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Abstract. An experimentaprocedurés developedtio determinghescatteiof themacroscopic
toughnesof brittle materials First, samplesare precrackd to obtaina sharpprecrack.The
toughnesss thendetermineddy usinga standardhree-pointflexural test. Digital imagecor-
relationis usedto analyzedisplacementields of cracled samplesBasedupontheresolution
andthe spatialresolutionof the measuremertechniquea detectioncriterionis proposedand
validated.It allows for an accurateestimateof the cracktip locationso thatthe presencef
acrackandits sizeat arrestcanbe monitored.As an example,the toughnesdlistribution of
18 samplesmadeof silicon carbideis evaluated.By usinga simple macro-microtransition,
an analysisof the scatterin toughnesss relatedto thatin strengthfor the materialwith no

macrocracks.
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2 P. Forquinetal.

1. Introduction

Fracturgoughnesss usedextensvely to designfracture-safestructuresTest
methodsthat measurdracturetoughnesof materialsare necessaryor re-
liable designand accuratefailure analysis.For brittle materials,different
techniqguesanbe used[1, 2]. Onekey aspects relatedto the creationof
asharp(pre)crackin the material.Variousproceduresisenotchesmadeby a
diamondsaw, crackspropagatingrom prenotche®r indentationcracksfor
ceramicy3-5, 2]. For example,the SENB (i.e., single-edgenotchedbeam)
techniqueusesprenotchedeamsandthe toughnessssociatedvith a notch
maydiffer from thatof a sharpcrack[6].

To evaluatethe fracturetoughnesf a brittle material(e.g., a silicon
carbideceramic) asandwiched-beaiprecrackingechniquenaybeused7—
9]. This type of experimentalset-upallows oneto initiate a crackthat does
not propagateacrossthe whole sample.However, the arrestconditionsare
stronglydependentiponthefriction betweerthe beamstheir flexural rigidi-
ties,thenotchgeometryaswell asthevariationsof materialpropertiesaround
the notch. Furthermore,jt will be shavn that the load displacementure
hasno precisesignaturecorrespondingo the onsetof crackpropagationTo
controlprecrackingf thetestedbeami|t is proposedo monitorthe precrack
sizeby usingadisplacementield measuredby digital imagecorrelation.

Vision-basedechniquesave beenutilized to analyzecracksin homo-
geneousand heterogeneoumaterials[10]. For instance cracktip opening
angles[11] or cracktip openingdisplacement$12] can be measuredvith

avery goodaccurag by meansof digital imagecorrelation.ln mostof the

* to whomcorrespondencghouldbe addressedrax: +331 47 40 22 40.
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A Methodto Determinethe ToughnesScatterof Brittle Materials 3
experimentgeportedarandompatternwassprayedandthecrackwasvisible
on the pictures.In the presentcase,no surface preparations usedandthe
crackis notvisible. Consequentithereis a needto devise a detectioncrite-
rion that canbe usedduring a precrackingexperimentandonly be checled
a posteriori on a fracturedsurface. To achieve a good spatialresolution,a
farfield (or long-distance)nicroscopés usedto getaccesgo the onsetand
arrestof crackpropagatiorfrom a notch.

Section2 introducesthe experimentalprocedureusedto measurethe
toughnes®f brittle materials A sandwiched-beangchniques first usedto
precracka notchedbeam.lt is followed by a three-pointflexural teston the
precrackd sampleto determinethe toughnesof the testedspecimenThe
previous procedures appliedto a silicon carbideceramicin Section3. To
determingheonsetof cracking,a Digital ImageCorrelation(DIC) technique
is usedto measurehedisplacementield. It is shavn that,in thepresentase,
it is theonly reliableway. A criterionfor the locationof the cracktip is pro-
posedandvalidatedin a ‘blind’ configurationfor which no otherway exists
to locatethe cracktip. In Sectiond, the scatterof the macroscopitoughness
is determinedby meansof a Weibull distribution. By usinga simplemacro-
micro transition,it is shavn that classicalWeibull parameterselatedto the
variation of strengthcan be relatedto toughnessrariationsaswell as flaw

sizedistributionswithin thematerial.
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4 P. Forquinetal.

2. Experimental Procedure

To analyzethetoughnesscatterthe proposedxperimentalprocedureas di-
videdinto two parts.First,anotchedsamplds precrackdby usingasandwiched-
beamtechnique.To monitor the cracktip, the displacemenfield is deter
minedby usingadigital imagecorrelationtechniqueSecondtheprecrackd
sampleis subjectedo a three-pointflexural testto evaluatethe toughness.
By repeatinghe experimentsandby carefully minimizing the experimental

uncertaintiesananalysisof thetoughnesscattercanbe performed.

2.1. SANDWICHED-BEAM TECHNIQUE FOR PRECRACKING

The principle of an SB testconsistsin insertinga notchedbar (N) between
two steelbars(A andB, seeFig. 1-a). The sandwichassemblyis thenloaded
in three-pointlexure.If P denoteghe appliedloadandL the outerspan the

momentMy in thenotchedbeamis expresseds

_PL (EDn
M =2 (ENa+ (El)n+(EDB’ @)

where(El ), (El)n, (El)g aretheflexuralrigidities of thethreebeamsE the
Youngs modulusand| the momentof inertia. By usingthis approachthe

notchedbeamN canbe consideredhsbeingloadedin three-pointflexure by

anapparentoad Py
(Eln
=P , 2
sothatthe stresgntensityfactorcanbe evaluatedas
PuL
K=——5n(a,L/wn), ®3)
b|\|W§|/2
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A Methodto Determinethe Toughnes$catterof Brittle Materials 5

wherethe function n dependsn the normalizedcracksizea = a/wy and
spanL /wy [13], wy is theheightof thenotchedbeamandby thecorrespond-
ing width (Fig. 1-a).Figurel-b shavs anexampleof the stresdield obtained
by FE simulations.The averagestressfield Gjj (i, j = 1,3) in the beamsis

definedby
_ 1 rb/2
ii(ey) = [, , 006wz @

Thestresso1; is very closeto thatobseredin three-poinflexure. The aver-
agestresdield 6, shavsthatcontacts likely to occuroverthewholesurface
eventhoughthe Youngs modulusof the notchedbar is greaterthanthat of
thetwo outerbeams.

Fromthe FE computationspnecandeterminghe stressntensityfactor
The meshusedwasfirst validatedon a precrackd beamfor which a well-
known expressiorexistsfor the stressntensityfactor[13]. Numerically the
latteris evaluatedby usingthe J-integral or thesquare-rootlependencef the
displacementield. Both methodsyield errorslessthan2% whencompared
to Egn.(3). Thesamenumericaltechniquesireusedin the SB configuration.
Figure2 shavsthechangeof thestressntensityfactorK with thenormalized
cracksizea = a/wy for two valuesof theratioro definedby [2]

(Ela+(El)g

Eno (6)

o=

where (El)no denoteghe flexural rigidity of the unnotchedsample.When
ro=6.3 (i.e,, ba =bg =9 mm, by = 3 mm, wa = 5.5 mm, wg =7 mm,
Wy =5 mm, Ea = Eg = 210 GPa, Ey = 410 GPa), the resultis compared
with FE simulationsn which differentfriction coeficientsof thecontactsur
facesbetweenthe beamsare consideredWith frictionlesssurfaces the two

calculationsareclose.However, whenthe friction coeficient of the surfaces
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6 P. Forquinetal.
increaseghestressntensityfactordecreased hisis causedy adecreasef
thecrackmouthopeningdisplacemenin thenotchedspecimenTheseresults
shaw thatif oneassumes constantoughnessstablecrackgronth canoccur
sincethereexistsarangeof nggative valuesof thederivative of K with respect
toa (whena > a*). FurthermoreFig. 2 shavs thatdependingn thefriction
coeficient, which is generallynot well known, the generategrecracksize
can be different sincea* dependson f andrg. Thesecomputationgrove
thatthe evaluationof the stressntensityfactorof the precrackis notaneasy
taskwhenthelocationof its tip is notknown preciselyLast,in thefollowing
applicationavalueof a = 0.4+ 0.05is choserfor thenotchsothatcracking
is likely to be stablefrom the onseton (a* = 0.3, seeFig. 2).

Figure 3 shaws the experimentalset-upusedto precrackceramicsam-
ples.Threestepsare neededo preparea precrackingexperiment.First, the
supportarmis insertedbetweerthe supportandloadingsystemsTheloading
systemis moved downwardsto touchthe supportarm. Thelatteris centered
with respecto theloadingsystemthanksto a V-shapedyroove. The support
systemis alignedwith respecto the supportarm by anindex. Secondthe
threebeamsareputbetweertheloadingandsupportsystemsandoneof their
surfacesis in contactwith the supportarm sothattheir mid-planecoincides.
Third, two sliding blocksareusedto move thethreebeamsalongthe support
arm.An aperturein the supportarm, throughwhich beamsof light traverse,
allows oneto bring the notchmi-planein coincidencewith the axis of the
loadingsystem An uncertaintylessthan+30 um is achieved.

The load level is increasedby stepsof 200N up to 1000 N, then by
smallerstepsof 50 N. Thanksto the holedrilled in the supportarm, along-

distancemicroscopeis usedto obsere a small zone aroundthe notchto
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A Methodto Determinethe Toughnes$catterof Brittle Materials 7

detectthe onsetof cracking.By acquiringpicturesat eachload level and
usinga chage-coupleddevice (CCD) camerajt is possibleto determinethe
in-planedisplacementield by matchingdifferentzonesof two pictures[12].
The simplestimage-matchingrocedures cross-correlationywhich canbe
performedeitherin the physicalspaceg14, 15] or in Fourier space/16—-18].
It consistsin looking for the maximumcorrelationbetweensmall zonesin
the ‘deformed’ andreferencamages.The translation which correspondso
the maximumcorrelation,canthusbe extractedfor differentpositionsof the
zoneof interest.The extensve useof FastFourier TransformgFFT) is very
effective in reducingthe computationcost. For 8-bit images,sub-pixl reso-
lution canbe achieved andvaluesaslow asafew hundredthof onepixel are

foundby usingthe CORRELIMT software[19, 20].

2.2. THREE-POINT FLEXURE FOR TOUGHNESS MEASUREMENTS

Oncethesamples precrackd,theexperimentis stopped Thetwo beamsare
removed andthe sampleis repositionedn the setupby following the same
procedureasbefore.By knowing the cracksizea (by opticalmicroscoy of

the fracturedsurface)and the maximumload level P; (recordedduring the

experiment),onecandeterminehe correspondingoughnes¥.

P.L
Ke = ——=n(a,L/wy). (6)
c bNWﬁI/Z ( / N)

If thistypeof proceduras repeatedpnecanstudythescattelin toughnessit

is believedthatthenumerousxperimentaprecautiongnableusto minimize
the scatterrelatedto all the handlingof the sampleand more specifically
the positionof its axis with respecto that of the testingmachine.lt canbe

notedthat this type of procedures applicableto ary brittle material, pro-
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8 P. Forquinetal.

videdthesizeof the samplés consistentvith thatof the underlyingmaterial

microstructure.

3. Application to a Silicon Carbide Ceramic

The previous experimentalprocedurds now usedto analyzethe toughness

scatterof silicon carbidesamples.

3.1. STUDIED MATERIAL

The materialexaminedherein,called SiC-100and madeby Céramiques
CompositegFrance),is naturally sintered.The powvder is pressecandthen
heatedo 2000 C. During processingsmallquantitiesof boroncarbide(B4C)
are addedto improve sintering. The porosity was evaluatedby Riou [21]
andis of the orderof 1.8%. The averagegrain sizeis equalto 5 ym. The
microstructureof the ceramicalsoinducesmportantconsequenceaggarding
3-point flexural tests.The behaior of ceramicsunder ‘tensile’ loading is
elastic,brittle andscatteredn termsof ultimatefailureload. Flaws initiating
failurewereidentified. Theseflaws arefoundby following hacklesgenerated
by transgranulafractureand by looking for the mirror zonethat surrounds
theflaw. The flaws generallyobsered aresinteringdefects(Fig. 4), the size
of which canbe sub-micrometri@ndashigh asa few tensof micrometers.
The typical size of the microstructurds micrometric. Therefore when
artificial cracksare at leastof millimetric size,a macroscopievaluationof

the stresdntensityfactorcanbe performed.Theresultsderivedin Section2
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A Methodto Determinethe Toughnes$catterof Brittle Materials 9

canbeused.Themeasurementserformecdhereincorrespondo macroscopic

evaluationsof thetoughnesandits scatter

3.2. DETECTION OF THE CRACK TIP LOCATION BY DIC

One way of determiningthe onsetof propagationis to monitor the load
level asafunctionof theloadingparametefe.g., thecrossheadisplacement
or time). Figure 5-a shawvs the changeof load with time for a monotonic
crossheadlisplacemenbf 10 ym/min during the precrackingexperiment.
Only a very smallload drop (i.e.,, 2 N to compareto a level of morethan
1000N) canbe obsered. This dropis comparabldo the measuremerftuc-
tuations(seezoomof Figure5-a). Consequentlythistechniques notreliable
enoughto detectthe onsetof crackpropagation.

An alternatve route consistdan observingoneof the lateralsurfacesof
the beamby using a long-distancemicroscope(QUESTAR QM100). This
is madepossibleby the hole drilled in the supportarm (Fig. 3). The main
adwantageis thata microscopiaesolutioncanbe achiezedfrom alongerdis-
tancethancorventionalmicroscopesilt allows the userto work at distances
of 15 cm to 35 cm from the surfaceof interest.Valuesassmallas1.1 ym
separatiortanberesohedat 15 cm from the surface. This type of technique
was successfullyusedto detectthe cracktip in a 2024-T3aluminumalloy
with an artificial pattern[11, 12]. A brightfield illumination is usedin the
presentaseandno specialsamplepreparations neededAt thesemagnifica-
tion levels,the surfaceroughnesprovidesenoughvariationssothatspeckles
appearFigure5-b shawvs a picturetaken whenthe load drop wasobsered.

No crackis visible evenwith the highestmagnification.
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10 P. Forquinetal.

Figure6 shaws the displacementields obtainedfor the sameload level
(i.e., P = 1050N). By usingthe contoursof the displacementi;, the crack
opening(i.e., thedisplacementliscontinuity)canbe seenclearly In particu-
lar, it canbe statedthatthe onsetof crackpropagatioroccurredprior to the
load level P = 1050N. The analysisof animagetakenwhenP = 1010N
doesnotshawv ary discontinuity By usingthe presenbbsenations,theonset
of crackpropagatioroccurredfor aload level greaterthan1010N andless
than1050N. It canalsobe concludedhattheloaddropobseredin Fig. 5-a

is probablyrelatedto the sameevent.

3.3. DETECTION CRITERION

Thelocationof the cracktip requiresthe userto choosea detectiorcriterion.
Thisis not aneasytasksincethe displacementontoursdependon the mag-
nitude of the displacementFigure 7 shawvs u;-displacementontoursusing
two differentdisplacementangedor the sameaveragedisplacement.
Thefirst stepof the analysisconsistdn evaluatingthe resolutionof the
DIC techniqueThisis performedby usingthereferencepictureof theexper
imentandprescribingartificially a sub-pidel displacementherein the (hori-
zontal) 1-directionsincethe crackis orientedpreferentiallyalongthe (verti-
cal) 2-direction.A linearinterpolationis usedto evaluatethe pixel graylevel
of theperturbedcase Figure8 compareshedisplacemengvaluationgor dif-
ferentsizesof theinterrogationwindow. The shift betweenwo neighboring
centerds identicalto the lengthof awindow sothatthereis no overlapping.
Thehigherthe window size,the moreaccuratehe displacemenévaluation.

However, thedisplacementield is lessresohed spatially In the presentase,
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A Methodto Determinethe ToughnesScatterof Brittle Materials 11

a goodcompromisds given by a sizeequalto 32 x 32 pixels for which an
RMS resolutionlessthan 0.045pixel is obtained(a 64 x 64 pixel ZOI has
an RMS resolutionlessthan0.033pixel). A shift betweentwo consecutie

ZOls equalto 16 pixels is chosen.Basedupon the previous study a dis-

placementangeis setat 0.1 pixel, which is a good compromisebetween
thedisplacementesolutionandthe spatiallocationof the cracktip. With the

useof along-distancenicroscopel pixel correspondo 1.85um andacrack
openingof theorderof 80 nm canbe measuredvith agoodaccurag.

Figure 9-a shavs that the contoursof the displacementperpendicu-
lar to the crackfaceare horizontalwhenthe cracktip is abore the consid-
eredline. This is confirmedby FE computationshavn in Fig. 9-b. Conse-
qguently it is proposedo detectthe cracktip by looking at the contoursof
up-displacementandfinding the point wherethey areno longerparallelto
the 1-direction.To detecta crack (i.e., a discontinuityin the displacement
field), the minimum distancebetweentwo measuremenpoints hasto be
equalto the size of the ZOI (e.g., 32 pixels) so that no overlappingoccurs
augmentedoy one shift (e.g., 16 pixels) betweentwo neighboringcenters
to avoid thatthe crack mouthsare within the consideredZOls. In termsof
cracktip location,let ususethe classicablanestresssolutionexpressinghe
neartip displacementield when the stressintensity factor is equalto the
toughnes¥.. Undertheseassumptionghedisplacementliscontinuityd; in

the 1-directionis givenby

61:2u1(r:d1/2,6:n/2):E—;\/(ZI;[B—VN), (7)

whered; /2 is theminimumhorizontaldistanceof two symmetricpointswith

respecto the cracktip (e.g., 32 + 16 pixels or 90 um in the presentcase),
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12 P. Forquinetal.
vy the Poissors ratio of the uncracled sample A valuefor 6, equalto 0.04
pixel is found, and correspondgo the point wherea first andfifth consec-
utive contoursarestill horizontalwhena displacementangeof 0.1 pixel is
chosenandK = K. It canbe notedthat the latter is compatiblewith the
resolutionof the technique Furthermorethe shift betweentwo consecutie
centerscorrespond$o an upperboundof the uncertaintyon the locusof the
cracktip alongthe 2-direction.A valueof the orderof 30 um (or 16 pixels)
is obtained Thereforetherelevantcracksizesto considelis millimetric (i.e.,
macroscopicyothattherelatve lengtherrorAa/a is lessthan3% sothatthe
relative toughnes®rror AK:/K. inducedby anerrorin cracklocationis less
than1.5% by usingthe presentechnique This analysisshavs thatDIC is a
viableway of locatinga crackwhenno othermeansareat hand.The square
root dependenc®f the displacementield [Eqn. (7)] allows for a precise
locationof thecracktip with a sub-pixel correlationalgorithm(Fig. 9).

Following precrackingexperimentsthe samplesare loadedin a clas-
sical three-pointflexural test with the samepositioning arm. Contrary to
corventional SENB techniquesthere exists a sharpprecrack.To analyze
the robustnesof the whole experimentalprocedurethe displacementor-
respondindo arrestin aprecrackingexperimentis comparedo thatobtained
subsequentlat the onsetof crackpropagatiorin theflexural test.Figure 10
compareshetwo displacementields. Onecannotea goodreproducibilityof
thecracklocationfor loadlevelssignificantlydifferent(namely F = 1200N
in the SBtest,andF = 311 N in thesubsequertest).

By increasinghe displacementange,an evaluationof the COD is car
ried out. Figure 10 shaws the contoursallowing for the cracklocation.From

this first analysis the displacementangeis quadrupledFig. 11-a)andat a
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A Methodto Determinethe ToughnesScatterof Brittle Materials 13

distancefrom the cracktip of the orderof 0.6 mm, the measuredCOD is
equalto 0.6 ym to comparewith a computedvalue of 0.65 um. This result
is in agreementvith a resolutionof the order of 60 nm. The whole COD
profile canbe evaluatedfollowing the sameapproachFigure 11-b shawvs a
good agreemenbetweenmeasuredand predicted(by FE analyses)CODs.
This information canalsobe usedto evaluatethe cracktip locationandthe
stressintensity factor By using the classicalexpressionfor the COD [[u]

underaplanestresscondition,

o = 25/ ®

wherer is thedistanceof thecurrentpointwith respecto thecracktip, avalue
of K = 2.90+ 0.05 MPay/m is obtainedanda positionx, = 3.25+ 0.01 mm.
It canbenotedthatthepositionis determinedvith a similar accurag aswith
the previoustechnique.

Last,whenthesamplds broken,theanalysiof thefracturedsuriace,al-
lowsusto fully validatethedetectiorcriterion.Figure12 comparesheevalu-
atedcracklengthattheendof theprecrackingxperiment(i.e., (a—ap) /Wn =
0.186,wherea is the currentcracksize,andag is theinitial notchsize)and
thatdeterminedrom afractographimbsenration(i.e., (a—ap) /wy = 0.191).
Thereis asmallunderestimatiothatis in agreemenivith thea priori predic-
tions. Thedetectiorncriterionis consideredo bevalidatedandis now usedto

studythetoughnes®f SiC-100.
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14 P. Forquinetal.

4. Toughness Scatter of SIC-100

In the presentsection,the toughnesscatteris analyzedandthenrelatedto

thatobseredwith a classicaWeibull modelwrittenin termsof strength.

4.1. STATISTICAL ANALYSIS

Thanksto all thetestsperformedn the previous section,t canbe statedthat
thescattelinducedby whole experimentalbrocedurdas minimal, andif there
exists a scatterin toughnessvalues,it is likely to be representate of the
materialcontainingsharpmillimetric (i.e., macroscopickracks.18 different
experimentswere performedandthe toughneswaluesare put in ascending

ordersothatfor thei-th value,the cumulative probability P, is expresseds
P=_-— €)

whereN is the total numberof experimentslf the cumulatie probability P
is modeledby a Weikull law [22], it is corvenientto plot the resultsin a so-
calledWeihull plot [23] in which the abscissas the naturallogarithmof the
toughnessndtheordinateis In(— In(1— R)) sothattheslopeis the Weihull

modulusn andtheinterceptis the scaleparameteKg (Fig. 13) of the bestfit

G
ooreo] (1)

In thepresenexperimentstheWeikull parameteraren= 24,Ko = 2.9 MPa,/m

. (10)

andtheaveragetoughnes¥_ is expresseds

_ 1
Ke = Kol (1+ ﬁ> = 2.85 MPay/m, (11)
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A Methodto Determinethe ToughnesScatterof Brittle Materials 15
whererl is the Euler (gamma)function of the secondkind [24]. The aver
agefound hereis in good agreementith valuesreportedby Merkel and
Messerschmidf25], and Riou [21]. The correspondingtandarddeviation

Kcis givenby

ﬁC:KO\/r <1+§> —r2 (1+%> = 0.15 MPay/m. (12)

The coeficient of variation fC/KC is of the order of 5% so that the one-
percentresolutionon the toughnessneasurementis neededn the present

case.

4.2. MACRO-MICRO TRANSITION

In thefollowing, a simplemacro-micraransitionis performedwhenconsid-
eringthetoughnesslistribution. Eventhoughthemacroscopitoughnesgan
be the resultof weakor strongpinning regimes[26—29],it is assumedasa
firstapproximationthatthetoughnesslistribution atthe scaleof thesintering
flaws is identicalto the one measuredor macroscopicracks.For a brittle
ceramicwith no macroscopicracksits failureis causedy sinteringdefects
(Fig. 4), which arerandomlydistributed. The latteraremodeledascracksof
radiusa perpendiculato the local maximumprincipal stressdirection(i.e.,
the consideredequivalent stresso* is the maximum principal stress).The

stressntensityfactorK of thesemicroscopicacracksis written as
K=Yo*va (13)

whereY is a dimensionlesparameteiaccountingfor the approximationof
the defectgeometryas well as the fact that the grain size (i.e., 5 pm) is

only slightly lessthanthe typical sinteringflaw size (i.e., 15 ym). For the
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16 P. Forquinetal.
consideredsiC-100ceramic the averagefailure stressn three-pointflexure
is equalto 370 MPa (Tablel) for sampleswith no macroscopicracksand
with the samesize as thosetestedherein. For a meantoughnessqualto
2.85MPay/m [seeEqn.(11)], avalueof Y ~ 2 is obtained.

For sampleswith no macroscopiccracks,there are two uncorrelated
sourcesof scatter namelythe flaw size distribution (describedby a proba-
bility densityfunctionh) andthatcorrespondingo thetoughnesslistribution
[Egn. (10)]. Thefailure probability P=g of arepresentate domainQg canbe

written as
Pro— | a(Koh(a) dKc da, (14)
De

where D is the setof critical defects(i.e., Yo*y/a > K) andg the proba-
bility densityfunctionassociatedo G (i.e., g(K¢) = dG/dK¢). Following the
hypothesiamadeby Jayatilakaand Trustrum[30], the flaw size distribution

h is approximatedyy a power law function for large sizes(i.e., the wealest

links) .
h(a) ~ % (%) , (15)

wherep, kK andag arematerial-dependemarametersSincetheflaw distribu-
tion is only describedor large sizes[Eqn. (15)], theintegrationof Egn.(14)
is first performedwith respecto the flaw sizea, andthenthe toughnes¥,

sothatafirst ordersolutionis givenby

[n—Z(np—l)

w\\ 2(p—1)
Pro ~ KT (<°>> o (16)

S

whereY S /a9 = Kg is the scaleparameterelative to a referenceoughness

Ko [Eqn. (10)] and defectsize ag [Eqn. (15)], (e) the Macaulg braclets
(i.e., the positive partof e). Within the framavork of thewealestlink statis-

tics [31], the failure probability P- of a domainQ can be expressedas a
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A Methodto Determinethe Toughnes$catterof Brittle Materials 17

functionof P=g

e = 1 exp o [ In{1—Frof) o], a7

wherel/Aq is thevolumeof thedomainQg. Whencombinedwith Eqn.(17),
Eqn. (16) corresponds$o a Weikull law [23] in termsof strength,wherethe
Weibull modulusmis equalto 2(p— 1)

Pe~ 1—exp [—onr [1-?][)(@)%4. (18)

Equation(18) allows oneto relatethe classicaWeibull parametersi.e., for
the strengthdistribution) to the flaw size distribution [Egn. (15)] and that
in toughnesqEqn. (10)]. Whenm < n (i.e., the scatterin failure stressis
moreimportantthanthatin toughness)Eqns.(16) and (18) shav that the
scatterin termsof failure stressis dominatedby that relative to the defect
sizedistribution. The toughnesscatterinducescorrectionsby the presence
of thel” function,whichis definedaslongasn—m> 0.
Themechanicapropertiesof SiC-100ceramicsarereportedin Tablel.
The presencef sinteringflaws inducesa low averagefailure strengthanda
low Weibull modulusm. Consequentlythe casem < n appliesand for the
SiC-100ceramicstudiedherein,the scatterin strengthis dominatedby that

associateavith the flaw sizedistribution of sinteringdefects.

5. Summary
An experimentaproceduravasdevelopedto analyzethe macroscopi¢ough-

nessof a brittle material. A precrackingset-upwas designedto allow for

optical obsenations during the experimentso that the onsetand arrestof

PFYCLRFH rev.tex; 15/11/2003; 10:58; p.17
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crackingcan be monitoredby usingdigital imagecorrelation.The latter is

the only means,in the presentcase,to accuratelydeterminethe load level

at propagatiorinceptionthanksto the sub-pixel resolutionof the technique.
Coupledwith a long-distancemicroscopethe resolutionin displacements

of the orderof 60 nm for an8-bit CCD cameraBasedon anFFT correlation
algorithm,the computationtime is lessthan one minute on a standardPC,

therebyenablingfor quasi-reatime evaluationsof displacementields.

Crackdetectionaswell ascrackpropagatiorandlocationarealsomade
possible.By usingthe proposeddetectioncriterion, the crack location can
be determinedwithin a rangeof 30 um when usedin the analysisof the
toughnessf a silicon carbideceramicfor which it can be evaluatedwith
anaccurag of 3 x 10-2 MPa,/m. Thisresolutionallows usto concludethat
the macroscopidoughnesdlistribution is scatteredvith a Weilhull modulus
atleastequalto 24.

By usingthemacroscopitoughnesslistribution, andassuminghatit is
representate of the scatterat the scaleof the defectsleadingto the failure
of SiC ceramicsijt is shavn thatthe scatterin failure stresss dominatedoy
thatof the defectsizedistribution asopposedo thatof thetoughnesbecause
the Weibull modulusof the toughnesdglistribution is greaterthanthat of the
failure stressesThis analysisalso shavs that, in the presenceof a double
sourceof scatter(hamely defectsize andtoughnesdlistributions), the only
knowledgeof the strengthWeikull parametergjivesstatisticalindicationson
the mostscatteredf the two populations.This first analysismay be com-
pletedby othermicro/macraoughnessransitiongseeg.g., Refs.[29, 32]) to

accounffor toughnesscatterat the scaleof the defectdeadingto thefailure.
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Table I. Mechanicalpropertiesof a SiC-100

ceramic(afterDenoualandRiou [33]).

23

Youngs modulusk (GPa) 410
Poissorsratiov 0.15
Density 3.15
Porosity 1.8%
Weibull modulusm 9.6
Meanstrength(MPa) 360
Effective volume(mm?) 1.25
Numberof samples 65
Typeof test 3-pointflexure
Forquinetal.
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Figure 1. a-Schematicand main dimensionsof a sandwiched-beangeometry b-Average
stresdfields obtainedby FE simulationswhen f = 0.3,F = 2000N,a = 0.4 for a magnified
deformedshapgba = 9 mm,bg = 9mm, by = 3 mm,wa =5.5mm,wg = 7 mm,wy =5mm,

Ea = Eg = 210GPa,En = 410GPa).
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Figure 2. Stressintensityfactorvs. dimensionlesgracklengthfor differentconfigurations.
TheFE analysegFEA) usedifferentfriction coeficients f of thesurfacesbetweerthebeams.

Theverticaldashedinesdepicttherangeof notchsizeschosenn the presenstudy
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Loading system

Left sliding
block

Upper beam

Sample
Lower beam

Support system

Figure 3. Set-upfor a sandwiched-bearexperimentto precrackceramics.For the sale of
clarity, the right sliding block hasbeenremoved. The explodedview with no sliding blocks

shavs the geometricdetailsof the supportarm.
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Figure 4. Micrographof atypical sinteringdefect(dashecircle)in a SiC-100ceramic.

Forquinetal.
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Figure 5. a-LoadP vs.timet for a ceramicsample(rg = 3.6, 0 = 0.41). b-Picturetaken at

theonsetof crackpropagatior(P = 1050N). No crackis visible, evenat high magnification.
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Figure6. Displacementontoursof thehorizontaldisplacementi; measuredby digital image

correlation(ZOl size: 64 x 64 pixels, ZOI shift: 16 pixels) whenP = 1050N in an SB test

(ro = 3.6). Thecrackis locatedinsidethedashectircle.
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Figure 7. Contoursof the horizontal displacemenu; measureddy digital image correla-
tion (ZOlI size: 32 x 32 pixels, ZOI shift: 16 pixels) for two differentdisplacementanges
(P=1200N) in anSBtest(ro = 3.6): a-0.1pixel +— 0.185um, b-0.4pixel +— 0.74 pm.
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Figure 8. Measuredss. prescribedlisplacements; for differentsizesof ZOls. TheZOl shift

is equalto thelengthof the ZOlI.
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Figure9. a-Contourf thehorizontaldisplacementi; measuredby digital imagecorrelation
(ZOlI size: 32 x 32 pixels, ZOI shift: 16 pixels) in an SENB test(P = 311 N, rg = 3.6).
b-FE simulationof the horizontaldisplacementor the samecracksizeandloadlevel (1 pixel

+— 1.85um).
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Figure 10. Contoursof the horizontaldisplacementi; measurecy digital imagecorrela-
tion (ZOI size: 32 x 32 pixels, ZOlI shift: 16 pixels) when: a-thecrack hasstoppedin the
SB experiment(P = 1200 N), b-prior to failure during the three-pointflexure experiment

(P=3L1N).
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Figure 11. a-Contourf the horizontaldisplacementi; measuredy digital imagecorrela-
tion (ZOl size:128x 128 pixels, ZOlI shift: 32 pixels) for a higherrange.The positionof the
cracktip was deducedrom the analysisof Fig. 10. b-COD [u;] obtainedby DIC and FE
analysisof anSENBtest(P = 31.1 N).
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Figure 12. a-Precraclsize(a/wy = 0.646) obtainedfrom the contoursof the horizontaldis-
placementu; measuredy digital image correlation(ZOl size: 32 x 32 pixels, ZOI shift:

16 pixels).b-Post-mortenevaluationof the precracksize(a/wy = 0.651).
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Figure 13. Weihull plot of the toughnessdistribution and best fit for n = 24 and
Ko = 2.9 MPa,/m.
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