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ABSTRACT

Methodsfor evaluationof seriesof projectionimagesby quantitativeimageanalysishavebeen
developedand applied to the investigationof metal foaming processesby in-situ real-time
radiography.

In-situ radiographyallows oneto imagethetemporalstructureevolution duringthefoam-
ing processandhasbeenapplied[1–5] to yield detailedinformationaboutmetalfoamingby
the powder-metallurgical productionmethod. Internalstructuralchangessuchasbubbleex-
pansion,structuralcoarsening,bubblecoalescence,collapseanddrainagecould be observed
non-destructively andinvestigatedqualitatively.

In-depthstatisticalevaluationof two-dimensional(2d) projection imagesequenceswas
hardly ever performedup to now for the studyof metal foams. In this paperwe reportdif-
ferentmethodsfor thequantitative analysisof 2d projectionimagesequenceswhich allow us
to comparecharacteristicstatisticalpropertiesof thetemporalstructureevolutionduringfoam-
ing. In particular, we will presenta quantitative evaluationprocedureof coalescencerates.
Furthermore,from the so-calledvelocityfield we will concludeon the evolution of the local
expansionrates.

Fromthetechnologicalpointof view, thenew methodspermitthequantitativestudyof the
influenceof foam processingconditions(e.g. temperatureselection)andprecursorproperties
(e.g. precursormaterialandpre-treatment)which influencethefoamingprocess.
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1. INTRODUCTION

Metal foamshavebecomea promisingmaterialfor industrialneeds.They permitmanufacture
of ratherinexpensivelight-weightcomponentswith wideapplicationrange,e.g. impact/energy
absorbers,light-weightconstructionsandvibrationdampers[6,7].

A control over the foam manufactureprocessis requiredfor a reproducibleproduction
of foamswith givenproperties.This challengeis inseparablyconnectedwith a fundamental
understandingof thefoamingprocesswhich includesbothphysicalandtechnologicalaspects.

Formationof metalfoamsis of complex nature.It consistof severalmechanismsrunningin
parallel,suchasporeinflation, structuralrearrangement,coalescenceor drainage.Moreover,
themetalfoamitself is an inhomogeneous,opaque,chemicallyreactive material,whatmakes
its investigationa rathercomplicatedtask.

Especiallytheinvestigationof thekineticsof metalfoamevolution is difficult. It hasbeen
shown that in-situ x-ray radiographyallows oneto obtaininsight into foamingmetals[1–5].
However, aninvestigationof foambehaviour by meansof manualevaluationof statisticalma-
terial characteristicsby 2d projectionradiographyis evidently proneto errorsandtedious.An
automatedanalysisis highly desirablesinceit could vastly extend the applicationof in-situ
radiographyandprovidemoredetailedinformationconcerningfoamformation.

For instance,thestability of metalfoamshasmainly beenstudiedex situ, i.e. the foaming
processwasinterruptedat somepoint andthenthestructuresof (different)solidifiedsamples
wereanalyzed.In anext step,synchrotronradiationallowedtheobservationof foamformation
anddecayfor individualsamplesin situ by radiography[1–4].

In this work, in-situ x-ray radiographywascombinedwith imageprocessingto investigate
foam stability and expansionduring foam formation. Foam stability was characterizedby
thedefinitionof aquantitativemeasurefor coalescenceevents. Wedevelopaprocedurewhich
calculatesthismeasurefromasequenceof 2dprojectedradiographs.In aparticularapplication,
theinfluenceof silicon-carbideparticlesof differentsizeon foamstabilitywasstudied.

Usingalgorithmsfor velocity field computationknown from computervision,we perform
theestimationof local expansionrates. It givesanopportunityto draw conclusionsconcerning
distributionof expansionforcesinsidefoamingmetals.

2. EXPERIMENTAL SET-UP

A sketchof theexperimentalset-upfor the investigationof metalfoamsis schematicallyde-
pictedin Fig. 1. Theessentialpartstherearethe sample,x-ray source,furnaceanddetector.
Thefurnaceis additionallyequippedwith two aluminiumwindows,which aretransparentfor
thex rays.During samplemeltingandfoaming,thephotonsemittedby thex-ray sourcepass
throughthe sampleand are countedby the digital detectorsystem,e.g. basedon a charge-
coupleddevice.
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Figure 1. Outlineof theexperimentalradiographyset-up.
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where �! and �.H correspondto incidentandtransmittedintensities,IJ� > � A �#KL� G � is the spatial
distribution of the linear attenuationcoefficient at the chosenx-ray energy, M > and M A are
lateraldetectorpixel sizes,i.e. samplingdistances, and M G is thetime betweentwo successive
exposuresor samplingtime.

In ourwork, theradiographsequenceswereproducedemployingsynchrotronlight atbeam-
line ID19 of theEuropeansynchrotronESRF. A monochromaticsynchrotronx-ray beam(33
keV) is usedfor theacquisitionof radiographicimagesequences(pixel sizesfrom 40 I m down
to 1 I m) with frameratesrangingfrom 2 to 18s$ON , aspreviouslydescribedin moredetail[4].

3. IMAGE ANALYSIS

3.1. Estimation of coalescence rates

Spontaneousrupturesof liquid films andfurthermerging of severalporesinto a largeroneis
commonlycalledcoalescence. Theobservationof suchaneventby x-ray radiographyis pre-
sentedin Fig. 2. Togetherwith thedrainageeffect, i.e. motionof liquid undergravity through
the foamstructure,coalescenceplaysan importantrole for foamdecay. The investigationof
the coalescenceprocessallows oneto draw conclusionsconcerningfoam stability, which is
definedasthefoam’sability to keepits structuralandmechanicalpropertiesunchangedduring
aprolongedtemporalperiod.

Work hasbeenperformedon thedevelopmentof theoreticalmodelsfor drainageandcoa-
lescenceeffects[8,9]. However, verificationandrefinementof thesemodelsdemandadditional
experimentalinvestigation.

Thesamplingtheorem[10], well-knownfromsignalprocessing,establishesaminimalsam-
pling time M G , i.e. the time betweentwo successive radiographexposures,to follow a contin-
uousprocessfrom one frame to the other without information losses. In the caseof metal
foams,foamingcouldbeconsideredassuperpositionof parallelprocessesrunningwith differ-
ent velocities. Thereareslow processes(e.g. poreinflation andmovement,foam expansion)



Figure 2. Examplesof metalfilms ruptures, i.e. coalescenceevents(pointedby white arrows), where
(a) imagesequenceof metalfoaming( d) differenceimageof successive frame.

anddiscontinuous,abruptones(e.g. films ruptureswhich are fast [3,4]). We adaptthe ex-
perimentalconditionsin sucha way thatslow processesarefollowedandcoalescencebreaks
thesamplingcondition.Consequently, coalescenceeventsaredeclaredaseventsviolating the
samplingtheorem.

For aradiographsequenceof � imagestakenat times G�P �Q�RM G where�JSUT+VL�-WX�-YZY2Y2�#�\[]WX^ ,
we introducethefollowing measuresto quantifythecoalescenceprocess:_ the coalescencerate `�� G�P �a�b` P � =?P , P4c N

d M G is the event areadensity =?P , P4c N (i.e. the
summedprojectedareaof detectedeventsbetweenframes� and ��e\W normalizedto the
total imagearea)persamplingtime._ theeffective integral coalescencefg� G�P � is definedasthetotal areadensityof theevents
over thetime interval hiVL� G�PZj : fg� G�P �J�\f P �\M Glk P ` P .

We developedaprocedurefor detectingandmeasuringcoalescenceeventsbasedon signal
processingin Fourier domain. For two given successive imagesof a radiographsequence� P � � P4c N we applyan algorithmbasedon recursive imagepartitioning. Accordingto theshift
theorem[10], signal shifting in the spatialdomainhasno impacton the amplitudespectra,
insteadthephaseof thetransformedsignalis altered.Thus,if thedifferencebetweenamplitude
spectraof partitionsof two successiveframesis inferior to apredefinedthresholdm�n , thenonly
local signaldisplacementtook placeandthereforeit couldbediscardedfrom furtheranalysis.
Otherwisethe partition is further divided (i.e. down to a predefinedsmallestpartition size)
andtheresultingsub-partitionsreevaluatedasabove. Theeventareadensity =?P , P4c N is obtained
by summingthe areasof thesesmallestpartitionsnormalizedto the imagearea. Finally, the
coalescencerate `@� G � andintegral coalescencefo� G � arecalculatedaspreviouslydefined.

In orderto testthedevelopedprocedurea simulationapproachwasused.For this we em-
poyedtheso-calledisolatedsoapbubblemodelwherecollapsesof bubblesaresimulatedin a
three-dimensional(3D) volumeusingaray-tracingalgorithm[11] andasubsequentestimation
of coalescenceratesfrom calculatedprojectedradiographs.The modelconsistof � bubbles
enclosedin a3dvolume.Thebubblesarerisingandatsomepointcanburstanddisappear, see



Figure 3. Model of isolatedsoapbubbles: (a) 3D scene(b) simulatedradiograph(c) differenceof
successive frames(d) eventsdetectedby thedevelopedimageanalysis.
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Figure 4. (a) Original eventsareprojectedareaof collapsedbubblesp  rqts�u versus(b) coalescenceratev qts�u for a chosenthresholdw n , wherearrow pointsto themomentpresentedby Fig. 3(d). (c) Influence
of Poissonnoiseof differentstrength( xoy{zX|~}-� ) oncoalescenceratemeasurements.

Fig. 3. Themodelparametersareabubbleensemble����T+�  �0� N �-YZY2Y2�#�<��^ , velocitiesdescribing
rising ( � � ) andbubblegrowth ( �%� ), anda coalescencepolicy function ����� G�� �	� statingthat
bubble � P S�� disappearsat time G .

Simulationresultsarepresentedin Fig. 4. As original eventswe chosethecalculatedpro-
jectedareaof collapsedbubbles,seeFig. 4 (a), which is comparedwith thecoalescencerate`@� G � determinedby our imageanalysison theprojectionimagesequence,Fig. 4 (b). We see,
that thepositionsandmagnitudesof coalescenceeventsarewell reproducedby evaluationof
theprojectionimagesequence.

Additionally, wetestedthealgorithm’srobustnesswith respectto imagenoise.Theoriginal
imagesequenceswere intentionally corruptedby Poissonnoiseof different strength. Pixel
intensitiesarerecomputedas �� ������

��� � ������

��e������	��

�
wherethenoisevalue ��������

� is distributedby thePoissonprobabilitymassfunction ���
� > ����~��� �<��-� and � is the meanandvarianceof the distribution. Fig. 4(c) shows coalescencerates`@� G � estimatedfrom thecorruptedimagesequence.In thecase�U���?V onerecognizessmall



Figure 5. Collapseof metalfilms leadingto coalescenceof variousbubblesdetectedby real-timeradio-
graphyin two successive frames(a) and(b) of samplep (SiC particlesof size63   ). The difference
imagewith enlargedregion(c)highlightsthechangesbetweenthetwo frames.Imageanalysisyieldsthe
markedeventsasblackregionsin (d). Radiographyof sample¡ (SiC particlesof size3   ) at thesame
foamingtime in (e).

artefactswhichappeardueto thestrongnoiselevel. Still asbeforeweseesignificantcorrelation
betweenoriginal (a)anddetected(c) events,especiallyfor suchof high magnitude.

The developedmethodwasappliedto radiographicimagesequencesof foamingmetals.
Foamsampleswereproducedby theso-calledFORMGRIPprocess[12] whichconsistsof the
productionof aprecursormaterialandfoamingunderheattreatment.Thelatterwasin ourcase
performedwith simultaneousreal-timeradiography.

In the precursorpreparationstage,a gas-releasingblowing agent(TiH � ) wasmixed into
a re-meltedmetalmatrix composite(MMC) by mechanicalstirring andsubsequentlycooled
to far below the solidificationtemperature.MMCs (AlSi9Mg0.5/10vol%SiC¢ ) with different
sizesof silicon-carbideparticles(SiC) wereused.

In the following, samplesof the resultingprecursormaterialswere baked in a furnace.
This waspre-heatedto a temperatureof £ 725 ¤#¥ , i.e. well above theliquidustemperature( £
600 ¤ ¥ ) in orderto achieveahighsampleheatingrate.

As anexamplewe presentdetailson two samplesof size30 � 3 � 6 mm¦ , onewith SiC
particlesof meandiameter §¨ � 63 I m (sampleA), theotherwith §¨ � 3 I m (sampleB). In
Fig. 5, two successive frames[(a) and(b)] of theimagesequenceareshown for sampleA. The
differenceimage(c) showsappearingliquid in darker grey andvanishingliquid (mostlymetal
films) in lighter grey thanthebackground.Theblackregionsmarkedon (d) correspondto the
detectedcoalescenceeventsobtainedby thedevelopedimageanalysis.

Resultsfor thetwo samplesaresubsumedin Fig. 6, i.e. thetemporalevolutionof tempera-
turemeasuredby thermocoupleswithin thesample,foamexpansion(a) andcoalescencerates`@� G � and fg� G � (b, c), whereadditionallya runningaverage©R`
ª-� G � , i.e.

©R`
ª-� G ��� Wm � � c H
«�¬� $ H
«�¬ `��®­¯� = ­over the time window m°�²±X³ s is plotted. The temperatureevolution of Fig. 6 (a) shows
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Figure 6. Temperatureandcomputedareaexpansion(a)andcoalescencemeasuresof two sampleswith
differentmeansizes ¸¹ of SiC particles,for sampleA with ¸¹ y 63   m (b) andfor sampleB with ¸¹ y
3   m (c) ( w n y{º-����� ).
a comparableheatingrate in the two samples.The areaexpansioncurvesaresimilar to the
expansionobserved by in-situ optical methodsinvestigatingthe externalshapeof the foam,
e.g. asobtainedby laser-basedexpandometersdescribedin the following section.Evidently,
expansionstartsroughlywherethetransitionto theliquid stateoccurs(seearrow markingthe
temperaturedipscorrespondingto the latentheatof fusion). Theexpansioncurvessuggesta
similar foamingbehaviour of thetwo samplesin thefirst stageup to G £ 240s.

In contrast,in-situ radiographyof bothsamples,seeFig. 5 (a,e),andthemeasuredcoales-
cencereveal significantdifferencesbetweenthe two samples,seeplots of Fig. 6 (b, c). The
coalescencerates̀@� G � indicatedifferencesin theevolutionof theinternalfoamstructures.

For bothsamples,alreadysoonafter theonsetof foamexpansion,first coalescenceevents
aredetectedby thecoalescencerate `@� G � . They havea low amplitudecorrespondingto asmall
radiographicprojectionarea.With proceedingfoamingtimetheeventstendto getlessfrequent
but higher in amplitudedue the fact that porestend to be larger. Therefore,at late stages,
individual film ruptureeventshave higherimpacton the foamstructurewhich in somecases
evenchangestheexternalshape.

Comparingthetwo sampleswenoticethatsampleA exhibitsahighercoalescenceratethan
sampleB, especiallyat the very beginning. The increasedslopeof the integral coalescencefg� G � indicatesthatalreadyduringearlyfoamexpansiona higherfractionof liquid metalfilms
collapses.Accordingto theradiographsof sampleA in statesof high expansion(factorsfrom
1 up to £ 2.5 in Fig. 6 (a), i.e. at similar expansionstagesto sampleB) the foam structureis
rathercoarse.Both, the increasedcoalescencerateandthe observation of a coarsestructure
in the radiographsin presenceof large particlesleadto the conclusionthat thosemetalfilms
tendto collapseat increasedthicknesscomparedto meltspreparedwith smallparticles.These



findings supportthe hypothesisthat, when liquid films thin down to the thicknessof solid
particlesin the melt, the metalfilms recedefrom the particles[1] underunfavorablewetting
conditions.

3.2. Estimation of local expansion velocities and rates

Previously, DuarteandBanharthave shown [13] an approachfor the in-situ study of metal
foams. They usedan “expandometer”[14] which is a device equippedwith a lasersensor,
measuringthe displacementof the foam front during metal foaming. In their work the ex-
pansionbehaviour wascomparedfor differentexperimentalconditionsandprecursormaterials
suchasalloy composition,pressingparameters,foamingtemperatureor heatingrate.

X-ray radiographycombinedwith imageanalysishasseveraladvantagesover themethod
presentedabove. Firstof all, radiographyoffersaninformationaboutinternalsamplestructure
duringfoaming.Applicationof automatedimageanalysison a 2dradiographsequenceallows
thecomputationof quantitativepropertiesrelatedto metalfoamstructureandits evolution. It
cannotonly helpto analyzeadisplacementof externalfoamshape,but alsoallowsusto inves-
tigatematerialflows inside foamingsampleswhich would highlight additionalaspectsabout
expansionforcesandtheir distribution, and,consequently, aboutmetalfoamingprocessesin
general.

The velocity field determination,also known as optical flow computation,is one of the
fundamentalproblemsin imagevision,alreadyformulatedby Horn andSchunk[15] in 1981.
A goodsurvey of now existing techniquescanbefoundin Ref [16] .

Oneparticularalgorithmtakesasinput a sequenceof 2d radiographicprojectionimages
andcalculatesavelocitymap ��� > � A � G � . Eachvectoris composedof averticalandahorizontal
component,i.e. �g�»��� � �0� � � . Sincethegravitationalforceis actingalongtheverticaldirection
(i.e. parallelwith respectto foamexpansion),thestatisticalcharacteristicsof thefoamingpro-
cessonthesameverticallevel areexpectedto bethesame.Thisallowsusto estimateavertical
velocitycomponent§� � averagedoveranimagewidth ¼ � ����M > , i.e.

§� � � A � G ��� W¼ � �g½ � � � � > � A � G � =B>
We introducea local expansionrate¾

� A � G ����¿ §��� A � G �¿ A �
which can be understoodasvelocity gradientin the vertical direction. The discretecaseis
implementedby ¾

�2
?�<Àl�J��� §���2
Á[�MÃÂ d ±��<ÀL��[ §���Z
Äe�MÃÂ d ±��<Àl��� d MÃÂ?�
where MÃÂ is verticalsizeof theemployeddifferentiationwindow.

Theevaluationof thevelocity mapsandlocal expansionratesenablesthe investigationof
the temporaluniformity of the foamingprocess.For example,for oneparticularsampleofWrÅg��³Æ�ÈÇ mm¦ sizecomposedof AlSi7 alloy mixedwith 0.5wt.-% TiH ¬ powderasblowing
agentandfoamedata temperatureof £�ÅX±?³ ¤ ¥ , a two-stageexpansionphasewasnoticedfrom



Figure 7. Selectedframesof aradiographysequenceof a foamedAlSi7 sample:50sec(a),100sec(b),
150sec(c), 200sec(d) and400sec(e). Theentireradiographsequenceconsistof 400imageswith 40  m pixel sizetakenwith a framerateof É 1 Hz.

theradiographsequence(seeselectedframesat differentexpansionstagesin Fig. 7): thefoam
sampleapproachingthemelting temperatureof thealloy startsto expandvery rapidly. After
reachinga certainheightits expansioncomesto a halt for a shorttime. Later, it continuesits
growth, with acceleratingexpansionagain.

This behaviour can be analysedquantitatively by the measuresdefinedabove. The 2d
plot of Fig. 8 (a) representsa velocity map � � � A � G � asa function of vertical position A and
foaming time G . For this particularuniaxially compactedsample(expandingmainly in the
vertical direction[1]), a vertical cut throughthe plot at 80 sec,cf. Fig. 8 (b), shows that the
upperfoamlayersaregrowing with highervelocitiesin comparisonwith lowerones(sincethe
upperlayersaredisplacedby expansionof the lower layersandthemselvesareexpandingat
the sametime). Anothercut, taken horizontally from (a) at A �ÊW�V?V , illustratesa particular
velocity distribution during foaming, seeFig. 8 (c): the two distinct expansionstagesseen
from theradiographicsequencearereflectedby two velocitypeaksat foamingtimes50and90
seconds.

Examiningthe distributionsof local expansionrates,Fig. 8 (d), we observe light tracks.
They correspondto the fastexpansionof large bubbleswhich arerising dueto ongoingpore
inflationunderneath.Againweobservea two-stageexpansion:thefirst expansionperiodfrom
35secto 60sec,largely reducedexpansionratesupto 75sec,andthesecondexpansionperiod
from 75 seconwards.Thestrongdark-lightcontrastsfrom 80 seconwardsstemmainly from
porecoalescence.

Thesetwo stagesof foam expansionare in agreementwith studiesof the decomposition
behaviour of theTiH ¬ blowing agent[17,18]. TheauthorsshowedthatTiH ¬ powderwithout
prior heattreatmentexhibits two decompositionpeaks.Our resultscouldbe interpretedasan
effectof thetwo stagesof gasreleasefrom theblowing agent.

4. SUMMARY

In summary, measuresweredefinedto quantifymechanismsinfluencingthemetalfoamingpro-
cessfrom sequencesof projectionimages.Coalescencewasquantifiedin orderto investigate
foamdecay. Local velocitiesallow usto characterizefoamexpansion.

An imageprocessingprocedurewasdevelopedto determinecoalescenceratesandwasap-
plied to synchrotronradiography. Thereportedresultsgiveevidenceof considerablydifferent
foamstability of metalmeltswith varyingmeanSiC particlesizesevenif macroscopicexpan-
sionis similar. Comparingparticlesizesof 3 and63 I m, for thelatteronly a ratherpoorfoam
quality with a few large porescanbe achieved owing to a considerablyreducedstability of
films involving abadfoamability.
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Figure 8. (a)Measuredaveragegrowth velocity ¸� � q � | s�u with two sectionalongvertical(b) andtemporal
(c) axes.Distribution of localexpansionrates
 q � | s5u (d).

A calculationof optical flow from radiographsequencesoffers an estimationof the local
expansionratesduring foam formation. It providesus with informationaboutmaterialflow
insidemetalfoamsandoffersanopportunityto analyzefoamingprocessesfrom a novel point
of view. In additionto thequantitativeinvestigationof expansionin general,thelocalexpansion
ratesareableto show non-uniformitiesin the chosensamples,i.e. regionswith stronglocal
expansionandsuchwith reducedexpansionrates.
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