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ABSTRACT

Methodsfor evaluationof seriesof projectionimagesby quantitatveimageanalysishave been
developedand appliedto the investigationof metal foaming processedy in-situ real-time
radiography

In-situ radiographyallows oneto imagethe temporalstructureevolution during the foam-
ing processand hasbeenapplied[1-5] to yield detailedinformationaboutmetalfoaming by
the powdermetallugical productionmethod. Internal structuralchangesuchas bubble ex-
pansion,structuralcoarseningpubble coalescence;ollapseand drainagecould be obsened
non-destructiely andinvestigatedjualitatively.

In-depth statisticalevaluation of two-dimensional(2d) projectionimage sequencesvas
hardly ever performedup to now for the study of metalfoams. In this paperwe reportdif-
ferentmethoddsfor the quantitatve analysisof 2d projectionimagesequencewhich allow us
to comparecharacterististatisticalpropertiesof thetemporalstructuresvolution duringfoam-
ing. In particular we will presenta quantitatve evaluationprocedureof coalescenceates
Furthermorefrom the so-calledvelocityfield we will concludeon the evolution of the local
expansiorrates.

Fromthetechnologicapoint of view, the nev methodgermitthe quantitatve studyof the
influenceof foam processingonditions(e.g. temperatureselection)and precursormroperties
(e.g. precursomaterialandpre-treatmentyvhich influencethe foamingprocess.
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1. INTRODUCTION

Metal foamshave becomea promisingmaterialfor industrialneeds.They permitmanufcture
of ratherinexpensve light-weightcomponentsvith wide applicationrange e.g. impact/enegy
absorberdjght-weightconstructiongandvibrationdamperg6, 7].

A control over the foam manugctureprocessis requiredfor a reproducibleproduction
of foamswith given properties.This challengeis inseparablyconnectedvith a fundamental
understandingf thefoamingprocesswhich includesboth physicalandtechnologicabspects.

Formationof metalfoamsis of comple nature.It consistof severalmechanismsunningin
parallel,suchasporeinflation, structuralrearrangementoalescencer drainage.Moreover,
the metalfoamitself is aninhomogeneousypaque chemicallyreactve material,whatmakes
its investigationa rathercomplicatedask.

Especiallythe investigationof the kineticsof metalfoamevolution is difficult. It hasbeen
shown thatin-situ x-ray radiographyallows oneto obtaininsightinto foaming metals[1-5].
However, aninvestigationof foambehaiour by meansof manualevaluationof statisticalma-
terial characteristicby 2d projectionradiographyis evidently proneto errorsandtedious.An
automatedanalysisis highly desirablesinceit could vastly extend the applicationof in-situ
radiographyandprovide moredetailedinformationconcerningoamformation.

For instancethe stability of metalfoamshasmainly beenstudiedex sity, i.e. the foaming
processwasinterruptedat somepoint andthenthe structuresof (different)solidified samples
wereanalyzedIn anext step,synchrotrorradiationallowedthe obsenationof foamformation
anddecayfor individual samplesn situ by radiography1-4].

In this work, in-situ x-ray radiographywascombinedwith imageprocessingo investigate
foam stability and expansionduring foam formation. Foam stability was characterizedy
thedefinitionof a quantitatve measurdor coalescencevents We developa procedurevhich
calculateshismeasurdrom asequencef 2d projectedadiographsin aparticularapplication,
theinfluenceof silicon-carbideparticlesof differentsizeon foam stability wasstudied.

Using algorithmsfor velocity field computatiorknown from computervision, we perform
theestimatiorof local expansiorrates It givesanopportunityto drav conclusiongoncerning
distribution of expansionforcesinsidefoamingmetals.

2. EXPERIMENTAL SET-UP

A sketchof the experimentalset-upfor the investigationof metalfoamsis schematicallyde-
pictedin Fig. 1. The essentiapartstherearethe sample x-ray source furnaceanddetector
Thefurnaceis additionallyequippedwith two aluminiumwindows, which aretransparentor

thex rays. During samplemeltingandfoaming,the photonsemittedby the x-ray sourcepass
throughthe sampleand are countedby the digital detectorsystem,e.g. basedon a chage-
coupleddevice.
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Figure 1. Outlineof the experimentakadiographyset-up.

Theacquiredradiographs a2d array S of size M x N. For monochromaticadiationthe
signalmagnitudeat pixel (i, ) is

S(i /, /'/fhefuwyzt dzdy| dt,
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wherel, and I correspondo incidentandtransmittedintensities,u(z, y, z, t) is the spatial
distribution of the linear attenuationcoeficient at the chosenx-ray enegy, Az and Ay are
lateraldetectorpixel sizes,i.e. samplingdistancesand At is thetime betweertwo successie
exposuresor samplingtime.

In ourwork, theradiograprsequencesereproducecemploying synchrotrordight atbeam-
line ID19 of the EuropearsynchrotronESRFE A monochromatisynchrotronx-ray beam(33
keV) is usedfor theacquisitionof radiographiamagesequence§ixel sizesfrom 40 yum down
to 1 um) with frameratesrangingfrom 2to 18 s, aspreviously describedn moredetail[4].

3. IMAGE ANALYSIS
3.1. Estimation of coalescencer ates

Spontaneousupturesof liquid films andfurther memging of several poresinto a larger oneis
commonlycalledcoalescenceThe obsenationof suchaneventby x-ray radiographyis pre-
sentedn Fig. 2. Togethemwith thedrainage effect, i.e. motionof liquid undergravity through
the foam structure,coalescencelaysanimportantrole for foam decay The investigationof
the coalescenc@rocessallows oneto drav conclusionsconcerningfoam stability, which is
definedasthefoam’s ability to keepits structuralandmechanicapropertiesunchangediuring
aprolongedemporalperiod.

Work hasbeenperformedon the developmentof theoreticaimodelsfor drainageandcoa-
lescenceffects[8, 9]. However, verificationandrefinemenbf thesemodelsdemandadditional
experimentalnvestigation.

Thesamplingheoreni10], well-known from signalprocessingestablisheaminimalsam-
pling time At, i.e. thetime betweentwo successie radiographexposuresto follow a contin-
uousprocessfrom one frameto the otherwithout information losses. In the caseof metal
foams,foamingcouldbe considereassuperpositiorof parallelprocessesunningwith differ-
entvelocities. Thereareslow processege.g. poreinflation and movement,foam expansion)



Figure 2. Examplesof metalfilms ruptures, i.e. coalescencevents(pointedby white arravs), where
(a)imagesequencef metalfoaming( d) differenceimageof successie frame.

and discontinuousabruptones(e.g. films ruptureswhich arefast[3,4]). We adaptthe ex-

perimentalconditionsin suchaway thatslow processearefollowed andcoalescencereaks
the samplingcondition. Consequentlycoalescenceventsaredeclaredaseventsviolating the
samplingtheorem.

For aradiograptsequencef N imagedakenattimest; = iAt wherei € {0,1,..., N —1},
we introducethe following measure$o quantifythe coalescencprocess:

e the coalescenceate a(t;) = a; = d;;+1/At is the eventareadensityd; ;,, (i.e. the
summedorojectedareaof detectedeventsbetweerframes: and: + 1 normalizedto the
totalimagearea)persamplingtime.

o theeffective integral coalescencel(t;) is definedasthe total areadensityof the events
overthetimeinterval [0, ¢;]: A(t;) = Ai = At Y 4 a;.

We developeda procedurdor detectingandmeasuringoalescenceventsbasedn signal
processingn Fourier domain. For two given successie imagesof a radiographsequence
S;, Si;11 we apply an algorithmbasedon recursve imagepartitioning. Accordingto the shift
theorem[10], signal shifting in the spatialdomainhasno impacton the amplitudespectra,
insteadhe phaseof thetransformedignalis altered.Thus,if thedifferencebetweeramplitude
spectraof partitionsof two successie framesis inferior to a predefinedhresholdl’, thenonly
local signaldisplacementook placeandthereforeit couldbe discardedrom furtheranalysis.
Otherwisethe partition is further divided (i.e. down to a predefinedsmallestpartition size)
andtheresultingsub-partitiongeevaluatedasabove. The eventareadensityd, ;, is obtained
by summingthe areasof thesesmallestpartitionsnormalizedto the imagearea. Finally, the
coalescenceateq(t) andintegral coalescencel(t) arecalculatedaspreviously defined.

In orderto testthe developedprocedurea simulationapproachwasused. For this we em-
poyedthe so-calledisolatedsoapbubble modelwherecollapsef bubblesaresimulatedin a
three-dimensiondBD) volumeusingaray-tracingalgorithm[11] anda subsequengstimation
of coalescenceatesfrom calculatedprojectedradiographs.The modelconsistof N bubbles
enclosedn a3dvolume. Thebubblesarerisingandat somepoint canburstanddisappearsee



Figure 3. Model of isolatedsoapbubbles: (a) 3D scene(b) simulatedradiograph(c) differenceof
successie frames(d) eventsdetectedy the developedimageanalysis.
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Figure 4. (a) Original eventsare projectedareaof collapsedoubblesA(t) versus(b) coalescenceate

a(t) for achoserthresholdT;, wherearrav pointsto the momentpresentedy Fig. 3(d). (c) Influence
of Poissomoiseof differentstrength(A = 5, 30) on coalescenceatemeasurements.

Fig. 3. Themodelparameterareabubbleensemble&3 = {by, b1, ..., by }, velocitiesdescribing
rising (v,) andbubblegrowth (vz), anda coalescenceolicy function P : t — 1, statingthat
bubbleb; € B disappearattimet.

Simulationresultsare presentedn Fig. 4. As original eventswe chosethe calculatedoro-
jectedareaof collapsedoubbles,seeFig. 4 (a), which is comparedwith the coalescenceate
a(t) determineddy our imageanalysison the projectionimagesequencekig. 4 (b). We see,
thatthe positionsandmagnitudef coalescenceventsarewell reproducedy evaluationof
the projectionimagesequence.

Additionally, we testedhealgorithm'srobustnessvith respecto imagenoise.Theoriginal
image sequencesvere intentionally corruptedby Poissonnoiseof different strength. Pixel
intensitiesarerecomputeds X

S(i,7) = S(1,7) + n(i, j)
wherethe noisevaluen(s, j) is distributedby the Poissorprobability massfunction Py (z) =
e_w# and ) is the meanand varianceof the distribution. Fig. 4(c) shavs coalescenceates

a(t) estimatedrom the corruptedimagesequenceln the case\ = 30 onerecognizesmall



Figure 5. Collapseof metalfilms leadingto coalescencef variousbubblesdetectedy real-timeradio-
graphyin two successie frames(a) and(b) of sampleA (SiC particlesof size63 ). Thedifference
imagewith enlagedregion(c)highlightsthechangedetweerthetwo frames.Imageanalysisyieldsthe
marked eventsasblackregionsin (d). Radiographyf sampleB (SiC particlesof size3 i) atthe same
foamingtimein (e).

artefactswhichappeadueto thestrongnoiselevel. Still asbeforewe seesignificantcorrelation
betweeroriginal (a) anddetectedc) events,especiallyfor suchof high magnitude.

The developedmethodwas appliedto radiographidmage sequencesf foaming metals.
Foamsamplesvereproducedoy the so-calledFORMGRIPprocesg12] which consistf the
productionof a precursomaterialandfoamingunderheattreatment.Thelatterwasin our case
performedwith simultaneouseal-timeradiography

In the precursompreparatiorstage,a gas-releasingplowing agent(TiH,) was mixed into
a re-meltedmetal matrix composite(MMC) by mechanicaktirring and subsequentlgooled
to far below the solidificationtemperature MMCs (AISi9Mg0.5/10w0I%SiC,) with different
sizesof silicon-carbideparticles(SiC) wereused.

In the following, samplesof the resulting precursormaterialswere baked in a furnace.
Thiswaspre-heatedo atemperaturef ~ 725°C, i.e. well above theliquidustemperaturg=
600°C) in orderto achieve a high sampleheatingrate.

As anexamplewe presentetailson two samplef size30 x 3 x 6 mm?, onewith SiC
particlesof meandiameterD = 63 um (sampleA), the otherwith D = 3 ym (sampleB). In
Fig. 5, two successie frameg|(a) and(b)] of theimagesequencareshavn for sampleA. The
differencemage(c) shavs appearindiquid in darker grey andvanishingliquid (mostly metal
films) in lighter grey thanthe background.The blackregionsmarkedon (d) correspondo the
detectedcoalescenceventsobtainedby the developedimageanalysis.

Resultsfor thetwo samplesaresubsumedn Fig. 6, i.e. thetemporalevolution of tempera-
ture measuredy thermocouplesvithin the sample foam expansion(a) andcoalescenceates
a(t) and A(t) (b, c), whereadditionallyarunningaverage(a)(t), i.e.

1 rt+T/2
@) == [ a(r)dr
T Ji

-T/2

over the time window 7' = 25 s is plotted. The temperaturesvolution of Fig. 6 (a) shavs
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Figure 6. Temperatur@andcomputedareaexpansiona) andcoalescenceeasuresf two samplesvith
differentmeansizesD of SiC particles for sampleA with D = 63 zm (b) andfor sampleB with D =
3 pum (c) (T: = 9000).

a comparableheatingratein the two samples. The areaexpansioncurvesare similar to the
expansionobsered by in-situ optical methodsinvestigatingthe external shapeof the foam,
e.g. asobtainedby laserbasedexpandometerslescribedn the following section. Evidently,
expansionstartsroughlywherethetransitionto theliquid stateoccurs(seearrov markingthe
temperaturalips correspondindo the latentheatof fusion). The expansioncurvessuggesta
similar foamingbehaiour of thetwo samplesn thefirst stageupto ¢t &~ 240s.

In contrast,n-situ radiographyof bothsamplesseeFig. 5 (a,e),andthe measuredoales-
cencereveal significantdifferencesbetweenthe two samplesseeplots of Fig. 6 (b, ¢). The
coalescenceatesq(t) indicatedifferencesn theevolution of theinternalfoamstructures.

For both samplesalreadysoonafterthe onsetof foam expansion first coalescencevents
aredetectedy the coalescenceatea(t). They have alow amplitudecorrespondingo asmall
radiographigrojectionarea.With proceedindoamingtime theeventstendto getlessfrequent
but higherin amplitudedue the fact that porestendto be larger. Therefore,at late stages,
individual film ruptureeventshave higherimpacton the foam structurewhich in somecases
evenchangesheexternalshape.

Comparinghetwo samplesve noticethatsampleA exhibitsahighercoalescenceatethan
sampleB, especiallyat the very beginning. The increasedslopeof the integral coalescence
A(t) indicatesthatalreadyduring early foam expansiona higherfraction of liquid metalfilms
collapses Accordingto theradiographof sampleA in statesof high expansion(factorsfrom
1 upto ~2.5in Fig. 6 (a), i.e. at similar expansionstagedo sampleB) the foam structureis
rathercoarse.Both, the increasectoalescenceate andthe obsenation of a coarsestructure
in theradiographsn presencef large particlesleadto the conclusionthatthosemetalfilms
tendto collapseatincreasedhicknesscomparedo meltspreparedvith 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, Duarteand Banharthave showvn [13] an approachfor the in-situ study of metal
foams. They usedan “expandometer|14] which is a device equippedwith a lasersensor
measuringthe displacemenbf the foam front during metal foaming. In their work the ex-

pansiorbehaiour wascomparedor differentexperimentakonditionsandprecursomaterials
suchasalloy composition pressingparameterdpamingtemperaturer heatingrate.

X-ray radiographycombinedwith imageanalysishasseveraladvantagever the method
presentecbove. Firstof all, radiographyoffersaninformationaboutinternalsamplestructure
duringfoaming. Applicationof automatedmageanalysison a 2d radiograptsequencallows
the computationof quantitatve propertieselatedto metalfoam structureandits evolution. It
cannotonly helpto analyzea displacemenof externalfoamshapeput alsoallows usto inves-
tigate materialflows inside foaming samplesvhich would highlight additionalaspectsabout
expansionforcesandtheir distribution, and, consequentlyaboutmetalfoaming processem
general.

The velocity field determinationalso known as optical flow computation,is one of the
fundamentaproblemsin imagevision, alreadyformulatedby Horn andSchunk[15] in 1981.
A goodsurwey of now existing techniquesanbefoundin Ref[16] .

One patrticularalgorithmtakes asinput a sequencef 2d radiographicprojectionimages
andcalculatesa velocity mapw(z, y, t). Eachvectoris composeaf averticalanda horizontal
componenti.e. v = (v;, vy). Sincethe gravitationalforceis actingalongtheverticaldirection
(i.e. parallelwith respecto foam expansion) the statisticalcharacteristicef the foamingpro-
cesonthesameverticallevel areexpectedo bethesame.Thisallows usto estimatea vertical
velocity component, averagedveranimagewidth w, = M Az, i.e.

1 we J
VylY,t) = — VT, y,t)ax
y(Y; 1) wy Jo y( Y1)
We introducea local expansiorrate
dv(y, 1)
F(y,t) = ,
(y,1) 9y

which can be understoodas velocity gradientin the vertical direction. The discretecaseis
implementedy

F(j,k) = (0(j — As/2,k) — (5 + As/2, k) [As,

whereAs is verticalsizeof the employeddifferentiationwindow.

The evaluationof the velocity mapsandlocal expansionratesenableghe investigationof
the temporaluniformity of the foaming process. For example,for one particularsampleof
17 x 5 x 6 mm? sizecomposedaf AlISi7 alloy mixedwith 0.5wt.-% TiH, powderasblowing
agentandfoamedatatemperaturef ~ 725 °C, atwo-stageaxpansiorphasewvasnoticedfrom



Figure 7. Selectedramesof aradiographysequencef afoamedAlSi7 sample:50 sec(a), 100sec(b),
150sec(c), 200sec(d) and400sec(e). Theentireradiographtsequenceonsistof 400imageswith 40
pm pixel sizetakenwith aframerateof ~ 1 Hz.

theradiographrsequencéseeselectedramesat differentexpansionstagesn Fig. 7): thefoam
sampleapproachinghe melting temperaturef the alloy startsto expandvery rapidly. After
reachinga certainheightits expansioncomesto a halt for a shorttime. Later, it continuests
growth, with acceleratingexpansionagain.

This behaiour can be analysedquantitatvely by the measureglefinedabove. The 2d
plot of Fig. 8 (a) represents velocity mapv,(y, t) asa function of vertical positiony and
foamingtime ¢. For this particularuniaxially compactedsample(expandingmainly in the
vertical direction[1]), a vertical cut throughthe plot at 80 sec,cf. Fig. 8 (b), shavs thatthe
upperfoamlayersaregrowving with highervelocitiesin comparisorwith lower ones(sincethe
upperlayersaredisplacedby expansionof the lower layersandthemselesare expandingat
the sametime). Anothercut, taken horizontallyfrom (a) aty = 100, illustratesa particular
velocity distribution during foaming, seeFig. 8 (c): the two distinct expansionstagesseen
from theradiographicsequencarereflectedoy two velocity peaksatfoamingtimes50 and90
seconds.

Examiningthe distributions of local expansionrates,Fig. 8 (d), we obsene light tracks.
They correspondo the fastexpansionof large bubbleswhich arerising dueto ongoingpore
inflation underneathAgain we obsene a two-stagexpansion:thefirst expansionperiodfrom
35secto 60sec largely reducedexpansiorratesupto 75 sec,andthe secondexpansiorperiod
from 75 seconwards. The strongdark-light contrastdrom 80 seconwardsstemmainly from
porecoalescence.

Thesetwo stagesof foam expansionarein agreementvith studiesof the decomposition
behaiour of the TiH, blowing agent[17,18]. The authorsshavedthat TiH, powderwithout
prior heattreatmentexhibits two decompositiorpeaks.Our resultscould be interpretedasan
effect of thetwo stageof gasreleasdrom the blowing agent.

4. SUMMARY

In summarymeasureweredefinedio quantifymechanismsifluencingthemetalfoamingpro-
cessfrom sequencesf projectionimages.Coalescencevasquantifiedin orderto investigate
foamdecay Local velocitiesallow usto characterizéoamexpansion.

An imageprocessingrocedurevasdevelopedto determinecoalescenceatesandwasap-
plied to synchrotrorradiography The reportedresultsgive evidenceof considerablydifferent
foam stability of metalmeltswith varyingmeanSiC particlesizesevenif macroscopi@xpan-
sionis similar. Comparingparticlesizesof 3 and63 um, for the latteronly aratherpoorfoam
guality with a few large porescanbe achiezed owing to a considerablyeducedstability of
films involving a badfoamability.
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Figure8. (a) Measuredwveragegrowth velocity 7, (y, t) with two sectionalongvertical(b) andtemporal
(c) axes.Distribution of local expansiorratesF'(y, t) (d).

A calculationof optical flow from radiographsequencesffers an estimationof the local
expansionratesduring foam formation. It providesus with information aboutmaterialflow
insidemetalfoamsandoffersan opportunityto analyzefoamingprocessefrom a novel point
of view. In additionto thequantitatveinvestigatiorof expansiornn generalthelocalexpansion
ratesare ableto shov non-uniformitiesin the chosensamplesj.e. regionswith stronglocal
expansionandsuchwith reducedexpansiorrates.
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