloys. Highestvolumeexpansionduring foamingcanbe expectedat
around̂�_l_
f C for AlSi7 precursormaterialswith _a`cb wt-% TiH M . K[N For technologicalapplicationthefoamingprocessis
interruptedat its maximumexpansionby quenchingthesample,freezingin this way thefoamstructure.

Insteadof the two basepowdersAl andSi forming thealloy we alsouse(asin thecaseof AA6061) onepre-alloyed
powderor (asin the caseof Zn) onepowderof an elementalmetal. Pre-alloyedpowdersaremoreexpensive andthere-
fore lessemployed for technologicalapplications. Moreover, pre-alloyed AlSi alloy powderswere found to exhibit a
significantlyworsefoamabilityK[O thantheir counterpartbasedon two basepowders.

2.2. In situ real-time radiography

For the observation of the foamingprocessby in situ x-ray imagingexperiments,a speciallydesignedfurnacewas in-
tegratedinto the beampathof beamlineID19 at the ESRF(seeFig. 1). To allow the x-ray beamto passthroughthe
furnace,highly polishedAl windows cooledby waterwereusedin its construction.The white synchrotronbeamwas
monochromatisedto nAna`ch keV for Al foamingand ^�_ keV for Zn foamingby choosingasuitablediffractionpeak(Si glgAg )
within thehorizontalplanearoundthe Si monochromatorcrystal(in transmissiongeometry).The furnacewasmounted
to rotatearoundthemonochromatorcrystalin thehorizontalplaneandinstalledon a sideward translationpermittingthe
beamto passthroughits centrewherethesamplecouldbe movedto by a motorisedvertical translation.By passingthe
monochromaticbeamthroughthe sampleplacedwithin the furnace,an absorptionradiographcould be acquiredby the
electronicdetectorsystembasedon a charge-coupleddevice (CCD) chip (ESRFFreloncamera). In combinationwith
interchangeablelight-opticalunits,effectivepixel sizesof down to gY_oL m couldberealised.

For low temporalresolutions,theCCD wasreadout steadilywith constantexposuretimesof _k` n or _a`cb s resultingin
imagefrequenciesbetweenh and n Hz. Theentirefoamingexperimentstook a few minutes,correspondingto a sequence
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of between500 and900 radiographsfor eachof the morethan200 individual experimentscarriedout. Additionally, a
dedicatedoperationmodeof the ESRFFrelon2000camerawasappliedfor obtainingpeakframeratesof up to gYm Hz.
Usingthis operationmode,a regionof theCCDservesfor imageexposure,theremainingnon-exposedsurfaceis reserved
for imagestorage.After exposurethe electricchargecanbe shiftedquickly to the reservednon-exposedregion. In this
way, a fastseriesof four imagescouldbe acquiredandstoredon the CCD. Exposuretimesin the orderof bl_ msanda
verticalimagesizeof hlblp lines(and h�_�dIm pixel horizontalwidth) translatinginto a shift time of approximatelyb mswere
realised.

2.3. Ex situ microtomography

Ontheright-handsideof Fig. 1, a typicalset-upusedat ID19 for microtomographyis sketched.Thebasicelementsarethe
synchrotronsource(at approx.140m distance,not shown), adouble-crystalmonochromator, a rotationstageemployedto
turn thesampleduringthetomographicscanandthedetector.

Thelow beamdivergenceavailableat synchrotronsourcespermitstheuseof monochromatoroptics.Monochromatic
radiationenablesthe quantitative reconstructionof the spatialdistribution of the linear attenuationcoefficient Lrqtsvu]wxuGyez
for theselectedx-rayenergy, avoiding artefactsdueto beamhardening.As a consequencethevisibility of spatialfeatures
in the reconstructedimageis improvedfor the identificationof the blowing agentparticles,alloy matrix andpores. For
intermediatepixelsizesfromapproximately5 L monwardsweusuallyemploy thefixed-exit double-crystalmonochromator
with its 111 reflectionof prefectsilicon crystals.For higherimagingresolutionsdown to pixel sizesof _a` noL m we usea
high-bandwithmultilayermonochromatordiffractingin averticalplane.

3. EXPERIMENTAL RESULTS AND IMAGE ANALYSIS

3.1. In situ real-time radiography

With theexperimentalset-updescribedin Sect.2.2foamscouldbeproducedandobservedby thesynchrotronx-raybeam.
For eachsamplea seriesof digital radiographswasacquiredfor monitoringthe foamingprocess.Fig. 2 shows in each
columnsix full-field radiographsof an expandingfoamsamplein differentstagesof evolution. The samplesareheated
up in thepre-heatedfurnacecausingthereleaseof hydrogengasby theblowing agentwhich hasbeencompactedinto the
precursormaterial.We definethefoamingtime {4<|_ astheonsetof sampleexpansion,asvisible from theradiographic
imagesequence.Thevariousevolutionstepscanbedividedinto two phases:in “I” thefirst four framesshow thesamples
rising from their initial height to maximumexpansion,“II” marksthe last threeframeswith expandedfoamsof almost
constantvolumein which internalprocessesleadto changesin thebubblestructure.

Figure 1. Sketchesof theexperimentalset-upsusedfor in situ real-timeradiography(left) andmicrotomography(right) at thebeamline
ID19 of theESRF. Both schemesshow theset-upbetweenmonochromatoranddetector, where }�~ ist thedistancebetweensampleand
monochromator. The sourceis a multiple of this distanceaway from the monochromator(e.g. }�~|�|� m, }r���S��� m in the caseof
beamlineID19). In bothset-upswe usetheESRFFrelonCCD cameraasa basisfor theelectronicdetectorsystem.Differenteffective
pixel sizesof theacquiredimagecanberealisedby changingtheopticsunit composedby a scintillatorscreenor crystal,a visible-light
magnifyingor demagnifyingopticssystemanda mirror.
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Figure 2. Seriesof expansionstagesof an AlSi7 alloy foam (left column) anda Zn foam within a foamingmould (right column),
monitoredby x-ray radiography. Theoriginal samples(top frame)were ���j�S� mm and ����� mm thick (x-rayenergies �J�l� � and ���l� �
keV), respectively. In frames� to � both foamshave risento morethan ��� mm heightandarethereforetruncated.“I” marksphases
of rising foamand“II” stagesof decayingfoamat nearlyconstantvolume.Thetimesgivenrefer to a stateat which expansionstarted,
i.e. afterabout ����� s for AlSi7 and ���J� s for Zn after insertingthesampleinto thepre-heatedfurnace.Furnacetemperatureswere �Y�Y�
and �J�J�7� C, respectively. In thecaseof Zn, theblackstaticpatternat thebottomof eachframeis a screw whichsupportsthemould.
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For AlSi7 (left column),themeltingtemperaturerange(577to 620 f C) lieswell abovethedecompositionrangeof the
blowing agentwhichstartsK[N in thecaseof freeTiH M betweennlmA_ and dA_A_�f C atambientpressure.As canbeseenin phase
“I” this leadsto theformationof thin fissuresratherthanroundpores.Theporesroundoff asthemetalfoamexpandsand
finally becomefairly equiaxedafterabout gJh�_ s. Thedirectionof foamriseis alwaysparallelto theshortaxisof thevoids
which in turn is parallel to the pressingdirectionof the powder mix. Therefore,the texture createdduring compaction
(uniaxial compression)of the powdersmustbe responsiblefor this anisotropy. Looking at phase“II”, first we seethat
thefoamstructuregetscoarserwith time andthereis a slight tendency for metalflowing downwardsunderthe influence
of gravity. This drainageeffect, however, is muchlesspronouncedthanin mostaqueousfoams.Only an increaseof the
furnacetemperatureto at least ^�b�_
f C in further experimentsled to considerabledrainage.Analysisof the entireimage
sequencerevealsV thatspontaneousmetalfilm ruptureis thesolemechanismfor coalescence� andthatthereis no signfor
gradualgasdiffusionbetweenthecells.

For comparison,theright columnof Fig. 2 shows a selectionof six full-field radiographsof a Zn foam(with ZrH M as
blowing agent)atsimilarexpansionstagesasfor AlSi7. Again,thefourth framecorrespondsto maximumexpansion,after
which thereis no moreheightincreasetakingplace.Themostobviousdifferenceis that for Zn from thevery beginning
of foamingthe poresareroundin shape.In the caseof Zn, porenucleationtakesplacein analogywith aqueousfoams
sincethemetalbeginsto melt (420 f C) whentheblowing agentZrH M startsto releaseits hydrogen.Therefore,thereleased
hydrogengascausesthenucleationof roundpores.

3.1.1. High temporal resolution

The experimentscarriedout with a high temporalresolutionopenup the possibility to investigatefast processes.An
exampleis given in Fig. 3 for an AlSi7 foam at a relatively high furnacetemperatureof ��<�^A^�brf C. The left column
showsasequenceof acquiredradiographs,theright columnthedifferenceimagebetweentwo successiveframesin theleft
column.Thedifferenceimagesfacilitatethedetectionof changesbetweentwo images:vanishingmetalis shown in white
in thedifferenceimages(right column),appearingmetalin black. In this way, gradualfilm rearrangementsarevisible as
black-whitecontrastedlineswhereasrupturesarediscernibleaslargerareaswith light contrast(wheremetaldisappeared)
anddarkcontrast(wheremetalappears).Arrowshighlight film ruptureeventsandotherchanges.

Thecollapseof a largebubbleon theright handsideof thefirst radiograph(justbeforethearbitrarilydefined{r<�_ ) is
followedby a successionof film rearrangementsandfilm ruptures.Over two subsequentframes( {
<�_ and {3<�bAb ms)a
bubbleat thebottomborderof theradiographsvanishesandfilms in thecentrerearrange(seearrows in thecorresponding
differenceimages).Then,in frame {1<�glgJ_ msa film ruptures,followedagainby film rearrangements(seeblack-white
contrastedlines in the differenceimagesup to {%<�d�gJb ms. Finally, at {%<(bAhlb ms a small bubbleat the bottomof the
framedisappears.

We seethatit is possibleto examinethereorganisationprocedurestakingplaceduringfoaming.Thefastsuccessionof
ruptureeventssuggestsa causalconnexion betweenthem: if films getstretchedtoo much— ascausedby thelarge-scale
collapseevent between{%<��"hAb�_ ms and {%<(_ — they becomeunstableandrupture. The ruptureprocessitself takes
lessthan b�_ mssincein no caseany signof a smearedout cell wall hasbeenobserved. In thecaseof Al alloy foams,the
critical thicknessof metalfilms just beforerupturehasbeendeterminedKXZ to approximately50 L m.

3.1.2. Drainage

Drainageis thedownwardflow of liquid througha freshlyfabricatedfoamdueto gravity until anequilibriumis attained.
Quantificationof drainageis performedby animageprocessingapproachwhich is basedon theuniformity of thefoaming
processwith respectto the planeperpendicularto the verticalcoordinate� : if over a sufficiently large region at a given� theaveragedensityof thefoamis determined,characteristicvariationsof thefoamdensityshouldappearandquantify
drainagein theliquid metalfoam.

With monochromaticradiation,beamhardeningis avoidedsothata calibrationof thex-ray transmissionwith respect
to thetransversedmaterialthicknessis not necessary. If we considerat any foamingtime { all pointsof a givenhorizontal�

Sincewith theexpression“coarsening”oneusuallyrefers U¡ to a structuralchangedueto gasdiffusionwe employ thecommonly
usedexpression“coalescence”for theobservedcollapsedueto film rupture.
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Figure 3. Fastradiography:Thedisappearanceof the largebubblejust beforetime ¢X£1¤¦¥ is followedby a successionof topological
rearrangements.Thevertical linesmarksetsof frameswhich have beenaccumulatedon theCCD andreadout at once.Thedifference
imagesbetweentwo frames(right column,with time intervalsof §J¨�¥ msbetweentwo framesets)show therearrangementof theliquid
metal.Pixel sizeis ©Y¥«ª m, furnacetemperature¬Y¬J¨7 C.
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Figure 4. Line-wiseintegration(accordingto Eq. (1)) of theacquiredimagesof a Zn foamexpandingin anAl mould. A selectionof
radiographicimagesfor this sampleis shown in Fig. 2. Thealmosthorizontalartefact(at thetop of thecorrectedvertical region) stems
from an incompletesuppressionof the absorptioncausedby the mould screw. The samplethicknesswas limited during foaming to®°¯2±

mm by themould.Thetimeson theordinatereferto a stateat which expansionstartedwhich wasabout ²�³J´ s afterinsertingthe
sampleinto thepre-heatedfurnacesetto µJ²Yµv¶ C.

planeatheight � to show statisticallythesamecharacteristicfoamingproperties(sincegravity actsperpendicularto it) we
candeterminetheaverage(relative) foamdensity;·qU�¸z�<�>¸q\��zEFC>IH (with >IH accordingto theintroduction)

;·qU�¸zr< g¹�º)»�¼Z »�½Z Lrq¾s7u]wxuS��zL H ¿ s ¿ wÀ< g¹�º L H »�¼Z ��Á�Â3�)qtwxuE�¸z ¿ w�u (1)

where � is thex-ray transmissiondownstreamof thesample,L H is thelinearattenuationcoefficient of thebulk precursor
materialat the respective x-ray energy,

º
the samplethickness(limited by the mould) and the integration along w is

performedover the entireobservedhorizontalregion Ã _�`�`Y` ¹EÄ (usually limited by beamor detectorsize). An exampleis
given in Fig. 4 whereevery digital radiographof the Zn samplealreadypresentedin Fig. 2 is integratedaccordingto
Eq. (1), appliedto the(discrete)pixel images.By aligningall columnsfor every point in time on theordinate,changesof
theaveragedensityasa functionof thefoamheight(in theverticaldirectionof theimagesin Fig. 2) becomevisible.

At foamingtime {r<Å_ , thefoamstartsto expandquickly (seeFig. 4). Porosityis seenfrom thechangeof theformerly
light grey sampletowardsdarker grey values. The steepline (letter “ Æ ”) indicatesthe rising velocity ÆÇ< ¿ �aÈoÉGÊAF ¿ { of
the foam front. From a foamingtime of about dA_ s onwardswe seethe appearanceof grey contrastedlines stemming
from a local orderingof bubblesandmetalfilms during foam expansion.With proceedingfoamingtime we clearly see
the accumulationof liquid metalat the bottom( �ÌËÍ_ ). This accumulationis not a contiuousprocess,however: there
arestrongdiscontinuitiesvisible alongthehorizontaldirection.Thesediscontinuitiesstemfrom film ruptureeventsat the
respective foamingtimeswherelargebubblescollapse.At thebeginningof thefoamingprocess(80 s i?{�i 170s) these
ruptureeventsareratherfrequentwhereasfor {%Î 170s the foamstructureis ratherstable(cf. horizontalwhite line). It
maybeconcludedthatmetallic foamsareratherunstableso thaton the investigatedfoamvolume( nAbÐÏ�g�dÑÏ/^ mmN ) a
continuousglobal drainageis negligible comparedto the pulseddrainage which occurslocally after film ruptureevents
whentherupture-liberatedliquid drainsdownwards.

3.2. Ex situ microtomography
Theexperimentalset-updescribedin Sect.2.3is usedto acquiretheprojectiondataof atomographicscan.Reconstruction
of the3d distributionof thelinearattenuationcoefficient Lrq¾s7u]wxuEyIz is performedby afiltered-backprojectionalgorithm.K[Q

Fig. 5 givesan impressionof the spatialresolutionand imagequality realisableby SR microtomography. Two re-
contructedsliceswith _a`Ò^ÓL m pixel sizeshow differentprecursormaterialsshortly after the onsetof foaming, i.e. with
porositiesÔ�Õ|_k`Ög . × Poresarerenderedblack,alloy matrix in darkgrey andhighly absorbingblowing agentparticlesinØ

Theporosity Ù ¯jÚoÛ+Ü is usedin thefollowing asa measureto describetheexpansionstage.
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Figure 5. Ex situ microtomography:Representative slicestaken from thereconstructed3d datasets.X-ray energy was18 keV, image
sizesare ÝJÝY´°ÞÀÝYÝJ´ voxelsof ´lß ± Þ)´lß ±·à má size.TheAlSi7 sample(left, Ù ¯ ´�ß ´Jâ ) stemsfrom a uniaxially compactedmix of Al and
Si basepowderswhereastheAA6061sample(right, Ù ¯ ´lß ´ Ú ) is extrudedfrom a pre-alloyedmetalpowder.

light grey. In bothreconstructedslices,theprincipalcompactiondirection(of thepowdermix) is orientedhorizontally. The
poremorphologyis quitedifferentbetweenthetwo materials:for AlSi7, irregularcrack-like voidsareobservedwhereas
for AA6061 they aremoreregularly shaped.Moreover, for AlSi7 theblowing agentparticlesdo not seemto bespatially
correlatedwith theporeswhereasfor AA6061 they areoftenfoundcloseto thepores.Thechoiceof the2d slicethrough
the3d volume,however, might not cut a porewhich is adjacentto a blowing agentparticleor viceversa. Therefore,by
dedicated3d imageprocessingandanalysistechniques,poremorphologyandthe spatialcorrelationbetweenporesand
blowing agentparticleswill beinvestigatedin thefollowing.

3.2.1. Evolution of pore morphology

The3d renditionsgivenin theright columnof Fig. 6 visualisethechangeof themorphologyof theporestructureduring
foam expansion.Already in the solid state,fissure-like poresform up in the metallic matrix. The fissuresarespatially
extendedperpendicularwith respectto theprincipalpowdercompactionaxis.Thisalsoresultsin thedirectionalityof foam
risealreadyobservedin Sect.3.1. In comparisonto otherprecursormaterials,theshown samplesmadefrom apre-alloyed
AA6061metalpowderexhibit a ratherhomogeneousporeformationthroughouttheentirevolume.Themorphologyof the
metalmatrix up to Ôã<?_k` dAd resembles“split wood” with solid “fibres” crossingrod-likeor lens-likepores.

In orderto investigatetheevolutionof poremorphologyof this sampleseriesquantitatively, we analysethe3d images
with respectto thevolumefractionandthemeansurfacedistribution of theporespace.Measurementof datais basedon
segmentedK]T binary imagesof microstructuralconstituentsrepresentingthespatialdistribution of theblowing agent(the
TiH M particles)andthesolidmatter(theentiremetallicmatrix), respectively. Clearly, thebinaryimageof theporespaceis
obtainedbesimpleinversionof thebinaryimagewith respectto thesolidmatter.

Themeasurementof thevolumefractionof theporesis basedon countingof thevoxelsof thebinaryimageconcern-
ing to the porespace.For themeasurementof thespecificsurfaceareaan integral-geometricapprochis applied. In this
approachK[V�R¾K]ä the translative androtatoryintegral occuringin Crofton formula correspondingto the surfaceareais dis-
cretisedwherethediscretisationis inducedby thevoxel latticeof theimage.In Table1 thevolumefractionsandspecific
surfaceareasof the porespacearegiven for thevariousexpansionstages.With increasingfoamexpansion,thespecific
surfaceareaof the porespacedecreasessincethe poresinflate andtransformafter appearanceof the liquid statefrom
“split-wood”–liketo a rounder, almostsphericalshape.

8



Figure 6. Left column: 3d renditions of different foam expansionstagesfor the AA6061 series(from top to bottom: Ù ¯´lß åJ´�æG´lß ³J³læ]´lß µYÝ ). Theporespaceis renderedtransparent,thealloy matrix is grey andthe remnants(mainly Ti) of the blowing agent
particlesarethelight spots.Voxel sizeis Ý�ß ±·à m. Right column:Corresponding(discrete)directionaldistributionsof themeansurface
of theporespace.
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Thedirectionaldistributionof themeansurfaceis approximatedby a discretedistributionon theunit sphere(seeright
columnof Fig. 6). Thelengthsof thearrowsshown in thediagramsis equivalentto thefractionof surfacenormalvectors
correspondingto thearrows’ directions.Thetwo longestarrowsof thetopdiagramcorrespondto thealreadynotedrod-like
poreshapesat Ôã<�_a` nl_ : almostnosurfaceis orientedperpendicularto thesetwo arrows(parallelto theup-down direction
of the 3d rendition). The texture introducedby the powder compactionprocess(hereextrusion)resultsin the observed
strongbiaxiality of the meansurfacedistribution. The extrusionprocessis characterisedby a principalanda secondary
compressionaxiswhich aredefinedby theaspectratio of theextrudedproductof gJpl_�Ï�h�_ mmM rectangularsection.The
longestarrow of eachdiagramis parallel to the principal axis of precursorcompaction. In the secondexpansionstageÔ�<|_k` dAd thepartof thesurfacewith its normalorientedparallelto theprincipalcompactiondirectionclearlydominates
but with increasingexpansionthisdominancereducesconsiderableastheporesattainamoresphericalshape.In summary,
at early foamingstagesthe anisotropicporemorphologycloselyreflectsthe texture inducedby the powder compaction
step. With proceedingfoamexpansion,surfacetensionappearingin the semi-liquidstateis thoughtto reducegradually
this anisotropy.

3.2.2. Spatial correlation between blowing agent and pores

Oneopenquestionis whereporesnucleateafter the onsetof hydrogenreleaseby the blowing agent. Banhartet al. MGZ
investigatedearly foamingstagesin Zn foam by scanningelectronmicroscopy (SEM) andproposedtwo typesof pore
nucleationprocesses.The blowing gasreleasedby a blowing agentparticlecould lead to local pore formation in the
directneighbourhoodof theparticle.SEM imaging,however, led to theconclusionthatthereexist poreswith no blowing
agentparticle in their direct neighbourhood.It wassuggestedthat suchnon-localpore formationoften occursat triple
grain junctionsin the polycrystallineZn. Due to the2d imagingapproachemployedto investigatethe samplesurfaceit
couldnot beexcluded,however, thatnot every blowing agentparticlehasbeenfoundin thespatialneighbourhoodof the
investigatedpores.MGZ Moreover, thesamplepreparationprocessfor SEM might evenhadremovedsomeof theparticles.
Sincewecandistinguishblowing agentparticlesfrom themetallicmatrixandtheporeswewill investigatein thefollowing
this correlationquantitatively for aluminiumalloys in 3d.

In orderto measurenumericallyacharacteristicdescribingthespatialcorrelationbetweenporenucleationandblowing
agentparticles’positions,the solid matteris sequentiallyerodedK[T usingstructuringelementsof increasingsizewhere
morphologicalerosionappliedtoabinaryimageisanalogousto maximumfilteringandthestructuringelementcorresponds
to thesupportof thefilter mask.Notice,weconsider3d erosion,i.e. thestructuringelementrepresentsa spatialvoxel set.

For largestructuringelements(i.e. with increasingstepnumber)thesolidmatteris completelyremovedfrom thebinary
image.By eachof theseerosionstepsonedefinespixelsconcerningto thesolidmatterhaving a defineddistancefrom the
porespace.More specifically, in the ç –th stepwe considerall voxelsof thesolid matternot removedby ( ç -1)–therosion
stepbut elimimatedby the ç –th step(differentialerosionvolume).Thevoxelsof thesolid matterselectedin the ç –th step
havewell defineddistancesfrom theporespacewherethedefinitionof thedistancedependson thechoiceof thesizesand
shapesof the(discrete)structuringelements.Finally, we considerall voxelsbelongingto theTiH M constituentandto the
solid matterdetectedin the ç –th erosionstep.Thenumberof thesevoxelsover thetotal numberof thevoxelsdetectedin
the ç –therosionstepcharacterisesthecorrelationbetweenpores’andblowing agentparticles’positions.If this fraction—
consideredasa functionof thestepnumberç — is independentfrom ç thenporesitesandsitesof blowing agentparticles
are independentand thusno correlationexists. Fig. 7 plots the normalisedvolumefraction of TiH M in the differential
erosionvolumeasa functionof theerosionvolumeover thetotal volume,andasa constantovereacherosionstep ç . The
plotscanthusbeinterpretedasprofilesof themeanTiH M concentrationwith increasingdistancefrom theporespace.

alloy pixel size macrosc.porosity Ô computedporosity specificsurfaceareain m è K
AlSi7 _a`Ò^ÓL m _a` _lé _k` _ldAé plmA_Ablna` m
AA6061 _a`Ò^ÓL m _a` _ag _k` _IhA^ n�dehêgJéa`�g
AA6061 pa`Ò^ÓL m _a` nl_ _k` nkgJh hlblnlmkgl` é
AA6061 pa`Ò^ÓL m _a` dld _k` dI_I^ gYpAplmAéa`�g
AA6061 pa`Ò^ÓL m _a`cb�p _k` b�dAé ^A^�hagl` n

Table 1. Computedcharacteristicsof porosityandspecificsurfaceareaof theporespacefor thesamplesof macroscopicporosity Ù .
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Shown are two foam samplesstemmingfrom different precursormaterialsat the onsetof foaming. Whereasfor
AA6061astrongcorrelationis found,almostnocorrelationexistsin thecaseof AlSi7. Thisdisagreeswith SEMobserva-
tionsMSK of anAlSi7 samplewith 2 % expansionwhich indicateda spatialcorrelationof poresandblowing agentparticles.
ThedifferencebetweentheAA6061 andAlSi7 foamsamplescanbeexplainedasfollows. Thefoamableprecursormate-
rial wasfabricatedin thecaseof AA6061 from a singlepre-alloyedpowder. Obviously, theporesnucleatelocally at the
interfacebetweenalloy andtheblowing agent.In contrast,theAlSi7 precursormaterialis madefrom two powdersto form
thealloy duringfoaming.Poresarefoundto nucleatewithout correlationto theblowing agentparticles’sitesbut presum-
ably in theneighbourhoodof thesilicon powderparticleswhich hasalreadybeenindicatedby theSEM investigationsMSK
mentionedabove.

4. CONCLUSIONS

Processobservationsunderthermalload areperformedin real time by radiographicexperiments.For the first time, the
structuralchangesduringfoamexpansioncouldbestudiedin situbyprojectionimagesequences.Monochromaticradiation
permitsquantitative absorptionimagingfor the selectedx-ray energy which hasbeenexploited for the quantificationof
drainage.Thisallowsusto draw thefollowing conclusions:film ruptureprocessesanddrainagearein factcloselyrelated
for metallicfoamsdueto theinstability of metalfilms. Thetime scaleof film rupturesmustlie significantlybelow 50 ms
in thecaseof Al alloy foams.

The tomographicexperimentsimagethe samplevolumenon-destructively in 3d. At the sampleinterior, the sample
preparationhasno detrimentaleffect on the constituents(i.e. the blowing agentparticles).The applicationof SR yields
highly contrastedreconstructions:monochromaticradiationpermitsthequantitativedeterminationof thelinearattenuation
coefficient distribution and reducesreconstructionartefacts. Thus the pores,alloy matrix and blowing agentcould be
separated.Moreover, highspatialresolutionallowsusto resolve featuresat themicronscale.

SR microtomographywas appliedto investigatethe early foam formation ex situ by imaging of sampleseriesof
different foam expansionstages.Dedicated3d imageprocessingand analysistechniquesgive accessto the statistical
distribution propertiesamongtheseries.In particular, the 3d spatialcorrelationbetweenblowing agentandporescould
bedetermined.At the onsetof foaming,porenucleationis found to be differentfor two differently fabricatedprecursor
materials. Moreover, the pore–matrixinterfacecould be examinedquantitatively which allows us to concludeon the
temporalevolutionof poremorphologyduringfoaming.In thesolidstate,poremorphologycloselyreflectstheanisotropic
strengthof the precursormaterialwhich is a resultof thepowdercompactionstep. After the transitionto thesemi-solid
state,surfacetensionbecomesdominantwhich reducesgraduallytheobservedanisotropicporemorphology.

In summary, porenucleation,poreformationandfoamdecaycanberelatedby thedescribedinvestigationmethodsto
theprecursormaterial,its fabricationstepsandprocessparameters(e.g. temperature,ambientpressureetc.).
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Figure 7. Spatialcorrelationbetweenporesandblowing agentfor theAA6061expansionseries(left: Ý�ß ±·à m voxel size)andfor thetwo
densesamplesinvestigatedwith ´lß ±xà m voxel size(right). Plottedis thevolumefractionof TiH á in theerosionvolumeoneacherosion
step,normalisedto themeanblowing agentvolumeconcentration.Thecomputationswerecarriedouton 3ddatasetsof ÝJÝY´Jì voxels.
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