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Abstract. An experimentalprocedureisdevelopedtodeterminethescatterof themacroscopic

toughnessof brittle materials.First, samplesareprecracked to obtaina sharpprecrack.The

toughnessis thendeterminedby usinga standardthree-pointflexural test.Digital imagecor-

relationis usedto analyzedisplacementfieldsof crackedsamples.Basedupontheresolution

andthespatialresolutionof themeasurementtechnique,adetectioncriterionis proposedand

validated.It allows for an accurateestimateof the cracktip locationso that the presenceof

a crackandits sizeat arrestcanbemonitored.As anexample,the toughnessdistribution of

18 samplesmadeof silicon carbideis evaluated.By usinga simplemacro-microtransition,

an analysisof the scatterin toughnessis relatedto that in strengthfor the materialwith no

macrocracks.

Keywords: Crackopeningdisplacement,Digital imagecorrelation,Probabilitiesandstatis-

tics,Sandwiched-beamtechnique,SiC ceramic,Single-edgenotchedbeam

Abbreviations: COD – Crackopeningdisplacement;DIC – Digital imagecorrelation;SB –

Sandwiched-beam;SENB– Single-edgenotchedbeam;SiC – Siliconcarbide
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2 P. Forquinet al.

1. Introduction

Fracturetoughnessis usedextensively to designfracture-safestructures.Test

methodsthat measurefracturetoughnessof materialsarenecessaryfor re-

liable designand accuratefailure analysis.For brittle materials,different

techniquescanbe used[1, 2]. Onekey aspectis relatedto the creationof

asharp(pre)crackin thematerial.Variousproceduresusenotchesmadeby a

diamondsaw, crackspropagatingfrom prenotchesor indentationcracksfor

ceramics[3–5, 2]. For example,theSENB (i.e., single-edgenotchedbeam)

techniqueusesprenotchedbeamsandthetoughnessassociatedwith a notch

maydiffer from thatof asharpcrack[6].

To evaluatethe fracturetoughnessof a brittle material(e.g., a silicon

carbideceramic),asandwiched-beamprecrackingtechniquemaybeused[7–

9]. This type of experimentalset-upallows oneto initiate a crackthat does

not propagateacrossthe whole sample.However, the arrestconditionsare

stronglydependentuponthefriction betweenthebeams,their flexural rigidi-

ties,thenotchgeometryaswell asthevariationsof materialpropertiesaround

the notch.Furthermore,it will be shown that the load displacementcurve

hasno precisesignaturecorrespondingto theonsetof crackpropagation.To

controlprecrackingof thetestedbeam,it is proposedto monitortheprecrack

sizeby usingadisplacementfield measuredby digital imagecorrelation.

Vision-basedtechniqueshave beenutilized to analyzecracksin homo-

geneousand heterogeneousmaterials[10]. For instance,crack tip opening

angles[11] or crack tip openingdisplacements[12] canbe measuredwith

a very goodaccuracy by meansof digital imagecorrelation.In mostof the�
to whomcorrespondenceshouldbeaddressed.Fax:+331 4740 2240.
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A Methodto DeterminetheToughnessScatterof Brittle Materials 3

experimentsreported,arandompatternwassprayedandthecrackwasvisible

on the pictures.In the presentcase,no surfacepreparationis usedandthe

crackis not visible.Consequently, thereis a needto devisea detectioncrite-

rion that canbe usedduringa precrackingexperimentandonly be checked

a posteriori on a fracturedsurface.To achieve a goodspatialresolution,a

far-field (or long-distance)microscopeis usedto getaccessto theonsetand

arrestof crackpropagationfrom anotch.

Section2 introducesthe experimentalprocedureusedto measurethe

toughnessof brittle materials.A sandwiched-beamtechniqueis first usedto

precracka notchedbeam.It is followed by a three-pointflexural teston the

precracked sampleto determinethe toughnessof the testedspecimen.The

previous procedureis appliedto a silicon carbideceramicin Section3. To

determinetheonsetof cracking,aDigital ImageCorrelation(DIC) technique

is usedto measurethedisplacementfield. It is shown that,in thepresentcase,

it is theonly reliableway. A criterionfor thelocationof thecracktip is pro-

posedandvalidatedin a ‘blind’ configurationfor which no otherway exists

to locatethecracktip. In Section4, thescatterof themacroscopictoughness

is determinedby meansof a Weibull distribution. By usinga simplemacro-

micro transition,it is shown that classicalWeibull parametersrelatedto the

variationof strengthcanbe relatedto toughnessvariationsaswell asflaw

sizedistributionswithin thematerial.
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4 P. Forquinet al.

2. Experimental Procedure

To analyzethetoughnessscatter, theproposedexperimentalprocedureis di-

videdinto twoparts.First,anotchedsampleisprecrackedbyusingasandwiched-

beamtechnique.To monitor the crack tip, the displacementfield is deter-

minedby usingadigital imagecorrelationtechnique.Second,theprecracked

sampleis subjectedto a three-pointflexural test to evaluatethe toughness.

By repeatingtheexperimentsandby carefullyminimizing theexperimental

uncertainties,ananalysisof thetoughnessscattercanbeperformed.

2.1. SANDWICHED-BEAM TECHNIQUE FOR PRECRACKING

The principle of an SB testconsistsin insertinga notchedbar (N) between

two steelbars(A andB, seeFig. 1-a).Thesandwichassemblyis thenloaded

in three-pointflexure.If P denotestheappliedloadandL theouterspan,the

momentMN in thenotchedbeamis expressedas

MN
� PL

4

�
EI � N�

EI � A � �
EI � N � �

EI � B � (1)

where
�
EI � A � � EI � N � � EI � B aretheflexural rigiditiesof thethreebeams,E the

Young’s modulusand I the momentof inertia. By usingthis approach,the

notchedbeamN canbeconsideredasbeingloadedin three-pointflexureby

anapparentloadPN

PN
� P

�
EI � N�

EI � A � �
EI � N � �

EI � B � (2)

sothatthestressintensityfactorcanbeevaluatedas

K � PNL

bNw3� 2
N

η
�
α � L � wN � � (3)
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A Methodto DeterminetheToughnessScatterof Brittle Materials 5

wherethe function η dependson the normalizedcracksizeα � a� wN and

spanL � wN [13], wN is theheightof thenotchedbeamandbN thecorrespond-

ing width (Fig. 1-a).Figure1-bshowsanexampleof thestressfield obtained

by FE simulations.The averagestressfield σi j (i � j � 1 � 3) in the beamsis

definedby

σi j
�
x � y� � 1

b

	 b� 2
 b� 2 σi j
�
x � y� z� dz� (4)

Thestressσ11 is very closeto thatobserved in three-pointflexure.Theaver-

agestressfield σ22 showsthatcontactis likely to occuroverthewholesurface

even thoughthe Young’s modulusof the notchedbar is greaterthanthat of

thetwo outerbeams.

FromtheFEcomputations,onecandeterminethestressintensityfactor.

The meshusedwasfirst validatedon a precracked beamfor which a well-

known expressionexists for thestressintensityfactor[13]. Numerically, the

latteris evaluatedby usingtheJ-integralor thesquare-rootdependenceof the

displacementfield. Both methodsyield errorslessthan2% whencompared

to Eqn.(3). Thesamenumericaltechniquesareusedin theSBconfiguration.

Figure2 showsthechangeof thestressintensityfactorK with thenormalized

cracksizeα � a� wN for two valuesof theratio r0 definedby [2]

r0
� �

EI � A � �
EI � B�

EI � N0 � (5)

where
�
EI � N0 denotesthe flexural rigidity of the unnotchedsample.When

r0
� 6 � 3 (i.e., bA

� bB
� 9 mm, bN

� 3 mm, wA
� 5 � 5 mm, wB

� 7 mm,

wN
� 5 mm, EA

� EB
� 210 GPa, EN

� 410 GPa), the result is compared

with FEsimulationsin whichdifferentfriction coefficientsof thecontactsur-

facesbetweenthebeamsareconsidered.With frictionlesssurfaces,the two

calculationsareclose.However, whenthefriction coefficient of thesurfaces

PFYCLRFH_rev.tex; 15/11/2003; 10:58; p.5



6 P. Forquinet al.

increases,thestressintensityfactordecreases.This is causedby adecreaseof

thecrackmouthopeningdisplacementin thenotchedspecimen.Theseresults

show thatif oneassumesaconstanttoughness,stablecrackgrowth canoccur

sincethereexistsarangeof negativevaluesof thederivativeof K with respect

to α (whenα � α
�
). Furthermore,Fig. 2 showsthatdependingonthefriction

coefficient, which is generallynot well known, the generatedprecracksize

can be different sinceα
�

dependson f and r0. Thesecomputationsprove

thattheevaluationof thestressintensityfactorof theprecrackis not aneasy

taskwhenthelocationof its tip is notknown precisely. Last,in thefollowing

application,avalueof α � 0 � 4 
 0 � 05 is chosenfor thenotchsothatcracking

is likely to bestablefrom theonseton (α
���

0 � 3, seeFig. 2).

Figure3 shows theexperimentalset-upusedto precrackceramicsam-

ples.Threestepsareneededto preparea precrackingexperiment.First, the

supportarmis insertedbetweenthesupportandloadingsystems.Theloading

systemis moveddownwardsto touchthesupportarm.Thelatter is centered

with respectto theloadingsystemthanksto a V-shapedgroove. Thesupport

systemis alignedwith respectto the supportarm by an index. Second,the

threebeamsareputbetweentheloadingandsupportsystems,andoneof their

surfacesis in contactwith thesupportarmsothat their mid-planecoincides.

Third, two slidingblocksareusedto move thethreebeamsalongthesupport

arm.An aperturein thesupportarm,throughwhich beamsof light traverse,

allows one to bring the notchmi-planein coincidencewith the axis of the

loadingsystem.An uncertaintylessthan 
 30µm is achieved.

The load level is increasedby stepsof 200 N up to 1000 N, then by

smallerstepsof 50 N. Thanksto theholedrilled in thesupportarm,a long-

distancemicroscopeis usedto observe a small zonearoundthe notch to

PFYCLRFH_rev.tex; 15/11/2003; 10:58; p.6



A Methodto DeterminetheToughnessScatterof Brittle Materials 7

detectthe onsetof cracking.By acquiringpicturesat eachload level and

usinga charge-coupleddevice (CCD) camera,it is possibleto determinethe

in-planedisplacementfield by matchingdifferentzonesof two pictures[12].

The simplestimage-matchingprocedureis cross-correlation,which canbe

performedeitherin thephysicalspace[14, 15] or in Fourierspace[16–18].

It consistsin looking for the maximumcorrelationbetweensmall zonesin

the ‘deformed’andreferenceimages.The translation,which correspondsto

themaximumcorrelation,canthusbeextractedfor differentpositionsof the

zoneof interest.Theextensive useof FastFourierTransforms(FFT) is very

effective in reducingthecomputationcost.For 8-bit images,sub-pixel reso-

lution canbeachievedandvaluesaslow asa few hundredthof onepixel are

foundby usingtheCORRELILMT software[19, 20].

2.2. THREE-POINT FLEXURE FOR TOUGHNESS MEASUREMENTS

Oncethesampleis precracked,theexperimentis stopped.Thetwo beamsare

removed andthe sampleis repositionedin the setupby following the same

procedureasbefore.By knowing thecracksizea (by opticalmicroscopy of

the fracturedsurface)andthe maximumload level Pc (recordedduring the

experiment),onecandeterminethecorrespondingtoughnessKc

Kc
� PcL

bNw3� 2
N

η
�
α � L � wN ��� (6)

If this typeof procedureis repeated,onecanstudythescatterin toughness.It

is believedthatthenumerousexperimentalprecautionsenableusto minimize

the scatterrelatedto all the handlingof the sampleand more specifically

thepositionof its axis with respectto that of the testingmachine.It canbe

notedthat this type of procedureis applicableto any brittle material,pro-
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8 P. Forquinet al.

videdthesizeof thesampleis consistentwith thatof theunderlyingmaterial

microstructure.

3. Application to a Silicon Carbide Ceramic

The previous experimentalprocedureis now usedto analyzethe toughness

scatterof siliconcarbidesamples.

3.1. STUDIED MATERIAL

The materialexaminedherein,calledSiC-100andmadeby Céramiques&

Composites(France),is naturallysintered.The powder is pressedandthen

heatedto 2000� C.Duringprocessing,smallquantitiesof boroncarbide(B4C)

are addedto improve sintering.The porosity was evaluatedby Riou [21]

and is of the order of 1.8%.The averagegrain size is equalto 5 µm. The

microstructureof theceramicalsoinducesimportantconsequencesregarding

3-point flexural tests.The behavior of ceramicsunder ‘tensile’ loading is

elastic,brittle andscatteredin termsof ultimatefailureload.Flaws initiating

failurewereidentified.Theseflawsarefoundby following hacklesgenerated

by transgranularfractureandby looking for the mirror zonethat surrounds

theflaw. Theflaws generallyobservedaresinteringdefects(Fig. 4), thesize

of whichcanbesub-micrometricandashigh asa few tensof micrometers.

The typical sizeof themicrostructureis micrometric.Therefore,when

artificial cracksareat leastof millimetric size,a macroscopicevaluationof

thestressintensityfactorcanbeperformed.Theresultsderived in Section2

PFYCLRFH_rev.tex; 15/11/2003; 10:58; p.8



A Methodto DeterminetheToughnessScatterof Brittle Materials 9

canbeused.Themeasurementsperformedhereincorrespondto macroscopic

evaluationsof thetoughnessandits scatter.

3.2. DETECTION OF THE CRACK TIP LOCATION BY DIC

One way of determiningthe onsetof propagationis to monitor the load

level asa functionof theloadingparameter(e.g., thecrossheaddisplacement

or time). Figure 5-a shows the changeof load with time for a monotonic

crossheaddisplacementof 10 µm/min during the precrackingexperiment.

Only a very small load drop (i.e., 2 N to compareto a level of more than

1000N) canbeobserved.This dropis comparableto themeasurementfluc-

tuations(seezoomof Figure5-a).Consequently, this techniqueis notreliable

enoughto detecttheonsetof crackpropagation.

An alternative routeconsistsin observingoneof the lateralsurfacesof

the beamby using a long-distancemicroscope(QUESTAR QM100). This

is madepossibleby the hole drilled in the supportarm (Fig. 3). The main

advantageis thatamicroscopicresolutioncanbeachievedfrom a longerdis-

tancethanconventionalmicroscopes.It allows theuserto work at distances

of 15 cm to 35 cm from the surfaceof interest.Valuesassmall as1.1 µm

separationcanberesolvedat 15 cm from thesurface.This typeof technique

wassuccessfullyusedto detectthe crack tip in a 2024-T3aluminumalloy

with an artificial pattern[11, 12]. A brightfield illumination is usedin the

presentcaseandnospecialsamplepreparationis needed.At thesemagnifica-

tion levels,thesurfaceroughnessprovidesenoughvariationssothatspeckles

appear. Figure5-b shows a picturetaken whenthe loaddrop wasobserved.

No crackis visibleevenwith thehighestmagnification.

PFYCLRFH_rev.tex; 15/11/2003; 10:58; p.9



10 P. Forquinet al.

Figure6 shows thedisplacementfieldsobtainedfor thesameloadlevel

(i.e., P � 1050N). By usingthe contoursof thedisplacementu1, the crack

opening(i.e., thedisplacementdiscontinuity)canbeseenclearly. In particu-

lar, it canbestatedthat theonsetof crackpropagationoccurredprior to the

load level P � 1050N. The analysisof an imagetaken whenP � 1010N

doesnotshow any discontinuity. By usingthepresentobservations,theonset

of crackpropagationoccurredfor a load level greaterthan1010N andless

than1050N. It canalsobeconcludedthattheloaddropobservedin Fig. 5-a

is probablyrelatedto thesameevent.

3.3. DETECTION CRITERION

Thelocationof thecracktip requirestheuserto chooseadetectioncriterion.

This is not aneasytasksincethedisplacementcontoursdependon themag-

nitudeof the displacement.Figure7 shows u1-displacementcontoursusing

two differentdisplacementrangesfor thesameaveragedisplacement.

Thefirst stepof theanalysisconsistsin evaluatingtheresolutionof the

DIC technique.This is performedby usingthereferencepictureof theexper-

imentandprescribingartificially a sub-pixel displacement,herein the(hori-

zontal)1-directionsincethecrackis orientedpreferentiallyalongthe(verti-

cal) 2-direction.A linear interpolationis usedto evaluatethepixel graylevel

of theperturbedcase.Figure8 comparesthedisplacementevaluationsfor dif-

ferentsizesof the interrogationwindow. Theshift betweentwo neighboring

centersis identicalto thelengthof a window sothatthereis no overlapping.

Thehigherthewindow size,themoreaccuratethedisplacementevaluation.

However, thedisplacementfield is lessresolvedspatially. In thepresentcase,

PFYCLRFH_rev.tex; 15/11/2003; 10:58; p.10



A Methodto DeterminetheToughnessScatterof Brittle Materials 11

a goodcompromiseis given by a sizeequalto 32 � 32 pixels for which an

RMS resolutionlessthan0.045pixel is obtained(a 64 � 64 pixel ZOI has

an RMS resolutionlessthan0.033pixel). A shift betweentwo consecutive

ZOIs equal to 16 pixels is chosen.Basedupon the previous study, a dis-

placementrangeis set at 0.1 pixel, which is a good compromisebetween

thedisplacementresolutionandthespatiallocationof thecracktip. With the

useof along-distancemicroscope,1 pixel correspondsto 1.85µm andacrack

openingof theorderof 80 nm canbemeasuredwith agoodaccuracy.

Figure 9-a shows that the contoursof the displacementsperpendicu-

lar to the crack facearehorizontalwhenthe cracktip is above the consid-

eredline. This is confirmedby FE computationsshown in Fig. 9-b. Conse-

quently, it is proposedto detectthe crack tip by looking at the contoursof

u1-displacementsandfinding the point wherethey areno longerparallelto

the 1-direction.To detecta crack (i.e., a discontinuityin the displacement

field), the minimum distancebetweentwo measurementpoints has to be

equalto the sizeof the ZOI (e.g., 32 pixels) so that no overlappingoccurs

augmentedby one shift (e.g., 16 pixels) betweentwo neighboringcenters

to avoid that the crackmouthsarewithin the consideredZOIs. In termsof

cracktip location,let ususetheclassicalplanestresssolutionexpressingthe

neartip displacementfield when the stressintensity factor is equal to the

toughnessKc. Undertheseassumptions,thedisplacementdiscontinuityδ1 in

the1-directionis givenby

δ1
� 2u1

�
r � d1 � 2 � θ � π � 2� � Kc

EN � d1

2π
�
3 � νN � � (7)

whered1 � 2 is theminimumhorizontaldistanceof two symmetricpointswith

respectto the cracktip (e.g., 32 + 16 pixels or 90 µm in the presentcase),
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12 P. Forquinet al.

νN thePoisson’s ratio of theuncracked sample.A valuefor δ1 equalto 0.04

pixel is found, andcorrespondsto the point wherea first andfifth consec-

utive contoursarestill horizontalwhena displacementrangeof 0.1 pixel is

chosenand K � Kc. It can be notedthat the latter is compatiblewith the

resolutionof the technique.Furthermore,theshift betweentwo consecutive

centerscorrespondsto anupperboundof theuncertaintyon thelocusof the

cracktip alongthe2-direction.A valueof theorderof 30 µm (or 16 pixels)

is obtained.Therefore,therelevantcracksizesto consideris millimetric (i.e.,

macroscopic)sothattherelative lengtherror∆a� a is lessthan3%sothatthe

relative toughnesserror∆Kc � Kc inducedby anerror in cracklocationis less

than1.5%by usingthepresenttechnique.This analysisshows thatDIC is a

viableway of locatinga crackwhenno othermeansareat hand.Thesquare

root dependenceof the displacementfield [Eqn. (7)] allows for a precise

locationof thecracktip with asub-pixel correlationalgorithm(Fig. 9).

Following precrackingexperiments,the samplesare loadedin a clas-

sical three-pointflexural test with the samepositioning arm. Contrary to

conventional SENB techniques,there exists a sharpprecrack.To analyze

the robustnessof the whole experimentalprocedure,the displacementcor-

respondingto arrestin aprecrackingexperimentis comparedto thatobtained

subsequentlyat theonsetof crackpropagationin theflexural test.Figure10

comparesthetwo displacementfields.Onecannoteagoodreproducibilityof

thecracklocationfor loadlevelssignificantlydifferent(namely, F � 1200N

in theSB test,andF � 31� 1 N in thesubsequenttest).

By increasingthedisplacementrange,anevaluationof theCOD is car-

ried out.Figure10 shows thecontoursallowing for thecracklocation.From

this first analysis,thedisplacementrangeis quadrupled(Fig. 11-a)andat a

PFYCLRFH_rev.tex; 15/11/2003; 10:58; p.12



A Methodto DeterminetheToughnessScatterof Brittle Materials 13

distancefrom the crack tip of the order of 0.6 mm, the measuredCOD is

equalto 0.6 µm to comparewith a computedvalueof 0.65µm. This result

is in agreementwith a resolutionof the order of 60 nm. The whole COD

profile canbe evaluatedfollowing the sameapproach.Figure11-b shows a

goodagreementbetweenmeasuredandpredicted(by FE analyses)CODs.

This informationcanalsobe usedto evaluatethe cracktip locationandthe

stressintensity factor. By using the classicalexpressionfor the COD � � u1 � �
underaplanestresscondition,

� � u1 � � � 8K
EN � r

2π
(8)

wherer is thedistanceof thecurrentpointwith respectto thecracktip, avalue

of K � 2 � 90 
 0 � 05 MPa� m is obtainedandapositionx2
� 3 � 25 
 0 � 01 mm.

It canbenotedthatthepositionis determinedwith asimilaraccuracy aswith

theprevioustechnique.

Last,whenthesampleis broken,theanalysisof thefracturedsurface,al-

lowsusto fully validatethedetectioncriterion.Figure12comparestheevalu-

atedcracklengthattheendof theprecrackingexperiment(i.e.,
�
a � a0 ��� wN

�
0 � 186,wherea is thecurrentcracksize,anda0 is the initial notchsize)and

thatdeterminedfrom afractographicobservation(i.e.,
�
a � a0 ��� wN

� 0 � 191).

Thereis asmallunderestimationthatis in agreementwith thea priori predic-

tions.Thedetectioncriterionis consideredto bevalidatedandis now usedto

studythetoughnessof SiC-100.

PFYCLRFH_rev.tex; 15/11/2003; 10:58; p.13



14 P. Forquinet al.

4. Toughness Scatter of SiC-100

In the presentsection,the toughnessscatteris analyzedandthenrelatedto

thatobservedwith aclassicalWeibull modelwritten in termsof strength.

4.1. STATISTICAL ANALYSIS

Thanksto all thetestsperformedin theprevioussection,it canbestatedthat

thescatterinducedby wholeexperimentalprocedureis minimal,andif there

exists a scatterin toughnessvalues,it is likely to be representative of the

materialcontainingsharpmillimetric (i.e., macroscopic)cracks.18 different

experimentswereperformedandthe toughnessvaluesareput in ascending

ordersothatfor the i-th value,thecumulative probabilityPi is expressedas

Pi
� i

N � 1 � (9)

whereN is thetotal numberof experiments.If thecumulative probabilityPi

is modeledby a Weibull law [22], it is convenientto plot theresultsin a so-

calledWeibull plot [23] in which theabscissais thenaturallogarithmof the

toughnessandtheordinateis ln
� � ln

�
1 � Pi ��� sothattheslopeis theWeibull

modulusn andtheinterceptis thescaleparameterK0 (Fig. 13)of thebestfit

G

G � 1 � exp ������� Kc �
K0  n ! � (10)

In thepresentexperiments,theWeibull parametersaren � 24,K0
� 2 � 9MPa� m

andtheaveragetoughnessKc is expressedas

Kc
� K0Γ � 1 � 1

n  � 2 � 85 MPa� m � (11)
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A Methodto DeterminetheToughnessScatterof Brittle Materials 15

whereΓ is the Euler (gamma)function of the secondkind [24]. The aver-

agefound hereis in good agreementwith valuesreportedby Merkel and

Messerschmidt[25], and Riou [21]. The correspondingstandarddeviation

Kc is givenby

Kc
� K0 Γ � 1 � 2

n  � Γ2 � 1 � 1
n  � 0 � 15 MPa� m � (12)

The coefficient of variation Kc � Kc is of the order of 5% so that the one-

percentresolutionon the toughnessmeasurementsis neededin the present

case.

4.2. MACRO-M ICRO TRANSITION

In thefollowing, asimplemacro-microtransitionis performedwhenconsid-

eringthetoughnessdistribution.Eventhoughthemacroscopictoughnesscan

be theresultof weakor strongpinning regimes[26–29], it is assumed,asa

firstapproximation,thatthetoughnessdistributionatthescaleof thesintering

flaws is identical to the onemeasuredfor macroscopiccracks.For a brittle

ceramicwith nomacroscopiccracks,its failureis causedby sinteringdefects

(Fig. 4), which arerandomlydistributed.Thelatteraremodeledascracksof

radiusa perpendicularto the local maximumprincipal stressdirection(i.e.,

the consideredequivalent stressσ" is the maximumprincipal stress).The

stressintensityfactorK of thesemicroscopiccracksis writtenas

K � Yσ" � a (13)

whereY is a dimensionlessparameteraccountingfor the approximationof

the defectgeometryas well as the fact that the grain size (i.e., 5 µm) is

only slightly lessthan the typical sinteringflaw size (i.e., 15 µm). For the
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consideredSiC-100ceramic,theaveragefailurestressin three-pointflexure

is equalto 370 MPa (TableI) for sampleswith no macroscopiccracksand

with the samesize as thosetestedherein.For a meantoughnessequal to

2 � 85 MPa� m [seeEqn.(11)], avalueof Y
�

2 is obtained.

For sampleswith no macroscopiccracks,there are two uncorrelated

sourcesof scatter, namelythe flaw sizedistribution (describedby a proba-

bility densityfunctionh) andthatcorrespondingto thetoughnessdistribution

[Eqn.(10)]. ThefailureprobabilityPF0 of a representative domainΩ0 canbe

writtenas

PF0
� 	$#

c

g
�
Kc � h � a� dKc da � (14)

where % c is the setof critical defects(i.e., Yσ"&� a ' Kc) andg the proba-

bility densityfunctionassociatedto G (i.e., g
�
Kc � � dG� dKc). Following the

hypothesismadeby JayatilakaandTrustrum[30], theflaw sizedistribution

h is approximatedby a power law function for large sizes(i.e., theweakest

links)

h
�
a� � κ

�
p � 1�
a0

� a
a0  
 p � (15)

wherep, κ anda0 arematerial-dependentparameters.Sincetheflaw distribu-

tion is only describedfor largesizes[Eqn. (15)], theintegrationof Eqn.(14)

is first performedwith respectto theflaw sizea, andthenthe toughnessKc

sothatafirst ordersolutionis givenby

PF0
�

κΓ � n � 2
�
p � 1�

n

! � � σ" �
S0  2 ( p 
 1) � (16)

whereYS0 � a0
� K0 is thescaleparameterrelative to a referencetoughness

K0 [Eqn. (10)] and defectsize a0 [Eqn. (15)], �+* � the Macauley brackets

(i.e., thepositive partof * ). Within theframework of theweakestlink statis-

tics [31], the failure probability PF of a domainΩ can be expressedas a
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functionof PF0

PF
� 1 � exp � � λ0

	
Ω

ln , 1 � PF0
�
x �.- dx

! � (17)

where1� λ0 is thevolumeof thedomainΩ0. Whencombinedwith Eqn.(17),

Eqn.(16) correspondsto a Weibull law [23] in termsof strength,wherethe

Weibull modulusm is equalto 2
�
p � 1�

PF
�

1 � exp � � λ0κΓ / 1 � m
n 0 	 Ω

� � σ" � x � �
S0  m

dx
! � (18)

Equation(18) allows oneto relatetheclassicalWeibull parameters(i.e., for

the strengthdistribution) to the flaw size distribution [Eqn. (15)] and that

in toughness[Eqn. (10)]. When m 1 n (i.e., the scatterin failure stressis

more importantthan that in toughness),Eqns.(16) and (18) show that the

scatterin termsof failure stressis dominatedby that relative to the defect

sizedistribution. The toughnessscatterinducescorrectionsby the presence

of theΓ function,which is definedaslongasn � m � 0.

Themechanicalpropertiesof SiC-100ceramicsarereportedin TableI.

Thepresenceof sinteringflaws inducesa low averagefailurestrengthanda

low Weibull modulusm. Consequently, the casem 1 n appliesand for the

SiC-100ceramicstudiedherein,thescatterin strengthis dominatedby that

associatedwith theflaw sizedistribution of sinteringdefects.

5. Summary

An experimentalprocedurewasdevelopedto analyzethemacroscopictough-

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

optical observations during the experimentso that the onsetand arrestof
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crackingcanbe monitoredby usingdigital imagecorrelation.The latter is

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

at propagationinceptionthanksto thesub-pixel resolutionof the technique.

Coupledwith a long-distancemicroscope,the resolutionin displacementis

of theorderof 60 nm for an8-bit CCD camera.Basedon anFFTcorrelation

algorithm,the computationtime is lessthanoneminuteon a standardPC,

therebyenablingfor quasi-realtimeevaluationsof displacementfields.

Crackdetection,aswell ascrackpropagationandlocationarealsomade

possible.By using the proposeddetectioncriterion, the crack location can

be determinedwithin a rangeof 30 µm when usedin the analysisof the

toughnessof a silicon carbideceramicfor which it can be evaluatedwith

anaccuracy of 3 � 10

 2 MPa� m. Thisresolutionallowsusto concludethat

themacroscopictoughnessdistribution is scatteredwith a Weibull modulus

at leastequalto 24.

By usingthemacroscopictoughnessdistribution,andassumingthatit is

representative of thescatterat the scaleof the defectsleadingto the failure

of SiC ceramics,it is shown that thescatterin failurestressis dominatedby

thatof thedefectsizedistributionasopposedto thatof thetoughnessbecause

theWeibull modulusof the toughnessdistribution is greaterthanthatof the

failure stresses.This analysisalso shows that, in the presenceof a double

sourceof scatter(namely, defectsizeandtoughnessdistributions), theonly

knowledgeof thestrengthWeibull parametersgivesstatisticalindicationson

the mostscatteredof the two populations.This first analysismay be com-

pletedby othermicro/macrotoughnesstransitions(see,e.g., Refs.[29,32]) to

accountfor toughnessscatterat thescaleof thedefectsleadingto thefailure.
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Table I. Mechanicalpropertiesof a SiC-100

ceramic(afterDenoualandRiou [33]).

Young’s modulusE (GPa) 410

Poisson’s ratio ν 0.15

Density 3.15

Porosity 1.8%

Weibull modulusm 9.6

Meanstrength(MPa) 360

Effective volume(mm3) 1.25

Numberof samples 65

Typeof test 3-pointflexure

Forquinetal.
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Figure 1. a-Schematicand main dimensionsof a sandwiched-beamgeometry. b-Average

stressfieldsobtainedby FE simulationswhen f x 0 y 3 z F x 2000N z α x 0 y 4 for a magnified

deformedshape(bA x 9 mm,bB x 9 mm,bN x 3 mm,wA x 5 y 5 mm,wB x 7 mm,wN x 5 mm,

EA x EB x 210GPa,EN x 410GPa).
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Figure 2. Stressintensity factorvs. dimensionlesscracklengthfor differentconfigurations.

TheFEanalyses(FEA) usedifferentfriction coefficients f of thesurfacesbetweenthebeams.

Theverticaldashedlinesdepicttherangeof notchsizeschosenin thepresentstudy.

Forquinetal.
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Figure 3. Set-upfor a sandwiched-beamexperimentto precrackceramics.For the sake of

clarity, the right sliding block hasbeenremoved.Theexplodedview with no sliding blocks

shows thegeometricdetailsof thesupportarm.
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Figure4. Micrographof a typical sinteringdefect(dashedcircle) in a SiC-100ceramic.

Forquinetal.
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Figure 5. a-LoadP vs. time t for a ceramicsample(r0 x 3 y 6, α0 x 0 y 41). b-Picturetakenat

theonsetof crackpropagation(P x 1050N). No crackis visible,evenat highmagnification.
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Figure6. Displacementcontoursof thehorizontaldisplacementu1 measuredby digital image

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

(r0 x 3 y 6). Thecrackis locatedinsidethedashedcircle.
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Figure 7. Contoursof the horizontaldisplacementu1 measuredby digital imagecorrela-

tion (ZOI size: 32 � 32 pixels, ZOI shift: 16 pixels) for two different displacementranges

(P x 1200N) in anSB test(r0 x 3 y 6): a-0.1pixel ³:´ 0 y 185µm, b-0.4pixel ³µ´ 0 y 74µm.
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Figure8. Measuredvs.prescribeddisplacementsu1 for differentsizesof ZOIs.TheZOI shift

is equalto thelengthof theZOI.
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Figure9. a-Contoursof thehorizontaldisplacementu1 measuredby digital imagecorrelation

(ZOI size: 32 � 32 pixels, ZOI shift: 16 pixels) in an SENB test (P x 31y 1 N, r0 x 3 y 6).

b-FEsimulationof thehorizontaldisplacementfor thesamecracksizeandloadlevel (1 pixel

³:´ 1 y 85 µm).
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Figure 10. Contoursof the horizontaldisplacementu1 measuredby digital imagecorrela-

tion (ZOI size: 32 � 32 pixels, ZOI shift: 16 pixels) when: a-thecrack hasstoppedin the

SB experiment(P x 1200 N), b-prior to failure during the three-pointflexure experiment

(P x 31y 1 N).
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Figure 11. a-Contoursof thehorizontaldisplacementu1 measuredby digital imagecorrela-

tion (ZOI size:128 � 128pixels,ZOI shift: 32 pixels) for a higherrange.Thepositionof the

crack tip wasdeducedfrom the analysisof Fig. 10. b-COD ¨ ¨ u1 © © obtainedby DIC andFE

analysisof anSENBtest(P x 31y 1 N).
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Figure 12. a-Precracksize(aM wN N 0 O 646)obtainedfrom thecontoursof thehorizontaldis-

placementu1 measuredby digital imagecorrelation(ZOI size: 32 � 32 pixels, ZOI shift:

16pixels).b-Post-mortemevaluationof theprecracksize(aM wN N 0 O 651).
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Figure 13. Weibull plot of the toughnessdistribution and best fit for n N 24 and

K0 N 2 O 9 MPa� m.
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