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Abstract

Although ceramics are generally considered as to be elbstite solids, some of them are quasi brittle. These
ceramics show a non linear mechanical behaviour resultiogt of the time in a dference between their tensile
and compressive stress-strain laws. The characterizafithreir fracture strengths might be biased if elastic Imea
formulae are used to analyze classical tests like bendstg.tBased on Digital Image Correlation (DIC), dhatent
technique to measure full field displacements, a methoga®groposed to characterize and model materials with
dissymmetric behaviours between tension and compres&jplying specific basis functions for DIC displacement
decompositions for bending, compressive and tensile, @stsess-strain model and its damage law are identified and
then validated for aluminium titanate, a damageable micacked ceramic at room temperature. This identification

method using DIC can obviously be applied to other quasdii®mtaterials.
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1. Introduction

Compared to other materials, ceramics are generally cerexichs to be brittle solidse. with an elastic behaviour
followed by an unstable failure. Some of them are quasilerthd show a non linear mechanical behaviour. Depen-
ding on the occurence of the non linearity beforeafter the maximum load, they are respectively called dasualge
or strain-softening ceramics. Their quasi brittleness tesubm the evolution of multiple internal mechanisms. We

can mention the most common mechanism and materials, thie orack propagation for natural rocks [1], ceramics
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made of crystals with anisotropic thermal expansionfiicients [2, 3], refractories [4], concrete [8hd piezo cera-
mics [6]. We can also mention other mechanisms like the shear ygelifithe fibril interfaces for bones [7], the crack
bridging and the secondary cracking in the frontal procese Zor plasters [8] and the transformation toughening for
some zirconia [9]. A dissymmetric evolution of these inrmechanisms might appear between tension and com-
pression, leading to fierences of both constitutive laws and fracture strengthiefwsile and compressive loadings.
Many eforts have been made to analytically model the relationseipden the presence of microstructural defects
like cracks and the macroscopic dissymmetry of behaviondsfeacture strengths [10—12]. This dissymmetry bet-
ween tension and compression is also experimentafigdit to quantify. Indeed, bending tests are often prefeimed
the literature and in the industry to measure fracture gtrex; as uniaxial tensile or compressive tests are chatigng
and costly to perform on ceramics. Bending tests are céytaimpler to implement and work satisfyingly but they
also present some risks and limitations [13]. For instatiee|oad-displacement curves of damageable ceramics are
usually analyzed in the symmetric elastic linear conteA.[The determination of the fracture strengths might be
biased. Therefore extrapolating uniaxial properties flmnding test data might lead to significant errors for quasi
brittle ceramics.

Obtaining reliable uniaxial results through bending téstst a new idea [15] but phenomenological approaches with
inverse methods are usually preferféd 16—-18] Numerical inverse methods applied to bending tests certalp
provide practical evaluations of uniaxial responses. Buthe possible combination of strain measurement errors
and numerical sensitivity may require some important numeical regularizations, like Tikhonov regularization

[18]. Besides, these uniaxial curves are just numerical datbut they are not associated to some constitutive laws
described by mechanically admissible equations. Thus it isetter to directly determine a mechanical behavior

law suitable for tension and compression. This last requirment is particularly important to use the results in

an ulterior finite element simulation.

Special care must be taken on strain measurement duringnigetedts because of the dissymmetry between tension
and compression for damageable ceramics. The traditiomgismto use gauges or extensometers in order to measure
strains on the bent beam [4, 7, 18]. Digital Image CorrefafioIC) is preferred here since itfers the capacity to
access the full displacement field on the whole sample stiifestead of only an averaged strain at some pre-defined
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location [19, 20]. This technique based on the optical flowmsewvation enables the identification of elastic propertie
[21, 22]. The decomposition adopted for the searched dispient field is a key step for an accurate and reliable
displacement measurement. Tdpiori basis functions choice is primary to include into the nuceamproblem some
mechanical hypotheses [23]. Other specific decompositinatfon sets have already been proposed to extract mecha-
nical quantities from a specific mechanical problem likezBian disk, bending or crack propagation tests [21, 24--26]
This paper proposes to develop two new specific functionfeefeur-point bending and uniaxial tests to enable ac-
curate small strain measurements.

Recently, a similar approach for material identificatiors heen achieved with the virtual field method for elasto-
plastic metals [27].

To summarize, the aim of the methodology proposed in thikigto develop new specific decomposition functions
for DIC adapted for bending and uniaxial tests (Section )roter to identify compressive and tensile constitutive
laws and fracture stengths for damageable ceramics (8ecdi@nd 4). This methodology is illustrated through an
application on aluminium titanate, a micro cracked ceramfiose mechanical and fracture aspects have rather little

been investigated in literature to the authors’ knowledge.

2. Digital Image Correlation Developments

2.1. General Principle : Optical Flow Conservation

DIC is a full field measurement method which enables one ttucagpoth local events and global gradients for the
displacement of a structure. It is based on the grey levedemation principle between two images of a same struc-
ture. Let us calf the reference image the deformed imagey the displacement fieldy the noise. This technique
consists in comparing two successive images to find theadisptent field thanks to the optical flow conservation for

each pixel of coordinate:

f(X) = g(x+ u(x) - b(x) (1)



To determiney, the best approximation possible ibassuming no noise, one can solve this ill-posed inversdgmob

on chosen region@ by minimizing the global error thanks to the functiowal

P24 = f fQ [£(%) - g(x + v(¥)]°dx @

The displacement field is decomposed as a linear combinatibasis functiong; :

v(X) = Z aiNi(x) 3)

The functionalp® becomes a quadratic form of amplitude incremetis Using a first order Taylor expansion for

da;, the minimization of? leads to a linear system written in a matrix form :

[ff (Vo(x + v).N;(x)(Va(x + v).N; (x)dx] da; =
° (4)
ffg(f(x) — g(x+ V)(Va(x + v).N;(x))dx

< Mji.d(li = bj (5)

Once the convergence of amplitude incremelass achieved, the approximated displacement figtdreconstructed
on Q. The final error between andv is obtained by comparing the real reference image a corrected deformed

image calculated from the deformed imagand the displacement approximation
error = g(x + V(X)) — f(x) (6)

The displacement field decomposition in equation (3) is ohthe key tools of DIC. First, it makes feasible to
transform an ill-posed inverse problem into a linear systeetond, it enables one to introduce mechanical hypotheses
into a numerical problem leading to a regularization of tigpldicement solutior. Following this concept, specific
basis function sets have already been proposed in thetliteraBesnaret al. for arbitrary mechanical problem with
bi-linear Q4 elements [23], Hildt al. for cantilever beam kinematics with a linear curvature edlahf24], Rouxet al.

for stress intensity factor measurements [25], Rétkoed. for three-point bending kinematics with NURBS functions
[26]. Two new sets of specific functions are now proposedvar particular cases : four-point bending tests with a

constant curvature element (Section 2.2) and uniaxiad tesh a homogeneous strain element (Section 2.3).



2.2. Particular Case : Four-Point Bending Kinematics

The four-point bending test is often used in the scientiferéiture and the industry to characterize the material
strengths, as it requires simple sample geometry and eguipi@ompared to the three-point bending test, the volume
of loaded material is more important leading to more reédbittle fracture properties. Assuming the Euler-Berfioul
hypotheses for the four-point bending test, the whole kiéra of the central part can be described with the curvature
value and the boundary conditions, because the applied maseonstant.
Some optical approaches have already been used in liter@tuneasure strains during bending tests [28, 29]. They
are nevertheless limited by their incapacity either to deaigid-body rotations and translations or to captureffelds
for large strains.
The bi-linear Q4-DIC approach developed by Besreatrdl. [23] could also be used for the four-point bending test
since itis suitable for all mechanical problems with a comtius displacement field. But two drawbacks have to be un-
derlined. First, the noise sensitivity of this general téghe may be too important, especially when the displacésnen
are very small like for ceramics (see section 4.1). Secdrns not optimal to averaga posteriorithe displacement
over the beam, since there is no direct access to the cuevaiigr to the vanishing of the second order derivatives of
the bi-linear Q4 element.
The basis functions for beam bending developed by Efildl. [24] enables the direct measurement of a beam curva-
ture assumed to be linear over the beam length. This techrsocertainly suitable for cantilever beam experiments
but not for four-point bending tests.
Therefore developing a specific DIC technique which enalbleslirect measurement of the constant curvature of a
beam is a moref@icient approach. This goal can be reached thanks ta §éori choice of basis functions for an

element with constant second order spatial derivatives.

[Ficure 1 about here.]

For a four-point bending test, the displacement field is exped according to equation (3) as a sum of five degrees of
freedom (dof) within the region of interest:

- Assuming a constant beam curvature, thredfments (dof yy,0p andvyg) are required for a two-degree polynomial
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describing the beam deflection:

62VX(X5 y) _
2 Y0

7
52 )
ov
5)(/y) = Yoy + 6o (8)
Wy) = 2 + 6oy + v ©)
For an Euler-Bernoulli kinematics, the corresponding rmmtal displacement, is :
ov
w(cy) = x>0 = x(yoy + ) (10
- Horizontal strain and displacement (dokg ande,y) are introduced to accommodate test imperfections :
Vy(Y) = Vo + Yeyy (11)

The vertical position of the neutral axis is not a parametéhis formulation. In fact, equations (7,8,9,10) deterenin
its position at the mid-height of the beam section. Equafidr) adds a possible homogeneous strain. A vertical shift
of the zero strain axis is thus allowed.

Finally, equation (3) becomes for a four-point bending kirstmatics :

Yo
o
vwl |052 y 1 0 O
- v (12)
Vy y 1 01y
Vo
Y]

This specific decomposition being included in matrix sys{& the axial strain becomes directly available with a
high accuracy because it is a linear function of the verticardinatesx. An artificial displacement field is applied
in order to test the priori performance of the proposed basis functions. With traiosiatof amplitudes from 0 to 1
pixel in y direction, the displacement accuracy i2 £ 10°° pixel and the strain one is1lx 1076 % for a mean DIC
error of Q04 %. In x direction, the displacement accuracy.®x3107° pixel and the strain one is®x 10°° %. The

approach developed in this section will henceforth be ddbeam-DIC'.



2.3. Particular Case : Uniaxial Tensile and Compressivedfiratics

Even if uniaxial tests are more complicated to implementramdhan bending tests, they provide direct informa-
tion about the material behaviour. To measure displaceamahstrain fields during such uniaxial tests, the Q4-DIC
approach could again be used but the same disadvantagamearea for bending tests appear. As the global for-
mulation of DIC allows displacement decomposition withielsy basis functions, it is again better to use specific
functions adapted to the test kinematics instead of avegagposteriorithe displacement field in order to extract the

searched mechanical quantities.

[Ficure 2 about here.]

During tensile or compressive tests, the displacementiities can be decomposed with six degrees of freedom :

- Assuming homogeneous strain on the sample surface, tlaraenpters are necessary for vertical and horizontal
strains (dof :exx ande,y) and one for the shear strain (doy;) in order to describe the kinematics within the region
Q. One can note that if the material Poisson’s ratio was ajréadwn, one of the two degrees of freedeq or ¢y

would have been useless.

Vx(x) = XEXX + %fxy (13)
X
Vy(y) = Yeyy + 26y (14)

- To accommodate test imperfections, three degrees ofdreeate added for the description of the vertical and

horizontal translations (dofvyo andvyg) and for in-plane rotation (doféyy).

V() = Vxo + YOxy (15)

Vy(X) = Vyo — Xbyy (16)



For an uniaxial test kinematics, equation (3) finally beceme

&y
Vy x 0 05 y 1 0] |ey

= . 17)
Vy 0 y 05x —x 0 1f |6k

Vox

[ Voy |
This specific decomposition enables a direct access to tm@dgeneous strain value for compressive or tensile tests
without cumbersome averaging post treatment. With tréiosis.of amplitudes from 0 to 1 pixel in x and y directions,
the displacement accuracy isl 10~ pixel and the strain one is2x 107 % for a mean DIC error of @ %. The
approach developed in this section will henceforth be ddilei-DIC’.

Once specific functions for DIC have been proposed, bendidguaiaxial tests can be run to identify mechanical

properties of damageable ceramics.

3. Experimental Procedure

3.1. Aluminium titanate

Aluminium titanateAl,TiOs is a micro cracked ceramic due to the anisotropic thermahesipn coéicient of
its crystals [3]. The micro cracks appear at grain boundadigring cooling from the sintering temperature. This
is due to the thermal expansion mismatch between crystalse $losing and healing of these micro cracks occur
during later heatings, aluminium titanate has a low therexglnsion exhibiting consequently an excellent thermal
shock resistance [30, 31]. Secondary phases suthggy ZrO,, SiO, or ZrO, are often used to stabilize at high
temperature and strengthen pure aluminium titanate [38F Guasi brittle material becomes an excellent potential
ceramic for industrial thermostructural applicationglifor instance, in the automotive industry with catalystieas,
thermal insulation liners and gas filters [33].
The relationship between the sintering process, the nircrcisire, the secondary silicate phase and the final thermal

expansion caicient has been widely studied [30—32, 34] but mechanicalfeawure aspects are rare in literature
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[35-37]. Aluminium titanate is however known to have a daesdile mechanical behaviour due to the micro crack

propagation [36].

3.2. Samples and Mechanical Tests

The tested material is mainly made of aluminium titanatédaitsecondary silicate phase. It is a highly porous
ceramic with a porosity between 40 and 50 %. The samples wéngded then sintered for a final rectangular section
of BxW=5.1x7.3 mn¥. Five samples were used for each mechanical test at roonetatupe :

- Four-point bending tests were performed on a hydraulichim&c(Instron 8502) with a 5000 N load cell. The lower
span wadD;=60 mm and the upper spd»=20 mm. A linear variable dierential transducer (LVDT) was used to
control the test at a rate of 0.05 nimin for the deflection at the middle of the beam. Rubber baasie been used to
fasten the rollers to the main fixtures (Figure 1).

- Compressive tests were performed on the same hydraulicineadbad cell and crosshead speed. The sample length
was about 25 mm.

- Tensile tests were performed on an electromechanical imag¢mstron 1195) with a 500 N load cell and a 0.02
mnymin deflection speed. The samples were about 20 mm long aredstezk to the fixtures thanks to a slow-setting
glue likely to penetrate into the material pores. A specaédor the vertical alignment between the samples and the

machine was taken thanks to two cardan joints.

3.3. Optical Equipment

A CCD camera has been used to visualize the sample surfaicey diach mechanical test. The maximum image
resolution of this camera is 1200600 pixels with an 8-bit digitization for grey levels. Theqaisition frequency
was one image every five seconds. A painted random patterspraad on the sample surface to enhance the image
contrast.

Since the optical magnification of classical lenses dependke distance to the sample surface, out-of-plane displa-
cements or misalignments might induce artificial magniiicet interpreted as in-plane strains by the DIC system.

Therefore a telecentric lens has been used to overcomedssshte error since objects have the same magnification



at all distances with this type of lenses. Each pixel has @1®. physical size with a 200 mm telecentric lens.

4. Results For Aluminium Titanate

4.1. Four-Point Bending Test

[Ficure 3 about here.]

Figure 3 shows a non linear load-deflection curve. For the fivsamples, the averaged maximum load P is
22.7+0.4 N for a vertical deflectiond of 208:11 um at the middle of the beam.Since ceramics are known to

break at low strains, one can be tempted to use elastic liogatlae (18) and (19) to analyze this four-point bending

test[38]:
12dw
o 18
€elastic 2D12 + 2D;D, — D22 ( )

Telastic = —5p\7
whereP is the applied loadd the vertical deflection at the beam midd\W¥,the height,B the widht,D; andD, the
lower and upper spans.

These elastic formulae lead to fracture strengths of®.0 MPa and failure strains of 0.40.1 %. But two problems
have to be underlined :

First, formula (18) does not take into account the influerfdd® shear loading on the global beam deflectidB8].
This might lead to a significant overestimation of the axiedis € (+4 % with our geometrical configuration). Second,
these elastic formulae implicitly assume a symmetry betvieasion and compression.e. a neutral axis located at
the mid-height of the beam section.

This elastic approach is widely adopted in the literaturiarthe industry to characterize aluminium titanate at room
temperature or at high temperature [35, 39, 40]. Only Liu Becera used a filerent equation (20) to calculate the

‘true’ fracture strengths of two aluminium titanate cerasntontaining magnesium and iron [41] :

D;-D doP
Ortrue = %(P"' 2ad
10

(20)



[Fiure 4 about here.]
[Ficure 5 about here.]

Althougth this formula is better suited for inelastic méaés, it is also based on the assumption of a symmetry bet-
ween tension and compression [42]. In our case, we would tiateened 3.20.1 MPa, but this strength value has no
physical meaning because of thé&dience between tensile and compressive mechanical behavithe aluminium
titanate. This equation has also been used on other damageabmics like zirconia [43] or synthetic rocks [44]
without carefully verifying this symmetry hypothesis.

It is thus not possible to quantify the strength of such dasabe ceramics from only the deflection and load mea-
surements. Therefore one needs to have access the full &&ldiduring a four-point bending test. The Q4-DIC and
beam-DIC approaches are now used to achieve this full fielsorement for one of the five samples :

Using the Q4-DIC approach (198 elemehtsze length= 64 pixels), the measured displacement field amplitujes
are so small (less than three pixels) that the corresporstiain values,y are not reliable (Figure 4). Consequently,

it is impossible to determine accurately the exact neuttal jposition. Using the beam-DIC approach (section 2.2)
with one element, the measured displacement fighhd the corresponding axial strain fielg are more regular and
accurate (Figure 5). Even if the zone of inter@sis wider for the beam-DIC approach (Figure 1), the ratio leetw
inputs (grey level pixels) and outputs (degrees of freedoenlelement is higher than for the Q4-DIC approach. The-
refore the algorithm convergence is twice faster, the apprated solution is more accurate and the post treatment is
simpler.

The axial strain field measured during the bending test fs\sedissymmetric behaviour (Figure 5). Indeed, the neu-
tral axis moves slowly during the test toward the comprespiart of the beam. At hte failure load, the beam-DIC
approach yields to maximum strains-69.26 % for the tensile part and of -0.15 % for the compressie ®his neu-

tral axis shift during the test indicates dfdrence between compressive and tensile behaviours thgirergsusly

not taken into account with the elastic linear formulae.

During the bending test, the correlation error calculatét equation (6) is homogeneous and the mean error remains
between 0.5 and 0.6 % (Figure 5). This low error value confitmsthe kinematics hypotheses of the beam-DIC ap-

proach are consistent. Besides, this homogeneous ert@ raleals that there is no visible damage localization unti
11



catastrophic failure of the aluminium titanate samplec8itihe zone of interest is wider with the beam-DIC approach,
the important error at the top corners of the image corredpanerely to the two rubber bands used to fasten the two
rollers to the upper fixture.

It has been verified on some images that the kinematics autaising the beam-DIC approach leads to the same
deflection than the value measured using the LVDT at the midtllhe beam. In addition to the low mean correlation
error, it confirms once again the quality of the kinematicasueement.

Finally, some tensile and compressive tests must be run fartfter in the material characterization because of the
dissymmetry observed during the four-point bending testuAlly, a phenomenological approach with an inverse me-
thod could have been used to apprehend uniaxial behaviauishias been preferred to search directly mechanically

admissible models from experimental data of compressatg$zction 4.2) and tensile test (Section 4.3).

4.2. Uniaxial Compressive Test

The measured maximum stress is 27.8 MPa. Even if the Q4-DIC approach (204 elemérgize length= 64
pixels) allows one to identify the axial and shear displagettields on the sample surface, it is impossible to obtain
a reliable value for the axial strain (Figure 6). On the cantrthe uni-DIC approach (Section 2.3) leads directly to a
homogeneous strain value (Figure 7) : the axial strain atriais—0.74+0.03 %.

The stress-strain curve (Figure 8) shows that the mecHaméteviour is elastic linear until a strain 60.50:0.05

% is reached. The secant modulus remains almost equal toRagu@til this strain limit. Oscillations of the secant
modulus curve are observed for strains ranging from 0-80t®3 % due to a lack of accuracy in both the strain and
load measurements. When strains vary fredn50 to -0.74 %, the progressive increase of the DIC errdcatds that
the strain is no more homogeneous everywhere on the samfdesun fact, a strain localization begins at one of the
beam corners, so one knows where the unstable crack wilkagyedore the sample failure. For aluminium titanate

tested in compression, the failure shows a very limitedrstsaftening behaviour.

[Ficure 6 about here.]

[Ficure 7 about here.]
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Strains have been quantified according to the beam-DIC apprduring the four-point bending test in section 4.1 :
the value of-0.15 % was reached in the compressive part of the beam justebibfe catastrophic failure. It means
that the mechanical behaviour for the compressive partebtnt beam can be considered as elastic linear with a

Young modulus of 4.6 GPa.

[Ficure 8 about here.]

4.3. Uniaxial Tensile Test

The measured maximum stress is equal ta&8.8 MPa for an axial strain 0f0.11+0.05 % using the uni-DIC
approach (Section 2.3). The stress-strain curve is nadiard the secant modulus descreases progressively from 4.7
to 2.7 GPa when the axial strain increases (Figure 9). Adfmcompressive test, oscillations of the secant modulus
curve are observed when for strains ranging to 0.080@1 % because of the inSicient accuracy of strain and load
measurements. The initial modulus is almost equal to themeesured in compression. This damageable behaviour
is linked to the progressive propagation of the grain boundacro cracks of the aluminium titanate. Since the mean
error is low and almost constant, it means that the straid feleally homogeneous without visible damage localiza-

tion in the sample surface until catastrophic failure.

[Ficure 9 about here.]

Failure occurred always close to the glue interface at ontheofample extremities. But it has to be highlighted that
the fracture surfaces were cleare(without glue) so that the obtained results do charactehiggbrous ceramic.

The maximum strain is-0.11 % in the tensile test whereas values-6f26 % have been measured during the four-
point bending test. Smaller strains in tension than in begtists have already been observed in literature [16, 45].
From the bending tests, the Weibull modulus have been rguggtimated to be higher than 40. Affdirence of
sample size cannot totally explain thigtdrence of failure strains. Two hypotheses can be put foréxpdain why
smaller strain values are reached during an uniaxial téserghan during the previous bending one. First, the rigidi
increases at the interface due to the glue, leading surelystoess concentration in this region. Higher strains might

be reached for a tensile test with a better boundary comd@@mtrol. Second, a structuraffect may be taken into
13



account between two filerent tests [45] : whereas the crack propagation is quickbtable during a tensile test,
the cracking in the outer layer of a bent beam is forced to memlistributed because of the constraint provided by
the uncracked compressed zone : higher strains can thusableek before failure. The transition from stability to
instability depends on the whole stress field of the considlstructure. Such structural sizéeets in bending tests

have also been highligthed for mechanisms of crack profaghdr other highly porous materials like plaster [8].

4.4. Prediction of the Bending Curve through a Mechanicabilo

The aim of this last section is to identify a stress-strairdedlavhich can be used henceforth, for instance, in a
finite element simulation. The model validation is achiebgdoredicting the experimental load during a four-point
bending test at room temperature.

It has been shown that the mechanical behaviour is elastistifains from 0.0 t6-0.5 % (Section 4.2). The lowest
compressive strains measured using the beam-DIC appre#at+0.15 %, an elastic law is well suited to describe

the compressive behaviour during a bending test :

Ucompressioﬁe) = Eo.€ (21)

It has been shown that the mechanical behaviour is damagigateinsion (Section 4.3). The fracture strain measured
using the uni-DIC approach wa®.11 % during the tensile test, whereas strains@R6 % obtained using the beam-
DIC approach were reached during the bending test. To omerchis lack of experimental data betweet11 and
+0.25 %, a damage law is proposed to describe the tensile loeinalhe micro crack propagation law is represented
by an exponential functiob(e) with two new parameterg andb. Such exponential damage laws have already been
observed on other quasi brittle ceramics [46]. The same fuedhy is used in order to impose a modulus continuity
between tensile and compressive laws. This modulus catytihas been experimentally observed in uniaxial tests

(4.6 GPa in compression and 4.7 GPa in tension).

Drensior(€) = a.(1 - exp(-€/b)) (22)

Ttensio(€) = Eo.(1 — D(€)).€ (23)

[Ficure 10 about here.]
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To identify the numerical values of the three parametBssd, b), the load applied during the four-point bending test
is quantified according to the previous constitutive laws. évery pixel of coordinate, the strain is measured using
the beam-DIC approach and the corresponding stress idat@dwsing equations (21, 22, 23). There are some pixels
which correspond to the beam but are just above or below tlezbhe of interest. Knowing the real height W of the
section, the strain field has been linearly extrapolatedhfese few pixels not included in the zone of interest. Then,

the load P is calculated by integrating the moment on the tsesation :

4B V2 W
P= 5", I o o(e()-(x = Z)dx (24)

[Ficure 11 about here.]

A Levenberg-Marquardt algorithm has been used to solve thisriverse problem to identify the values Eg,a,b)
from the load measurementsFigure 10 presents a load-deflection curve with the paramatees :Eq=4.67 GPa,
a=0.874 anc=0.00136 (Figure 11). The load values come from either the ¢adl or the identified constitutive laws
applied to the strain fields measured using the beam-DICoappr The deflection values come here from the LVDT.
The simulated load curve fits well the experimental data.

It has been checked that thg value is consistent with uniaxial test data and with an stiric measurement which
led to an Young modulus of 4.69.15 GPa. Finally, it has been verified that these constéudiws lead for a bending
test to the same neutral axis position than the beam-DICoaphron figure 5.

These elastic and damageable laws for aluminium titanatengchanically admissible [14]. Thus they can directly

be used in a finite-element numerical simulation.

[Ficure 12 about here.]

Whereas elastic linear formulae gave fracture strengths5dd MPa in tension and in compression, the identified
constitutive law leads to a strength-88.5 MPa for tension and a stress-af.1 MPa for compression at failure (Figure
12). Relative errors of 30-40 % were thus done with the eldstimulae. Furthermore, the damageable behaviour of

aluminium titanate observed during the bending test is didyated by the micro crack propagation in the tensile
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part. Finally, the catastrophic failure of the bent beanhuiitt visible damage localization results also from theitens

behaviour.

5. Conclusion

Elastic linear formulae must not be used to analyze mechhigists on quasi brittle ceramics, otherwise significant
errors might be made concerning the identification of frecgirengths. Therefore a methodology based on Digital
Image Correlation (DIC) has been proposed to charactedrgadeable ceramics which havefelient mechanical
behaviours under tensile and compressive loadings.

DIC is an dficient optical technique for full field strain measuremeetpecially when associated with a specific
displacement decomposition. It enables one to introduashamécal hypotheses into a numerical problem. Two spe-
cific basis function sets have been developed : a constavatoue element for four-point bending tests (beam-DIC
approac) and a homogeneous strain element for uniaxial (i@sitDIC approach). Two main advantages about using
specific decompositions have to be reminded. First, theckedrmechanical quantities are easily extractable since
they are directly among the degrees of freedom of the sys$ewond, the obtained results are more accurate, so very
small strains can be measured. This last point is very impofor the characterization of ceramics.

The specific tools developed for DIC have been applied to ilium titanate at room temperature. During a four-
point bending test, the non centered neutral axis positidicated a dference between tension and compression.
Uniaxial tests revealed that the mechanical behaviour easohsidered as elastic in compression and as damageable
in tension. The non linear behaviour and the catastropliliaréaof bending tests result exclusively from the micro
crack propagation inside the tensile part of the bent bedran® stress-strain model and its damage law have been
identified and validated by successfully predicting thelloarve of the four-point bending test. Afiirence of 30-40

% was observed for fracture strengths between the identifiestitutive laws and the elastic linear formulae. Finally
this model is mechanically admissible so it can be direclydliin a finite-element simulation.

This methodology brings a new alternative to characterizsibrittle ceramics instead of using unadapted linear
formulae. In addition to its simplicity, it allows a directéntification of uniaxial stress-strain models from a dtzds

bending test. This methodology has been applied in thisrgapguminium titanate. Obviously, it can be applied to

16



other quasi brittle materials among biomaterials, cemetasters, concrete, composites, rocks and porous cesamic
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