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ABSTRACT

Synchrotron-radiatiormagingsenesasa powerful tool for thenon-destructie materialcharacterisatioof metallicfoams.
Thefoamingprocesss visualisedn situ by real-timeradiographyin projectionimagesequenceslhetemporalevolution
of foam expansionfrom early poreformationover poregrowth up to the collapseof the foam structurearereported. Ex
situ microtomographys appliedfor the studyof statisticaldistribution propertiesatthe earlyfoamingstages.

Variousimageprocessingandanalysisechniqueyield quantitatve resultsconcerningporenucleationandtheir early
formation, film ruptureandfoamdrainage.The similaritiesand differencesof the metalfoaming processwith respecto
theprecursomaterial,its processingtepsandprocesgparametergaredeterminable.

Keywords: metalfoam, non-destructie testing,synchrotrorradiation,in situ radiographycomputerisedomography3d
imageprocessin@ndanalysis

1. INTRODUCTION

Metallic foamsare modernmicrostructurednaterialswhich areinterestingfor technologicalapplicationas solid foams.
Dueto relative densities) = ppor/ps (Wherepp,r is themacroscopicallygleterminednassdensityof the porousfoamand
ps is the theoreticalbulk densityof the solid precursomaterial)up to a factorof onesixth, light-weight constructionis

oneof themaininterestgor theapplicationof metallicfoams,especiallyin the caseof aluminiumalloy foams.Moreover,

thehigh enegy dissipationperunit massmakesthosefoamsattractive in groundtransportatiorapplicationgor increasing
passengesafetyin crashsituations. Additionally, improved propertieswith respectto the bulk materialsconcerning
acousticanndmechanicalampingandheatconductionmay be noted!

Dependingon foam expansion metallicfoamscanhave characteristisizesanddistance®f their constituenton and
belov the micrometrescale. Modernx-ray laboratorycomputerisedomography(CT) scannerare ableto attainspatial
resolutionsdown to approximatelyl0 pm which allows oneto resole the cell walls of aluminiumalloy foamsandthus
to studythe 3D structuré of expandedmetal foams,e.g. undermechanicaload? Olurin et al.* acquired3D datato
determinemorphologicabarametersf foamsamplesearfull expansion.

Although nowadaysthe technologyfor metalfoamingis ratherwell establishedmetalfoam formationis still rather
poorly explored. In this paperwe demonstratéhe applicationof SRimagingto investigatemetalfoam formation. High
spatialresolutiongresentlydown to approximatelyl um canbeattainedor theinvestigatiorof smallspatialfeaturesThe
applicationof SR for non-destructie materialcharacterisations alsofavourablé with respecto a high beamintensity
per unit solid angle,monochromatiaadiationwhich avoids the effects of beamhardeningand phasecontrast:” dueto
coherenillumination.

* Email: helfen@esrf.fr



In situ obsenation of the foamingprocesaunderthermalloadis performedby radiographicexperiments.They were
thefirst experimentswvhich allowedthe studyof the internalfoam structureduring expansionunderheattreatment.Some
resultsconcerningfoaming physics,the materialsscienceaspectsandconcerningechnologicalpplicationhave already
beendescribecklsavhere? 10 In this paper selectedwo-dimensiona(2d) imageanalysigechniquesreappliedto yield
guantitatve resultsconcerningoamdrainageandbubblecollapse.

Especiallyatearlyfoamingstagessmallspatialfeaturegsuchassmallpores)cannotedistinguishedn theprojection
imagessincethey aresuperposedn orderto avoid the confusionof superpositionCT is appliedto varioussampleseries
in which eachsamplerepresents particularexpansionstagecorrespondingo a certainfoamingtime. Three-dimensional
(3d)imageanalysigechniquesreusedto quantifydistribution propertiesof the 3d microstructureof suchpartly expanded
foam samples.The comparisorbetweerthe individual samplesof the seriesyields a descriptionof porenucleationand
their earlyformation. Furtherresultsobtainedby differentimageanalysisechniquesrepublishedelsavhere!!

The samplesinvestigatedn this paperare mostly fabricatedby the powder metallugical (PM) method which is
describedn Sect.2.1. In Sects.2.2 and 2.3 follow the two experimentalset-upswhich have beenemployedfor in situ
radiographyand ex situ microtomography Thenin Sect.3 we presentresultsobtainedby the experimentsand by the
appliedimageprocessingndanalysisechniquesThefinal conclusionsn Sect.4 subsumeheresults.

2. SAMPLES AND EXPERIMENTAL SET-UPS
2.1. Sample preparation

Nowadaysthereexists a variety of method$: 12 for metalfoamfabrication.The two-stepprocedureof the PM fabrication
methodis describedn thefollowing for afoammadeof analuminiumalloy containing? wt-% of silicon (AlSi7).

For thefabrication of a foamableprecuisor threepowderswereused,namelypowdersof purealuminiumandof pure
siliconto form anAlSi7 alloy matrix with the additionof 0.5 wt-% of a TiH, powderasthe blowing agent.Subsequently
the powder blend was compactedo a foamableprecursomrmaterialby corventionalaxial (closed-die)compressiorat a
temperaturef 450 °C andapressuref 120 MPa. Theresultingprecursomaterialis virtually densg(< 0.75 % porosity)®
Extrusionwould be analternatve powdercompactiormethod?® which is especiallysuitedfor industrialapplication.

For the fabrication of thefinal metalfoam the foamingprocesss triggeredby heatingthe obtainedprecursomaterial
within a pre-heatedurnace.During the heatingprocesgheblowing agentTiH, decomposeandreleaseshe blowing gas
hydrogen.As a consequencporesform in the metalmatrix andthe sampleexpands.Furnacetemperaturebetweerns00
and 800 °C are usuallyemployed for foaming Al alloys. Highestvolume expansionduring foaming canbe expectedat
around700 °C for AISi7 precursomaterialswith 0.5 wt-% TiH».'3 For technologicabpplicationthe foamingprocesss
interruptedat its maximumexpansionby quenchinghe sample freezingin this way thefoamstructure.

Insteadof the two basepowdersAl andSi forming the alloy we alsouse(asin the caseof AA6061) one pre-alloyed
powderor (asin the caseof Zn) one powder of an elementaimetal. Pre-alloyed powvdersare more expensve andthere-
fore lessemployed for technologicalapplications. Moreover, pre-allojed AlSi alloy powderswere found to exhibit a
significantlyworsefoamability'# thantheir counterparbasedon two basepowders.

2.2. In situ real-time radiography

For the obsenation of the foaming procesdy in situ x-ray imaging experiments,a speciallydesignedurnacewasin-

tegratedinto the beampath of beamlinelD19 at the ESRF(seeFig. 1). To allow the x-ray beamto passthroughthe
furnace,highly polishedAl windows cooledby waterwere usedin its construction. The white synchrotronbeamwas
monochromatisetb 33.2 keV for Al foamingand70 keV for Zn foamingby choosinga suitablediffractionpeak(Si 111)

within the horizontalplanearoundthe Si monochromatocrystal(in transmissiorgeometry). The furnacewasmounted
to rotatearoundthe monochromatocrystalin the horizontalplaneandinstalledon a sidevard translationpermittingthe
beamto passthroughits centrewherethe samplecould be movedto by a motorisedvertical translation.By passingthe
monochromatideamthroughthe sampleplacedwithin the furnace,an absorptionradiographcould be acquiredby the
electronicdetectorsystembasedon a chage-coupleddevice (CCD) chip (ESRFFreloncamera). In combinationwith

interchangeabliéght-optical units, effective pixel sizesof down to 10 um couldberealised.

For low temporalresolutionsthe CCD wasreadout steadilywith constaniexposuretimesof 0.3 or 0.5 s resultingin
imagefrequenciedetweer2 and3 Hz. The entirefoamingexperimentgook a few minutes,correspondindgo a sequence



of between500 and 900 radiographdor eachof the more than 200 individual experimentscarriedout. Additionally, a
dedicatedbperationmodeof the ESRFFrelon2000 camerawas appliedfor obtainingpeakframeratesof up to 18 Hz.
Usingthis operatiormode,aregion of the CCD senesfor imageexposure theremainingnon-exposedsurfaceis resered
for imagestorage.After exposurethe electricchage canbe shiftedquickly to the resened non-exposedregion. In this
way, a fastseriesof four imagescould be acquiredandstoredon the CCD. Exposuretimesin the orderof 50 msanda
verticalimagesizeof 256 lines(and2048 pixel horizontalwidth) translatinginto a shift time of approximatelyb mswere
realised.

2.3. Ex situ microtomogr aphy

Ontheright-handsideof Fig. 1, atypical set-upusedat D19 for microtomographys sketched.Thebasicelementsarethe
synchrotrorsource(at approx.140m distancenot shavn), a double-crystamonochromatqra rotationstageemployedto
turnthe sampleduringthetomographicscanandthe detector

The low beamdivergenceavailableat synchrotrorsourcegpermitsthe useof monochromatooptics. Monochromatic
radiationenableghe quantitatve reconstructiorof the spatialdistribution of the linear attenuatiorcoeficient u(z, y, z)
for the selected-ray enepgy, avoiding artefactsdueto beamhardening As a consequencthevisibility of spatialfeatures
in the reconstructedmageis improvedfor the identificationof the blowing agentparticles,alloy matrix and pores. For
intermediateixel sizesfrom approximatelyb pm onwardswe usuallyemploy thefixed-e&it double-crystainonochromator
with its 111 reflectionof prefectsilicon crystals. For higherimagingresolutionsdown to pixel sizesof 0.3 um we usea
high-bandwithmultilayermonochromatodiffractingin averticalplane.

3. EXPERIMENTAL RESULTSAND IMAGE ANALYSIS
3.1. In situ real-time radiography

With the experimentaket-updescribedn Sect.2.2foamscouldbe producedandobsenedby the synchrotrork-ray beam.
For eachsamplea seriesof digital radiographsvas acquiredfor monitoringthe foaming process.Fig. 2 shavs in each
columnsix full-field radiographsof an expandingfoam samplein differentstagesof evolution. The samplesareheated
upin the pre-heatedurnacecausingthe releaseof hydrogengasby the blowing agentwhich hasbeencompactednto the

precursomaterial. We definethe foamingtime ¢ = 0 asthe onsetof sampleexpansion,asvisible from theradiographic
imagesequenceThevariousevolution stepscanbe dividedinto two phasesin “I” thefirst four framesshav the samples
rising from their initial heightto maximumexpansion,“ll” marksthe last threeframeswith expandedfoamsof almost
constanwolumein which internalprocessefeadto changesn the bubblestructure.
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Figure 1. Sketcheof the experimentaket-upausedfor in situ real-timeradiography(left) andmicrotomographyright) atthebeamline
ID19 of the ESRF Both schemeshav the set-upbetweermonochromatoanddetectoywherel,, ist the distancebetweensampleand
monochromator The sourceis a multiple of this distanceaway from the monochromatofe.g. I,, =~ 5 m, ! = 145 m in the caseof

beamlinelD19). In both set-upsave usethe ESRFFrelonCCD cameraasa basisfor the electronicdetectorsystem.Differenteffective

pixel sizesof theacquiredmagecanberealisedby changingthe opticsunit composedy a scintillator screeror 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 foaming mould (right column),
monitoredby x-ray radiography Theoriginal sampleqtop frame)wered = 10 mmandd = 7 mmthick (x-ray enegies33.2 and70.0
keV), respectiely. In frames4 to 6 bothfoamshave risento morethan15 mm heightandarethereforetruncated.”l” marksphases
of rising foamand“ll” stagef decayingfoamat nearlyconstantvolume. Thetimesgivenreferto a stateat which expansionstarted,
i.e. afterabout120 sfor AISi7 and240 sfor Zn afterinsertingthe sampleinto the pre-heatedurnace.Furnaceemperaturesvere 700
and525 °C, respectiely. In thecaseof Zn, theblackstaticpatternat the bottomof eachframeis a screv which supportghe mould.
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For AISi7 (left column),the meltingtemperatureéange(577to 620°C) lieswell above the decompositiomangeof the
blowing agentwhich startd? in thecaseof free TiH, betweer880 and400 °C atambientpressureAs canbeseenin phase
“I” this leadsto theformationof thin fissuregatherthanroundpores.The poresroundoff asthe metalfoamexpandsand
finally becomdairly equiavedafterabout120 s. Thedirectionof foamriseis alwaysparallelto the shortaxisof thevoids
which in turn is parallelto the pressingdirection of the powder mix. Therefore the texture createdduring compaction
(uniaxial compressionpf the powdersmustbe responsibldor this anisotroly. Looking at phase‘ll”, first we seethat
the foam structuregetscoarsemwith time andthereis a slight tendeng for metalflowing downwardsunderthe influence
of gravity. This drainageeffect, however, is muchlesspronouncedhanin mostaqueougoams. Only anincreaseof the
furnacetemperatureo atleast750 °C in further experimentded to considerablarainage.Analysisof the entireimage
sequenceeveal$ thatspontaneoumetalfilm ruptureis the solemechanisnfor coalescenceandthatthereis no signfor
gradualgasdiffusionbetweerthe cells.

For comparisontheright columnof Fig. 2 shawvs a selectionof six full-field radiograph®f a Zn foam (with ZrH, as
blowing agent)at similar expansionstagesasfor AlSi7. Again,thefourth framecorrespondso maximumexpansionafter
which thereis no moreheightincreasdaking place. The mostobvious differenceis thatfor Zn from the very beginning
of foamingthe poresareroundin shape.In the caseof Zn, porenucleationtakesplacein analogywith aqueoufoams
sincethemetalbeginsto melt (420°C) whentheblowing agentZrH, startsto releasets hydrogen.Thereforethereleased
hydrogengascauseshe nucleationof roundpores.

3.1.1. High temporal resolution

The experimentscarried out with a high temporalresolutionopenup the possibility to investigatefast processes.An
exampleis givenin Fig. 3 for an AISi7 foam at a relatively high furnacetemperaturef T' = 775°C. Theleft column
shavsasequencef acquiredradiographstheright columnthedifferenceémagebetweernwo successie framesin theleft
column.Thedifferencemagesfacilitatethe detectionof changedetweerntwo images:vanishingmetalis shovn in white
in the differenceimages(right column),appearingnetalin black. In this way, gradualfilm rearrangementarevisible as
black-whitecontrastedineswhereasupturesarediscernibleaslargerareaswith light contrastwheremetaldisappeared)
anddark contrastwheremetalappears)Arrows highlight film ruptureeventsandotherchanges.

Thecollapseof alarge bubbleon theright handsideof thefirst radiographjust beforethe arbitrarily definedt = 0) is
followedby a successionf film rearrangementandfilm ruptures.Overtwo subsequerframes(t = 0 andt = 55 ms)a
bubbleat the bottomborderof the radiographvanishesandfilms in the centrerearrangdseearrovsin the corresponding
differenceimages).Then,in framet = 110 msa film ruptures followed againby film rearrangement&eeblack-white
contrastedinesin the differenceimagesup to ¢ = 415 ms. Finally, at¢ = 525 msa small bubbleat the bottomof the
framedisappears.

We seethatit is possibleto examinethereoiganisatiorproceduresaking placeduringfoaming. Thefastsuccessioof
ruptureeventssuggests causalconneion betweerthem: if films getstretchedoo much— ascausedy thelarge-scale
collapseeventbetweent = —250 msandt = 0 — they becomeunstableandrupture. The ruptureprocesstself takes
lessthan50 mssincein no caseary signof a smearedut cell wall hasbeenobsered. In the caseof Al alloy foams,the
critical thicknesof metalfilms just beforerupturehasbeendetermined to approximatelys0 gm.

3.1.2. Drainage

Drainageis the downwardflow of liquid througha freshly fabricatedfoam dueto gravity until anequilibriumis attained.
Quantificationof drainages performedby animageprocessin@pproactwhichis basedn theuniformity of thefoaming
procesawith respecto the planeperpendiculato the vertical coordinateh: if over a sufficiently large region at a given
h the averagedensityof the foamis determinedcharacteristiovariationsof the foam densityshouldappearandquantify
drainagdn theliquid metalfoam.

With monochromaticadiation,beamhardenings avoidedsothata calibrationof the x-ray transmissiorwith respect
to thetrans\ersedmaterialthicknesds not necessaryf we considerat ary foamingtime ¢ all pointsof a givenhorizontal

*Sincewith the expressiorf‘coarsening”oneusuallyrefers® to a structuralchangedueto gasdiffusionwe emplgy the commonly
usedexpressiori‘coalescencefor the obsered collapsedueto film rupture.



415 ms

Figure 3. Fastradiography:The disappearancef the large bubblejust beforetime to = 0 is followed by a successiomwf topological
rearrangementslhe vertical lines mark setsof frameswhich have beenaccumulaten the CCD andreadout at once. The difference
imagesbetweertwo frames(right column,with time intervals of 250 msbetweerntwo framesets)shav therearrangemerdf the liquid
metal. Pixel sizeis 30 pm, furnacetemperaturg75 °C. 6
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Figure 4. Line-wiseintegration (accordingto Eq. (1)) of the acquiredimagesof a Zn foam expandingin an Al mould. A selectionof

radiographidmagesfor this sampleis shavn in Fig. 2. Thealmosthorizontalartefact (at the top of the correctedvertical region) stems
from an incompletesuppressiorof the absorptioncausedby the mould screv. The samplethicknesswas limited during foamingto

d = 7 mmby themould. Thetimeson theordinatereferto a stateat which expansionstartedwhich wasabout240 s afterinsertingthe
sampleinto the pre-heatedurnacesetto 525 °C.

planeatheighth to shaw statisticallythe samecharacteristidfoamingpropertiegsincegravity actsperpendiculato it) we
candetermingheaverage(relative) foamdensityn(h) = p(h)/ps (With ps accordingto theintroduction)

1 [ 14 u(z,y,h) 1 b
h =—/ / —2 2 dzdy = / —InT(y,h)dy , 1
n(h) =l — Y= b s (y, h)dy @D

whereT is the x-ray transmissiordownstreanof the sample u is thelinear attenuatiorcoeficient of the bulk precursor
material at the respectie x-ray enepgy, d the samplethickness(limited by the mould) and the integrationalong y is
performedover the entire obsened horizontalregion [0. . . b] (usuallylimited by beamor detectorsize). An exampleis
givenin Fig. 4 whereevery digital radiographof the Zn samplealreadypresentedn Fig. 2 is integratedaccordingto
Eq. (1), appliedto the (discrete)pixel images.By aligningall columnsfor every pointin time on the ordinate changef
theaveragedensityasa function of thefoamheight(in the verticaldirectionof theimagesn Fig. 2) becomeuvisible.

At foamingtime ¢ = 0, thefoamstartsto expandquickly (seeFig. 4). Porosityis seenfrom the changeof theformerly
light grey sampletowardsdarker grey values. The steepline (letter “v”) indicatesthe rising velocity v = dhmax/dt of
the foam front. From a foamingtime of about40 s onwardswe seethe appearancef grey contrastedines stemming
from a local orderingof bubblesand metalfilms during foam expansion.With proceedingoamingtime we clearly see
the accumulatiorof liquid metalat the bottom (h ~ 0). This accumulationis not a contiuousprocesshowever: there
arestrongdiscontinuitiesvisible alongthe horizontaldirection. Thesediscontinuitiesstemfrom film ruptureeventsatthe
respectie foamingtimeswherelarge bubblescollapse.At the beginning of the foamingprocesg80s < ¢t < 170s) these
ruptureeventsareratherfrequentwhereador ¢ > 170 s the foam structureis ratherstable(cf. horizontalwhite line). It
may be concludedthat metallic foamsareratherunstableso that on the investigatedoam volume (35 x 14 x 7 mm?) a
continuousglobal drainageis negligible comparedo the pulseddrainage which occurslocally after film ruptureevents
whentherupture-liberatediquid drainsdownwards.

3.2. Ex situ microtomogr aphy

Theexperimentaket-updescribedn Sect.2.3is usedto acquirethe projectiondataof atomographicscan.Reconstruction
of the 3d distribution of thelinearattenuatiorcoeficient u(z, y, 2) is performedby afiltered-backprojectiomlgorithm ¢

Fig. 5 givesan impressionof the spatialresolutionand image quality realisableby SR microtomography Two re-
contructedsliceswith 0.7 um pixel size show different precursormaterialsshortly after the onsetof foaming,i.e. with
porositiess < 0.1.! Poresarerenderedlack, alloy matrix in dark grey andhighly absorbingolowing agentparticlesin

tTheporositye = 1 — 7 is usedin thefollowing asa measurdo describethe expansiorstage.



Figure 5. Ex situ microtomographyRepresentate slicestaken from the reconstructed®d datasets. X-ray enegy was18 keV, image
sizesare660 x 660 voxelsof 0.7 x 0.7 um? size. The AISi7 sample(left, e = 0.09) stemsfrom a uniaxially compactednix of Al and
Si basepowderswhereaghe AA6061 sample(right, e = 0.01) is extrudedfrom a pre-alloyed metalpowder.

light grey. In bothreconstructedlices theprincipalcompactiordirection(of thepowdermix) is orientedhorizontally The

poremorphologyis quite differentbetweerthe two materials:for AlSi7, irregular crack-like voids areobsenedwhereas
for AA6061 they aremoreregularly shaped Moreover, for AlSi7 the blowing agentparticlesdo not seemto be spatially
correlatedwith the poreswhereador AA6061 they areoftenfound closeto the pores.The choiceof the 2d slice through
the 3d volume, however, might not cut a porewhich is adjacento a blowing agentparticleor vice versa Therefore by

dedicated3d imageprocessingand analysistechniquespore morphologyandthe spatialcorrelationbetweenporesand

blowing agentparticleswill beinvestigatedn thefollowing.

3.2.1. Evolution of pore morphology

The 3d renditionsgivenin the right columnof Fig. 6 visualisethe changeof the morphologyof the pore structureduring
foam expansion. Already in the solid state,fissure-lile poresform up in the metallic matrix. The fissuresare spatially
extendedperpendiculawith respecto the principalpowvdercompactioraxis. This alsoresultsin the directionalityof foam
risealreadyobsenedin Sect.3.1. In comparisorio otherprecursomaterialsthe shavn samplesnadefrom a pre-alloyed
AA6061 metalpowderexhibit aratherhomogeneouporeformationthroughouthe entirevolume. The morphologyof the
metalmatrix upto e = 0.44 resemble$split wood” with solid “fibres” crossingrod-like or lens-like pores.

In orderto investigatethe evolution of poremorphologyof this sampleseriesquantitatvely, we analysethe 3dimages
with respecto the volumefraction andthe meansurfacedistribution of the porespace.Measurementf datais basedon
segmented” binary imagesof microstructurakconstituentgepresentinghe spatialdistribution of the blowing agent(the
TiH, particles)andthe solid matter(the entiremetallicmatrix), respectiely. Clearly, thebinaryimageof theporespacds
obtainedbe simpleinversionof the binaryimagewith respecto the solid matter

The measurementf the volumefraction of the poresis basedon countingof the voxels of the binaryimageconcern-
ing to the porespace.For the measurememf the specificsurfaceareaan integral-geometriapprochis applied. In this
approach® '° the translatve and rotatoryintegral occuringin Crofton formula correspondindo the surfaceareais dis-
cretisedwherethe discretisatioris inducedby the voxel lattice of theimage. In Table 1 the volumefractionsandspecific
surfaceareasof the pore spacearegiven for the variousexpansionstages.With increasingfoam expansion the specific
surfaceareaof the pore spacedecreasesincethe poresinflate and transformafter appearancef the liquid statefrom
“split-wood"-like to aroundeyalmostsphericakhape.



2.5 mm

Figure 6. Left column: 3d renditions of different foam expansionstagesfor the AA6061 series (from top to bottom: ¢ =
0.30, 0.44, 0.56). The porespaceis renderedransparentthe alloy matrix is grey andthe remnantgmainly Ti) of the blowing agent
particlesarethelight spots.Voxel sizeis 6.7 pm. Right column: Correspondingdiscrete)directionaldistributionsof the meansurface

of theporespace.



Thedirectionaldistribution of the meansurfaceis approximatedy a discretedistribution on the unit sphere(seeright
columnof Fig. 6). Thelengthsof thearrons shovn in the diagramsds equivalentto the fraction of surfacenormalvectors
correspondingo thearrows’ directions.Thetwo longestarrovs of thetop diagramcorrespondo thealreadynotedrod-like
poreshapesite = 0.30: almostno surfaceis orientedperpendiculato thesetwo arrows (parallelto the up-dovn direction
of the 3d rendition). The texture introducedby the powder compactionprocesghereextrusion)resultsin the obsered
strongbiaxiality of the meansurfacedistribution. The extrusionprocesss characterisety a principalanda secondary
compressiomaxiswhich aredefinedoy the aspecratio of the extrudedproductof 160 x 20 mm? rectangulasection.The
longestarron of eachdiagramis parallelto the principal axis of precursorcompaction. In the secondexpansionstage
€ = 0.44 the partof the surfacewith its normalorientedparallelto the principal compactiondirectionclearly dominates
but with increasingexpansiorthis dominanceeducesonsiderablasthe poresattainamoresphericashapeln summary
at early foaming stageshe anisotropicpore morphologycloselyreflectsthe texture inducedby the powder compaction
step. With proceedingoam expansion, surfacetensionappearingn the semi-liquid stateis thoughtto reducegradually
this anisotroyy.

3.2.2. Spatial correlation between blowing agent and pores

One openguestionis whereporesnucleateafter the onsetof hydrogenreleaseby the blowing agent. Banhartet al.2%

investigatedearly foaming stagesn Zn foam by scanningelectronmicroscoly (SEM) and proposedwo typesof pore
nucleationprocesses.The blowing gasreleasedyy a blowing agentparticle could leadto local pore formationin the
directneighbourhooaf the particle. SEM imaging,however, led to the conclusionthatthereexist poreswith no blowing

agentparticlein their direct neighbourhood.It was suggestedhat suchnon-local pore formation often occursat triple
grainjunctionsin the polycrystallineZn. Dueto the 2d imagingapproactemployedto investigatethe samplesurfaceit

could not be excluded,however, thatnot every blowing agentparticlehasbeenfoundin the spatialneighbourhooaf the
investigategores2® Moreover, the samplepreparatiorprocessor SEM might evenhadremoved someof the particles.
Sincewe candistinguishblowing agentparticlesfrom themetallicmatrix andthe poreswe will investigatan thefollowing
this correlationquantitatvely for aluminiumalloysin 3d.

In orderto measureumericallya characteristidescribinghe spatialcorrelationbetweerporenucleatiorandblowing
agentparticles’ positions, the solid matteris sequentiallyeroded” using structuringelementsof increasingsize where
morphologicakrosionappliedto abinaryimageis analogouso maximumfiltering andthestructuringelementorresponds
to the supportof thefilter mask.Notice,we consider3d erosion,.e. the structuringelementrepresents spatialvoxel set.

For largestructuringelementgi.e. with increasingstepnumber)the solid matteris completelyremovedfrom thebinary
image.By eachof theseerosionstepsonedefinespixelsconcerningo the solid matterhaving a defineddistancefrom the
porespace.More specifically in the i—th stepwe considerall voxels of the solid matternot removedby (i-1)-th erosion
stepbut elimimatedby thei—th step(differentialerosionvolume). The voxels of the solid matterselectedn the i—th step
have well defineddistancedrom the porespacevherethedefinitionof thedistancedepend®n thechoiceof the sizesand
shape®f the (discrete)structuringelements Finally, we considerall voxels belongingto the TiH, constituentandto the
solid matterdetectedn the i—th erosionstep. The numberof thesevoxels over the total numberof the voxelsdetectedn
thei—th erosionstepcharacterisethe correlationbetweerpores’andblowing agentparticles’positions.If this fraction—
consideredsa functionof the stepnumber; — is independentrom i thenporesitesandsitesof blowing agentparticles
areindependentindthus no correlationexists. Fig. 7 plots the normalisedvolume fraction of TiH, in the differential
erosionvolumeasa function of the erosionvolumeover the total volume,andasa constanover eacherosionstep:. The
plotscanthusbeinterpretedasprofilesof themeanTiH, concentratiomwith increasingdistancefrom the porespace.

| alloy | pixelsize | macroscporositye || computecporosity | specificsurfaceareain m=! |

[AIS7 | 0.7um | 0.09 I 0.049 | 68053.8 |

[AAGO6L| 0.7um | 0.01 [ 0.027 | 34219.1 |
AA6061 | 6.7um 0.30 0.312 25381.9
AAG061 | 6.7um 0.44 0.407 16689.1
AAB061 | 6.7um 0.56 0.549 7721.3

Table 1. Computecdcharacteristicef porosityandspecificsurfaceareaof the porespacefor the samplef macroscopigorositye.
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Shawn are two foam samplesstemmingfrom different precursormaterialsat the onsetof foaming. Whereasfor
AAB061 astrongcorrelationis found,almostno correlationexistsin the caseof AlSi7. This disagreesvith SEM obsena-
tions?! of anAlSi7 samplewith 2 % expansionwhich indicateda spatialcorrelationof poresandblowing agentparticles.
Thedifferencebetweerthe AA6061 andAlSi7 foam samplexanbe explainedasfollows. Thefoamableprecursomate-
rial wasfabricatedn the caseof AA6061 from a singlepre-alloyed powder. Obviously, the poresnucleateocally at the
interfacebetweenralloy andtheblowing agent.In contrastthe AISi7 precursomaterialis madefrom two powdersto form
thealloy duringfoaming. Poresarefoundto nucleatewithout correlationto the blowing agentparticles’sitesbut presum-
ably in the neighbourhooaf the silicon powder particleswhich hasalreadybeenindicatedby the SEM investigationd!
mentionedabove.

4. CONCLUSIONS

Procesobsenationsunderthermalload are performedin realtime by radiographicexperiments.For the first time, the
structurakchangesiuringfoamexpansiorcouldbestudiedn situ by projectionimagesequencesvionochromaticadiation
permitsquantitatve absorptionmagingfor the selectedx-ray enegy which hasbeenexploited for the quantificationof
drainage.This allows usto draw thefollowing conclusionsfilm ruptureprocesseanddrainagearein factcloselyrelated
for metallicfoamsdueto theinstability of metalfilms. Thetime scaleof film rupturesmustlie significantlybelon 50 ms
in the caseof Al alloy foams.

The tomographicexperimentsmagethe samplevolume non-destructiely in 3d. At the sampleinterior, the sample
preparatiorhasno detrimentaleffect on the constituentgi.e. the blowing agentparticles). The applicationof SR yields
highly contrastedeconstructionsmonochromaticadiationpermitsthe quantitatve determinatiorof thelinearattenuation
coeficient distribution and reducesreconstructiorartefacts. Thusthe pores,alloy matrix and blowing agentcould be
separatedMoreover, high spatialresolutionallows usto resole featuresat the micronscale.

SR microtomographywas appliedto investigatethe early foam formation ex situ by imaging of sampleseriesof
differentfoam expansionstages. Dedicated3d image processingand analysistechniquegyive accesdo the statistical
distribution propertiesamongthe series. In particular the 3d spatialcorrelationbetweenblowing agentand porescould
be determined.At the onsetof foaming, pore nucleationis foundto be differentfor two differently fabricatedprecursor
materials. Moreover, the pore—matrixinterface could be examinedquantitatvely which allows us to concludeon the
temporalevolution of poremorphologyduringfoaming.In thesolid state poremorphologycloselyreflectsthe anisotropic
strengthof the precursomaterialwhich is a resultof the powder compactiorstep. After the transitionto the semi-solid
state surfacetensionbecomesiominantwhich reducegraduallythe obsenedanisotropicporemorphology

In summaryporenucleation poreformationandfoam decaycanbe relatedby the describednvestigatiormethodgo
the precursomaterial,its fabricationstepsandprocesgarameterge.g. temperatureambientpressurestc).

25 F

"AIBO61 £=1%
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Figure7. Spatialcorrelationbetweemoresandblowing agentfor the AA6061 expansiorserieq(left: 6.7 um voxel size)andfor thetwo
densesamplesnvestigatedvith 0.7 um voxel size(right). Plottedis the volumefractionof TiH, in the erosionvolumeon eacherosion
step,normalisedo the meanblowing agentvolumeconcentrationThe computationsverecarriedout on 3d datasetsof 660° voxels.
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