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Abstract Characterizing the crack stability to predict the behawiauceramics designed
for industrial use is a challenging issuke requires accurate crack tip detection during the
controlled crack propagation of notched bending teBifferentindirectmethods are avail-
able, like for instance the compliance technique. Recgt@thniques based on Digital Im-
age Correlation (DIC) have emerged: Finite-Element DIC-(HE) with a finite element
decomposition of the displacement field, Integrated-DIDIC) based on Williams’series
decomposition of the displacement field and Regularized-®-DIC) for mechanical con-
straints. These full-field techniques enable the quantificeof the crackiengthand the
stress intensity factdt'.

In this paper, these four methods are compared in terms ofumerments of crack lengths
and stress intensity factors during a notched bendingTésttested material is damageable
guasi-brittle ceramiat room temperatureThe non linearity of the stress-strain law of this
microcrakedceramic results in a complex behaviour that is not captuyetthé compliance
method during the bending test. Therefore the linear elastinpliance method leads to dif-
ferent estimation of crack lengths and stress intensitypfacompared to DIC methods. On
the other hand, the R-DIC approach handles the non lineariabtonstitutive behaviour.
It allows a deeper analysis of the mechanical fields, thegyrgissipation and the damage
mechanisms during the crack propagation.
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1 Introduction

Full-field optical methods are nowadays widely used in expental mechanics thanks
to the numerous existing technigues which enable sampleahzstion during mechani-
cal tests. Different approaches like Moiand Speckle Interferometry, Digital Image Cor-
relation and Grid Methods [1,2,3] are used to capture andyamasuch full-field data.
These techniques can be used as displacement and strainorereast tools. However,
they present a greater potential when associated withifabation methods [4]. Indeed,
displacement values during tests are rarely an end in tHeesseontrary to quantities like
mechanical properties which are key material characiesistin fracture mechanics, one
might be interested in measuring and quantifying quastities the crack length, the stress
intensity factors, the energy release rate, the crack paifm speed and the fracture pro-
cess zone size.

Digital Image Correlation is now a well known full-field messment technique. Based
on the grey level conservation between two digital imagethefspecimen surface in two
different states, this method enables accurate displatsgu@ntification in 2D and 305,
6,7,8] Recently, it has been proposed to decompose the displatédigle over a set of
finite element shape functions [9,10]. This procedure isi@darly attractive because of
the direct connection between experiments and simulatginse the kinematic bases may
be identical in both cases. A large variety of specific basicfions may be used to inte-
grate a chosen displacement decomposition into the measategroblem, like for beam
kinematics [11,12,13] or fracture kinematics [14]. Theppraaches, called herein Inte-
grated Digital Image Correlation (I-DIC), have been alseadsociated with identification
methods to quantify mechanical properties [15], estaldeinage laws [12] and determine
stress intensity factors [16]. Unlike I-DIC approachesdabsn kinematics assumptions, it
is also possible t@ priori assume the mechanical behaviour of the material. It leads to
a regularization of the obtained displacement field [17]eSés approaches, called herein
Regularized Digital Image Correlation (R-DIC), use theibloium gap method as a me-
chanical filter. According to the constitutive law of thettb material, all non admissible
solutions are removed from the final displacement solutiimese regularized approaches
can also be used to identify mechanical quantities [18].

The purpose of this study is to characterize the crack groegistance and the frac-
ture toughness of a damageable structural ceramic. A natiche-point bending test was
selected. This type of bending test is commonly used botkademic and industrial labo-
ratories to characterize the crack resistance curve (RefuA R-curve shows the increase
of resistance of a material, in terms of critical values oéss$ intensity factors with respect
to crack lengths. This challenging issue requires an atewrack detection as the load
increases during the test. The elastic compliance methsadlly employed to analyze this
test, is briefly recalled in Section 2. Its underlying cortseare pointed out. Then, the DIC
techniques are presented in Section 3. Section 3.4 is dktotéhe analysis of the crack
propagation during the four-point bending test accordmthese techniques. The results
are compared and discussed. The regularized R-DIC metlprdsented in Section 4. The
analysis of the notched bending test is then conducted diogpto the approach R-DIC.
The differences between the results are commented andsdistu



2 Elastic Compliance Method

The compliance method has been developed within the frankesfhinear Elastic Fracture
Mechanics [19]. Its main assumptions are an elastic bebawiothe material and traction-
free boundary conditions over the crack faces. The cradithes is calculated at timeby
an iterative calculation based on the evolution of comgkan
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whereC; is the sample compliancg, the loadU; the deflectionyV the sample height. For
most of the cases, the compliance must be calculated wigieceso the O-displacement
O-load point. Even if there is have important residual défies for the cycling test (for
instance Figure (2)), it may be the consequence of the preseindebris between crack
faces which are not relevant for any stiffness considenat{@0]. Using the crack length
estimation given by equation (1), mobstress intensity factd¢' is calculated for a notched

four-point bending test according to elastic linear foram21]:
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whereB is the sample widthD; andD- the lower and upper spans.

Others fracture parameters can be calculated from logdadisment curves. It is pos-
sible to mention the methods developed by Rital. [22], Sakaiet al. [23] and Garwood
et al. [24]. For crack length estimation, all these methods aredas compliance consid-
erations. But equation (2) implies systematically that mpliance variation is related to a
unique damage mechanism, an incremental extertsaai the main crack.

To determine the crack tip position on the specimen surfdicect optical observations
are sometimes possible [25,26] but it might be inaccuratesabjective especially if the
surfaces can not be polishe@he next section is devoted to alternative methods, such as
full-field measurement techniques, to monitor continuptisé crack extension during the
test.

3 Digital Image Correlation with kinematics Integration (I-D IC)
3.1 General principle of DIC: optical flow conservation

DIC is a full field measurement method which enables one ttuceoth local and global
variations of the displacement fields of a structutetroduced in the 1980s [1,2this
method is now widely used to obtain quantitative data fronous images.

Let us callf the reference image,the deformed imagey the displacement field artgthe
noise. It is postulated that the texture of the sample serfapassively advected and its



evolution betweerf andgis relevant from the structure displacemamnly. Thanks to this
optical flow equation, the correlation method consists imparing the two digital images
(f andg) to evaluate the displacement field for each pixel of co@tsir:

F(X) = g(x+u(x)) —b(x) (4)

Additional assumptions are considered to determinthe best approximation possible of
u despite the noisb. Solving this inverse problem on a chosen regidmmay lead to the
minimization of the global error thanks to a functiome,:

V(X) = Arg Min (‘pczor) (5)

009 = | 1109 = glx+-v() x ©

The displacement field insid@ is decomposed over a set of functions to regularize this
ill-posed problem. g, are the basis functions ar, the associated unknown degrees of
freedom. The fieldl is decomposed as follows:

V(X) = Z anYn(X) (7)

A non-linear least-squares algorithm leads to the reswiuf a linear system:

{ /[ (00691400 Ogtx-+9).4n(00x] dan =
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where the summation over the repeated indices holds. Onmeeigence is achieved, the
approximated displacement fields reconstructed o®2. The final correlation erroRco,

is obtained by comparing the actual reference imégand a corrected deformed image
calculated from the deformed imageand the displacement approximatian

Reor = [f(X) — g(x+V(x))| ©)

It indicates whether the displacement field satisfies lgddé optical flow equation cor-
rectly or not.

3.2 Finite-Element DIC or FE-FIC

The displacement field decomposition in equation (7) is aermal step in DIC technique.
A large variety of functions may be considered. The usuat@gghes of DIC consider
constant or bilinear displacement forms inside independsgions of interest [2]. Finite-
Element (FE) functions are particularly well suited [9, HD[d enable some uncertainty re-
ductions with the same level of pixel data. In the followinBkC analysis carried out using
FE shape functions will be denoted as FE-DIC.

However, such general decompositions do not allow for ectliggtraction of searched
mechanical quantities (Young’s modulus, Poisson’s rationage law, stress intensity fac-



tors...). If additional information is known concerningetform of the searched displace-
ment, some global kinematic assumptions can be introduweddh specific displacement
basis functiong/,: Rouxet al. [14] used Williams’ series around the tip of a crack for han-
dling stress intensity factor measurements, Idildl. [11] have employed a linear curvature
element for accounting for cantilever beam kinematics,l&gpt al. [12] used specific
functions for four-points bending and uniaxial tests kiatics. NURBS functions were
also used by Bthog et al. for handling high order beam kinematics [1&onstructing the
displacement basis functions usually allows having thecbeal mechanical quantities as
direct unknowns of the DIC analysis (e.qg., stress interfsicyors, beam curvature, homo-
geneous strain field...). Further, compared to FE decoriposthe number of degrees of
freedom involved is usually at least two orders of magnitlasheer. Starting from a mesh
with several thousands degrees of freedom with FE-DIC agubrdt is possible for instance
to have less than ten unknowns thanks to specific basis @unscfiL2, 14]. This allows for
tremendous uncertainty reduction. However, one has to tefutand it is useful to check
usingRcor that the kinematic assumptions are fulfilled (Equation 9).

Section 3.3 presents a displacement decomposition deditaga crack kinematics [14,
27,16]. The global kinematics is henaeoriori integrated into the measured displacement
field problem. This technique is usually called Integrad@- (I-DIC).

3.3 Integrated DIC or I-DIC

Capturing the displacement discontinuity across the cfacks, enriched finite element
kinematics have been employed in [28]. AS FE-DIC, this apphp based on X-FEM, re-
quires the measurement of many degrees of freedom and neglery noise-sensitive in
case of low strains.An other alternative is here used based on the use of theteadly
displacement field expressions proposed by Williams [29jexformed by [14]. These ex-
pressions are applicable to a semi-infinite straight (alibregx;-axis) crack in an elastic
isotropic infinite medium with traction-free boundary cdiahs over the crack faces. The
displacement field solution is a double infinite complexesezkpressed in plane polar coor-
dinates ¢=re'® in the complex plane) with the origin centered at the craekThe modé
andll solutions are expressed as follows:

() — o _n/2( e an8/2 _ N ja-nye2
h(2) = ¢n(r, 0) =r"*(ke™/* — e
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wherek is the Kolossov’s constank (= (3 — 4v) for plane strain ok = (3—Vv)/(1+ V)

for plane stress conditions, being the Poisson’s ratio). All these fields are homogeneous
functions of the distance to the crack tipAll elastic displacement fields with finite strain
energy density are generated witki(h < . All odd indices label fields having a discon-
tinuity across the crack faces whereas even indices cameésip continuous fields. More



preciselyn = 0 order field corresponds to a translation parallel to thelcfaces for modé,
orthogonal to the crack faces for moldden = 1 order field gives access to the classical mode
| and modé| displacement fields which are proportional to stress intefectorsK' K :

n = 2 order field corresponds to the T-stress component for rhaaled rigid body rotation
about the crack tip for modé. Higher order fields account for the influence of non-fulélile
assumptions, like the influence of the boundary conditidesrfon-infinite medium). This
set of fields is thus an appropriate basis functions to dasdhe displacement field for a
traction free crack in an elastic medium.

v(r, 8) is thus rewritten considering this series as basis funstmmto which the dis-
placement field (7) is projected:

v(2) =Y al@l(2) (11)
n,j

Wherea,% are the unknown degr_ees of freedom i.e., the contributiosach fieldqq{'(r, 0)

is proportional to the amplitude;}. Associated with non-physical infinite energies at the
crack tip whemr — 0, the subsingulan < O fields have to be taken into account in order
to verify the crack kinematics measurement quality [I&deed, the influence of a wrong
estimation of the equivalent crack tip location or the infloe of the presence of a non
negligible fracture process zone (FPZ), far away from tlaelcttip is quantified thanks to
thesen < O fields. For instance, let us assume a mislocated crack tipandistancel along
thex;-axis. The polar frame being centered at the mislocated crack sfipn, real crack
tip coordinates are actuallyl, 6 = 0).

V(z+d) =y algl(z+d) (12)
nJ

whered} are the values of the degrees of freedom obtained for thi& enéslocation Using
the recurrence formula (equation (13)) and a linearizatthe equation (14) is obtained
between the degrees of freedom with and without crack nasio:

ogy n
0X1 - 5%72 (13)
~ h+2

Considering thatr' ; must be zero to avoid diverging energy dengitys possible to show
that a mislocation of the crack tip is responsible for a nerezontribution of theubsingu-
lar ¢' | field. Writing the equation 14 with order= —1 andj = |, the distancel is directly
estimated from the ratio betweeét} anda’ ;:

24’
d="21 (15)
a;
Thanks to this relationship, the offsétbetween the estimated crack tip location and the
actual one is quantified so that the polar frame origin carhiftes to the pointd; 6 = 0).
A new calculation with the new crack tip location is neceggarcheck whetheo?; is



actually nil or not. The minimization of the contributiontbie supersingular fielg' ; using
an iterative algorithm yields to an accurate positioninghef equivalent elastic crack tip in
the image along the ax = 0 [14].
Note that the very small region surrounding the crack tiptrhesexcluded from the region
Q for two reasons. First, one knows that the elastic fields &qn (10)) can not describe
all the non linear phenomena which classically occur at thekctip (plasticity, damage...).
Then, the supersingular fields (likg ;) are singular when — 0. Therefore a mask is used
to exclude from the calculation the region in the immediatinity of the crack.The crack
mask radius must be as small as possible to enable the supdesifields to detect correctly
a crack tip mislocation [30].

It also means that all the quantitative information aboetdrack behaviour brought by
this I-DIC formulation do not come from the crack itself butth the fields which irradiate
away from the crack projected on an elastic basis.

3.4 Application to notched bending tests
3.4.1 Experimental Procedure

Aluminium titanateAl,TiOs is a micro cracked ceramic due to the anisotropic thermal ex-
pansion coefficient of its crystals [31]. The microcrackpegr at grain boundaries during
cooling from the sintering temperature. Because of theseamiacks, this quasi-brittle ce-
ramic strengthened with a secondary silicate phase becamescellent potential material
for industrial thermostructural applications. The inflaerof the sintering process, the mi-
crostructure, the secondary silicate phase and the themxpainsion coefficient has been
widely studied [32,33] but mechanical and fracture aspa@sare in literature [34, 35, 36].
However, this ceramic is known to be damageable at room teathpe because of the mi-
crocrack propagation [12]. It is however essential in agiestage to have access to crucial
property such as the fracture toughness and to the knowksdge crack resistance curve,
particularly if it exhibits an increase of resistance witkrieasing crack length.

The tested material is mainly made of aluminium titanatéwitsecondary silicate phase.
It exhibits a high porosity volume fraction varying from 48 50 %. The samples were
extruded then sintered for a final rectangular section ©¥8=5.3x 7.0 mnf. The notches,
made with a steel blade, were 1 mm lomg=£ ag/W = 0.14) and 18Qum thick. Four-point
bending tests were performed on a hydraulic machine (In&92) with a 5000 N load
cell. The lower span waB1=60 mm and the upper sp@dp=20 mm. A linear variable
differential transducer (LVDT) was used to control the dgften at the middle of the beam
at a rate of 20Qum/min.

A CCD camera was used to continuously record images of thelsassarface during each
mechanical test. The maximum image resolution of this canset200<1600 pixels with
an 8-bit digitization for grey levels. The acquisition ftemcy was one image every sec-
ond. The optical magnification of classical lenses depandmthe distance to the sample
surface, out-of-plane displacements or misalignmenthtmigluce artificial magnifications
interpreted as in-plane strains by the DIC system. To oveecthis possible error, the CCD
camera was fitted with a 200 mm telecentric lens, ensuringgnifieation independent on



the distanceEach pixel on the captured images has here a ithdhysical size

Five notched samples were tested. The averaged maximumisddatig-0.4 N. The be-
haviour is non linear with a stable crack propagation (Fég8). Monotonous and cycling
tests lead to similar envelope curvé3ne must note that the global response of this quasi-
brittle porous ceramic is highly repetitive on these medatalriiests From a material point
of view, this quasi-brittleness is the consequence of thevigig microcracks creating a non
negligible fracture process zone around the crackiging the BSE mode (Bask-Scattered
Electrons) for a better vizualisation, SEM pictures revbal presence of multicracking,
branching and debonding (Figure 1 and 2). All the phenomesaaergy-consumingthe
important residual deflection for the cycling test illuséchin Figure 3 can be associated to
friction phenomena between microcrack faces and the presefiffragments between the
main crack faces. Therefore the sample compliance is bedtenated with respect to the
O-displacement 0-load point [20, 37].

3.4.2 Different analyzing methods

The compliance method based on the load-deflection cureéyorecalled in section 2, FE-
DIC and I-DIC approaches presented in section 3 are usedtgzathe four-point bending
test described above. Concerning FE-DIC, square finiteai¢snwere chosen. This leads
to the choice of Q4 finite elements as the simplest basis. almilation was performed
on a regular mesh made of 20x41 quadrangular elements (elesize = 32 pixels) With
this FE-DIC approach, 1764 degrees of freedom have thus toeasuredA global region
of interest is considered as shown in Figure 4. As the balif®sis functions assume a
continuous displacement, the correlation residRg} might rise for regions where this as-
sumption is not fulfilled. Concerning I-DIC analysis, the global region of interesalso
shown in figures 1 and 4. Modeand modell field orders fromn= -3 ton= +7 are
considered since they are sufficient to capture faithfdily ¢rack kinematics [38]. Indeed,
larger negative order fields vanish very quickly witand can be omitted from the analysis.
Similarly, large positive indices do not affect the cragk kinematics and are only useful
for accounting for very inhomogeneous boundary condit[@g$. It has been checked that
considering fields orders from= —5 ton = +9 does not change the solution but only slow
down the algorithm convergence. With the I-DIC approactedam these fields, only 22
degrees of freedom have thus to be measured. Since the sraokperfectly straight, the
mask radius is set to 20 pixels in our case. It has been vetligdusing a mask with a
radius between 15 and 40 pixels does not affect the solutiomracy.

The location of the equivalent elastic crack tip is estirdaterough the minimization of
aLl. The stress intensity factor values are directly obtaimechfthe measured amplitudes

1
ofa;".

3.4.3 Results and comparison

The axial displacement map obtained using FE-DIC and I-Qdf@r@eaches are presented in
Figure 5. FE-DIC displacement map is quite noisy since it is based onamaus degrees
of freedom. It is still possible to identify the crack geomyaising the correlation residual



Rcor- The averaged correlation residual is low (0.49 %) but the mdjrates a steep local-
ization corresponding to the place where the displacenmmitrmity assumption fails. The

prediction of the crack path is thus better than those peddraccording to the axial dis-
placement, but the crack tip location is rough, inaccuratésaubjective. The displacement
field is further not sufficiently smooth to be derived to obttiie strain fields.

On the other hand, I-DIC displacement map is perfectly simewice the displacement
field is based on few analytical basis functions. The homeges and low correlation
residual (0.47 % in average over the region of interest ekotuthe mask aroung the crack)
indicates that the basis functions detailled in SectioraB®v capturing the displacement at
the sample surface within the region that has not been maBle=ides, no post-processing
is required since the crack tip location and the stress sittefactor are directly obtained
from the degrees of freedom.

The crack length versus the vertical deflection is plotted-iure 6 according to the
compliance, FE-DIC (manual tracking on the correlatiooemap) and I-DIC methods.
The calculations have been stopped for a maximum vertidkatomn of 130um. For
greater defections, the crack tip is too close from the rearmessive part of the beam and
is submitted to boundary effects that cannot be accountelolyfthe displacement fields in
Equation (10).

Figure 6 shows differences between the estimated cracthiemgrsus the method employed
for their estimation. According to the compliance methodpmpliance variation is related
to a unique damage mechanism, an incremental crack extedsio The initiation and
propagation of a microcrack network within a process zooeirzd the crack tip or diffuse
damage that weakens the sample can be interpreted only asvehgsf the main elastic
crack. Therefore, this method overestimates the crackhefog small loads (during the
elaboration of the process zone) before underestimatifay greater loads. Concerning,
FE and I-DIC methods, the estimated crack lengths are vesecl This confirms that the
compliance leads in the present case to an wrong estimatitimeccrack length due to
its underlying assumptions. However, it is not possiblenfieDIC results to identify the
mechanism responsible for the earliest damage of the saifipdeneasurement of the crack
tip at the specimen surface with DIC approaches involveptbblem of the crack front
curvature over the specimen thickness. This problem headyrbeen studied for non-brittle
ceramics [25,39]. For some rectangular samples, as thicdkuess no remarkable crack
curvature was found and the maximum error in crack lengthsomesnent was estimated to
be+2 % at the crack surface. Indeed, no plastic zone and craoklling exist for ceramics,
as it is found in metallic materials in cases of plain stress plain strain. Therefore, the
difference observed between compliance and DIC method&isrpbrous ceramic might
not come from thickness effects but from the damage causd#uehyicrocracks.

Concerning the SIF variations, FE-DIC results were not aateh, as mentioned pre-
viously (Section 3.2). A great difference between comméand I-DIC stress intensity
factor values is highlighted by Figure 7. This figure indésathat for similar vertical deflec-
tion, K' values according to the two methods are different, and leatp increases with
the increasing deflection. Again, as the compliance assangpare violated, any energy
dissipation is seen by the compliance method as a propagzfttbe main crack. Our inter-
pretation is the following. Any loss of global stiffnessdisato crack extension following the
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compliance method. Further, as the load is lower than thet@teshould have been applied
for the same crack within an elastic material, the estim&i€dis much lower than the one
computed from I-DIC. Indeed, I-DIC leads to a kinematicdzhestimate oK'. The dis-
placement field accounting for the loss of linearity of theenial leads to a largdf' value
than the one computed using the compliance method. A ratibatit 2 is reported between
bothK' compliance and I-DIC factors.

In Section 4, we propose to analyze this test using a oridi@ltechnique that accounts
for the non-linear constitutive law of the material. The agto distinguish the respective
influence of diffuse and localized damages in the crack tginity. Further, an energy
analysis is proposed and the amount of energy dissipateddly @amage mechanism is
evaluated.

4 Digital Image Correlation with mechanical Regularization (R-DIC)

In the previous section 3, global correlation techniqueshseen implemented. The dis-
placement decomposition rests either on continuous fitldta@nt shape functions or Williams
series functions for a cracked elastic medium. Informatinrthe material constitutive law
and momentum equation can also be added into the displatéeldrfunctions. Section 4
presents this approach based on the equilibrium gap meft¥dd The displacement solu-
tion is mechanically regularized with respect to the matenstitutive law. Let us call this
technique Regularized-DIC (R-DIC).

4.1 The equilibrium gap method as a mechanical filter

The displacement field decomposition over a set of FE funstwovides a suitable tool for
coupling measurements and numerical simulations. Indéedjiscretization schemes are
identical for both. In case of very small displacements aralrss (noisy measurements), it
is however unrealistic to compute stress fields directlynfdisplacements. The R-DIC basic
concept is to add the equilibrium state constraint dirdatly the displacement identification
procedure to “mechanically” filter the unbalanced compdmehthe displacement field.

The momentum equation written in a discretized formalisingi&E shape functions,
states that the internal force vector equals the extermed feector:

{Fint} = {Fext} (16)

In the absence of body force, the external force ve¢fg:} has non-zero value only at
the nodes where boundary conditions (prescribed displentr non-zero stress/force)
are applied. For the analyzed sample, these nodes are thage deft and right edges
of the mesh. Let us denote iy} the restriction of the internal force vector to nodes
where{Fex} vanishes. It is proposed to add to the minimizatiomgj, an equilibrium gap
condition$? ¢

¢r%1ec: % {F_Int}T {F_mt} 17)
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as a penalty term with the penalty parameter:

¢t20t = ¢§or + (% - 1) ¢r%1ec (18)

The algorithm is aimed at minimizingt bestthe correlation residual of equation (9) with a
penalization of the equilibrium gap equation (17). All th@utions not mechanically bal-
anced are canceled l¢,., So that the final displacement field is regularized with eesfo
the given constitutive law. The penalty parameétdrelongs to [0;1]. IfA = 1, the mechani-
cal residual has no influence and the algorithm behaves $ikelcorrelation algorithm used
in FE-DIC. If A — 0%, the algorithm behaves more less like a Dirichlet finitevedat cal-
culation with displacement boundary conditions comingrfiIC (the mechanical residual
is defined only for the internal nodes, the elements at thénbhesndary are always solved
according to DIC only without mechanical regularizatiolt)aas to be pointed out that the
penalty parameteY introduces a length scale below which mechanical considesadom-
inate and above which DIC dominate [17Therefore this regularizing approach acts as a
frequency low-pass filter, removing all wavelengths whig ot mechanically admissible.

As R-DIC allows measuring a displacement field fulfillingbestthe momentum bal-
ance for a given a constitutive law, it is possible to compghtecorresponding stress field
and to evaluate how the damage spreads within the sample.isThow illustrated by the
analysis of the notched bending tests previously studi&eition 3.4.

4.2 Application to notched bending tests

R-DIC is now applied to the same notched bending tests pushi@nalyzed using the com-
pliance method, FE and I-DIC in Section 3. Figure 8 shows thbal area of interest con-
sidered for R-DIC. An unstructured mesh made of T3 elementsforming to the geometry
of the notch, is used. The averaged size of these triangheeslts is about 10 pixels. The
region covered by this unstructured mesh is identical tmtfeeconsidered in Section B.is
necessary to use a constitutive law adapted to the testextialaft room temperature, the
stress-strain ceramic constitutive and damage laws wersgifabd by the authors in a previ-
ous paper [12] using a specific DIC approach. Unnotched bgrtdsts were analyzed using
DIC and specific basis functions dedicated to bending kiniesyarere employed for the dis-
placement decomposition. A dissymetric behaviour betwession and compression was
identified. The ceramic behaviour is elastic linear in copspion whereas it is damageable
in tension because of microcrack propagation. In tensio@haboche-Lenige damage
model is used [40]. The damage evolution is expressed astdorof an equivalent strain
Eeq

D(&eq) = a.(1—exp(—Eeq/b)) (19)

whereégq denotes the maximum value over timesgd, a andb are material parametepse-
viouslyidentified in [12]:a=0.886,0=0.00141 and®m5=0.71. The valueDyax corresponds
to the maximum damage that the material can support befatalble failure occurs A
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Mazars equivalent strain [41] is used herein:

Y
Eeq= (€1)+ + (&2)+ + v (—&1— &)+ (20)
wheree > are the principal strains an@) . the Macaulay brackets (i.e., the positive part
of the inner argument). Whdb = Dpax Within an element, failure occurs and the element
stiffness is enforced to zero by settibg= 1.

Réthog [18] shows that results from R-DIC are almost independarihe value of the
penalty parametex. In the present case, additional difficulties arise coriogrthe choice
of this parameter. It has been mentioned above Ahattroducesa cut-off frequency of a
low-pass filter. For very low value of (e.g., 10°), the cut-off frequency is as large as
R-DIC behaves more or less as a Dirichlet FE simulation. Asstgnal / noise ratio of pure
DIC analysis is really low in the present analysis on a cecathie “boundary conditions”
are so noisy that the elements on the boundary are damagedrekeh (from the given
failure criterion) at the very first step of the analysis. Temalty parameter has thus to be
chosen carefully. It is proposed to use the stress field frebi®as data to determine over
a vertical beam section the global load by integrating thenertt with respect to the neutral
axis locatiom:

Pr-pic =

4B /+W/20(x).(x—n)dx (21)

D1—-D2 J-wy2
This computed loadk_pic is then compared to the experimental recorded one in order
to calibrate the appropriate penalty parameter valueA very good agreement between
the experimental and the computed values of the load is wkddor A varying roughly
between 110-2 and 110~1. Within this interval, the measured kinematics corresgsaiod
an equilibrium state relevant for the crack problem. Thighig interval, smaller than those
obtained in the literature [17,18], is a consequence ofdherktio between data and noise
due to the small level of strains of ceramicSompared to the literature, it is also the first
time that this approach is applied to a damageable matérizings additional complexity
and makes the identification problem more ill-posed. Sonweldpments are possible to
improve the quality of the strain measurement and damageiletibn at the borders. It
might increase the independance of the R-DIC solution vafpect to the parametarin
our case, this point should be tackled in a future paper.

Stress intensity factors and crack tip position are extcftom R-DIC displacement
by using a least-square minimization of the gap betweem,c and a decomposition over
Williams’ series. The corresponding coefficients are otgdiby minimizing:

aj = Arg Min ( / /Q Vr-oic(A.x) — 5 adel (912 22)
. 2

In the following, A is set to 4102, nranges from-3 to 7 andj considers modeand mode

Il fields. The results are then compared to those obtained W@ and compliance
methods (Section 3.4). Figure 11 shows the crack lengthugwal One notices that R-DIC
gives results similar to the ones obtained according tod-Bieaning thathe identified
crack advance kinematiagas preserved by the mechanical filter. Previously, a plessib
diffuse damage was invoked to explain the differences batvike crack length evolution
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obtained from I-DIC (and now R-DIC) and compliance methd®iDIC gives access to the
damage distribution over the entire specimen surface.réi@gshows the axial displacement
fields and damage fields obtained using R-DIC for some spémdfitsteps, corresponding to
load steps labeled (a), (b), (c) and (d) on Figure 6. One gbse&he main crack propagation
but also thediffuse damagepreading over the entire specimen. Note the influence of the
nodes on the left and right edges that do not hold mecharegpilarization and induce
a short scale perturbation in the mechanical fields. ForrEigda) and Figure (9d), the
damage field is plotted at the step before the crack is detécim both I-DIC and R-DIC
displacement fields. It shows that at non-zero damage valabtained over a region that
is not restricted to the vicinity of the crack tip. This leadsa significant reduction of the
global stiffness of the specimen that is interpreted as tbpggation of the main crack for
the compliance method.

During the next steps of the test, the damage concentrateacthe crack tip as shown
by Figure 9. It isconsistentwith SEM pictures showing that branching and debonding
phenomena occur in the vicinity of the crack tip (Figure 2urtker, if one compares the
value ofK' computed from the three analyses, there is again a very ggeément between
I-DIC and R-DIC whereas values from the compliance methedaiout half of the values
from both DIC analyses, as mentioned earlier.

Itis thus clear that there is a competition between diffummage and localized damage
(i.e., crack propagatign

4.3 Energy based analysis

To get an improved understanding of this test and of the darhabaviour of this ceramic,
it is proposed to quantify the energies dissipated by tHerdiit damage modes. The total
cumulated energy dissipated during the experiment is atedifrom the load displacement
curve [25]. Assuming an elastic unloading, the total curtredalissipated energio: is
given by:

~Uexp(t) 1
Wt = /0 PexpdUexp— épexp(t)UeXD(t) (23)

It is assumed that this total dissipated energy can be ipaei into a fracture energy due
to new free surface creatidh; and into a diffuse damage dissipatidg :

- The energy dissipated by diffuse damage can be evaluatetdgyating the fields obtained
by the R-DIC approach over the finite element mesh. It is etputiie difference between
effective and real strain energies [42] :

1 tp .
Wy = é/ Oc : &qicdQ */ / Ordic : &dicdQt (24)
o 0Jo

whereog are the effective stresses, associated to the strain figie imaterial was elastic,
andogic the real stresses, calculated thanks to the damageablgaiveslaw.

- Using the Linear Elastic Fracture Mechanics theory, theuated energyV; dissipated
by the fracture process is the cumulated energy dissipatéiaebfracture process is related
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to the energy release rate as:
at)
Wi (t) = G(t)da (25)
0

whereG is the energy release ra.can usually be related to stress intensity factor through
the Irwin formula. However, Bui [19] pointed out that in theepence of non-linear (or
transient) processes one must distinguish betwdéneanaticstress intensity factdf), re-
lated to the displacement “singularity” andstatic stress intensity factdk!, related to the
singularity of the stress field. I-DIC and the least-squangimization of the displacement
gap for R-DIC lead to kinematic stress intensity fadtrevaluations as they are based on
displacement field data. In order to estimét, R-DIC stress fields are analyzed and a
stress gap between the computed field and the one derived/ffilimms’ series assuming
a linear elastic constitutive law, is minimized in a leastag sense (Figure 12). The energy
release rate is then evaluated in plane stress by:
1 Il el

G= E(KUKU +K, Kg) (26)
On Figure 13, we plot the evolution of these enerdigs, W andWy as functions of the
crack length obtained according to I-DI&t the end, the total dissipated enerd¥y: is
equal to 471.10 4J, whereas the sum ®¥; andW is equal to 461.10 4J. This difference
being less than 3 %, the energy balance is validated. Onevassbiat a small, but non-zero,
amount of energyWiy = 1,0.10°J) is dissipated by diffuse damage before crack initiation.
Then the dominant dissipation mode is the localized moeég (racture). When the crack
length becomes longer than 1.2 mm, the dissipation by diffizenage increases and reaches
30 % of the total dissipated energht this transition length, the evolution of the damage
field corresponds to a finite size effect. Indeed, from Fig@d), it is observed that the
free surface in front of the crack tip has an increasing imitgeon the stress field and that
damage starts to develop from this free surface.

R-curves are plotted for R-DIC and compliance methods omrid4. It is obvious
that the compliance method underestimates the resistdrtbe material as all non-linear
processes are supposed to be solely related to crack ptapalga this method. The deeper
analysis proposed in this paper shows that the crack gragiktance of the material prop-
erly extracted from the experimental data is much highea¢sof of about 2 is obtained for
the value ofG). This result may impact directly the design of industrigpkcations of such
quasi-brittle material.

5 Conclusion

The aim of this paper is to characterize the crack growth\iebaof a quasi-brittle ceramic
and to quantify its crack growth resistanc&o reach these goals, the elastic compliance
method is usually used to analyze a notched bending teshidrpaper, DIC techniques,
which allow a meaningful crack detection through displaeatrfield measurements, are
used.Integrated-DIC method is based here on the displacemedtdelomposition over a
set of shape functions adapted to the test kinematicstheWilliams’ series. Its allows a
guantification of the displacement field with lower uncertgilevels. Besides, stress inten-
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sity factors and crack tip location are estimated withogumeng post-processing. These
results K; and crack tip position) are seen to be different from thodainbd by the com-
pliance method.

The crack tip positions with the specific approach I-DIC dreamed more directly and
accurately than with the general approach FE-DIC based de #fement functionsFor
the compliance method, any energy dissipation is integgras a propagation of the main
crack. Therefore it is suggested that the wrong crack tiotiedetected by the compliance
method at the first loading steps is a consequence of noarlprecesses.

To handle the non-linear mechanical behaviour, a Regela+i2zIC formulation is adopted.
This approach combinates the numerical and experimenpelcts It allows selecting a
DIC displacement field which satisfies additional consteagoming from a penalization
by the equilibrium gap with respect to a given constitutise.| The used law relies on a
Chaboche-Lenire damage model. By coupling energy dissipation analgsesR-DIC
field projections onto Williams’ series, it is possible tqkain the differences obtained be-
tween the compliance and DIC methods. Further, it is posdibdistinguish diffuse and
local damages during the test. Interpreted in term of didsigbenergy, three different stages
appear. First, diffuse damage around the initial notch asvshto be the dominant damage
mechanism responsible for the macro-crack initiation. nftlee macro-crack propagation
starts and is detected by the I-DIC method and optical obsiens. The fracture mecha-
nism dominates during this second phase. Last, finite siddbanndary effects finally arise
once the crack exceeds a certain length. The energy disgjpabde switches to diffuse
damage close to the top edge of the sample.

Compared to standard DIC, the R-DIC approach allows agug&si refined dechanical
description of the damage phenomena during the test. Thetifjcation of the energy
dissipated allows distinguishing the diffuse and local hagtisms. An estimation of the
crack growth resistance of the material is obtained witlagabunting for the bias inherent to
the usual compliance method. It is concluded from thesdtseshiat the actual propagation
law or resistance curve for the studied material is givernigyR-DIC analysis.

Different improvements are possible in our case. First,itliependance of the R-
DIC approach with respect to the penalty parameter must dreased thanks to a better
measurement of the displacement and damage fields at therboAdthough the mechanical
response of this porous quasi-brittle material is very titpe, this analysis based on I-DIC
and R-DIC approaches must be applied on others mechanstalwéth different sample
sizes to assure the validity of the identified damage andkirgdehaviours.

We showed how an appropriate combination of measuremensiandation tools al-
lows a deeper understanding and interpretation of noratifracture phenomena in a quasi-
brittle ceramic.
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SEM observations

.4

o4

[

DIC measurements

Fig. 1 Scheme of the bending test and zones for MEB observatiorsl&heasurements

Fig. 2 SEM pictures (Back-Scattered Electrons) of the FracturecBss Zone for the aluminium titanate at
room temperature - The main crack is coming from the bottothesfmage



19

20 ‘
—— Monotonous tests

18- — Cycling test

161

Vertical deflection (um)

Fig. 3 Load-deflection curves for notched bending tests
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Fig. 4 Reference image and zones of interest for notched bendtgwéth FE-DIC (Q4 elements)(a) and
I-DIC (b) - Pixel physical size = 10.8m
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Fig. 5 Axial displacement (y and correlation residual (&) maps. FE-DIC with standard Q4 interpolation
(a) and I-DIC with Williams basis functions (b)
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Fig. 6 Crack lengths a obtained using the compliance method ankCl-Dhe letters corresponds to the load
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Fig. 7 Stress intensity factors'kobtained using the compliance method and I-DIC
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steps labeled in Figure 6
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Fig. 11 Comparison of the crack length evolution from compliand@|C and R-DIC methods
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