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Abstract

Understanding the role played by the microstructure of neteon their macroscopic failure properties is an im-
portant challenge in solid mechanics. Indeed, when a cremguates at a heterogeneous brittle interface, the front
is trapped by tougher regions and deforms. This pinningdedunon-linearities in the crack propagation problem,
even within Linear Elastic Fracture Mechanics theory, amdlifies the overall failure properties of the material. For
example crack front pinning by tougher places could inaéhs fracture resistance of multilayer structures, with in
teresting technological applications. Analytical pebition approaches, based on Bueckner-Rice elastic linelsod
focus on the crack front perturbations, hence allow for adeton of these phenomena. Here, they are applied to
experiments investigating the propagation of a purelyrfatgal crack in a simple toughness pattern: a single defect
strip surrounded by homogeneous interface. We show thaikigg into account the finite size of the body, quanti-
tative agreement with experimental and finite elementdtesuachieved. In particular this method allows to predict
the toughness contrast, i.e. the toughnefisidince between the single defect strip and its homogenaoesiading
medium. This opens the way to a more accurate use of the patimm method to study more disordered hetero-
geneous materials, where the finite elements method is tesguate. From our results, we also propose a simple
method to determine the adhesion energy of tough interfageseasuring the crack front deformation induced by
known interface patterns.

Keywords: Interfacial brittle fracture, Toughening, Crack pinniignite element method, Perturbation approach

1. Introduction

Predicting the threshold for crack propagation is a keydsaumaterial science: it determines the design quality
of structures and their durability for a wide range of systeanging from bulk materials to thin films. In particular
it was shown that one of the modfieient mechanisms to increasfetive toughness is crack pinning by material
heterogeneities (Bower and Ortiz, 1991). For example therosaopic &ective toughness of a material can be in-
creased very significantly by the dispersion of hard pasiah the matrix (Mower and Argon, 1995). Another system
that takes advantage of crack pinning consists of pattémedaces presenting heterogeneous toughness landscape
Their technological interest lies in the development oftidalyer materials with high mechanical stability. A prai
ing method to develop new materials consists in designirtgnap heterogeneous interfaces with high toughness
while maintaining their functional features.

Heterogeneitiesfiect the &ective toughness by interfering with crack propagatioriledéng crack fronts and
crack surfaces. However, it isfiicult to predict the fiect of heterogeneities quantitatively and experimentadsn
tigation of this toughening mechanism raises seveifécdities. For example it is not easy to create well controlled
heterogeneity distributions and to observe crack propagat situ. Also, due to crack deflection, the problem is
often three-dimensional and theoretical or numerical iigreents become quite complex.

In the literature, most of the experimental investigationgrack pinning in heterogeneous materials were statisti-
cal approaches and studied post-mortem fracture surfBeegaud, 1997; Santucci et al., 2007; Ponson et al., 2007;
Dalmas et al., 2008; Bonamy, 2009). Experiments with divéstialization of the crack frorith situ during propaga-
tion are very unfrequent. For example, with an original ekpental setup, Schmittbuhl and Malgy (1997) were able
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to observe the crack front morphology during propagationgla disordered heterogeneous interface. This setup has
been widely used to obtain statistical information on criokt roughness (Delaplace et al., 1999; Santucci et al.,
2010) and stochastic dynamics of propagation (Malgy and@tituhl, 2001; Tallakstad et al., 2011). However quan-
titative predictions seem out of reach, mainly because@ptiesence of shear on the crack front during loading and
the ill-controlled nature of the heterogeneities. Regehopin et al. (2011) proposed a new experimental approach
with better controlled heterogeneities, but the setup siiers from mode mixity. In the experiments of Mower and
Argon (1995), the front is trapped by second-phase pasticigoduced in a brittle epoxy. The front shape becomes
complicated since it can not penetrate in the particlestlagsk experiments areficult to model analytically.

Here, we report on a study of crack propagation measured alevell controlled patterned interface in a classical
Double Cantilever Beam (DCB) geometry. The crack propagatehe weakest interface in a stack of thin films
deposited on glass, allowing direct visualization of thack&rfront. This weakest interface is not homogeneous how-
ever: a defect strip with a flerent interfacial toughness lies at the center of the san§deeral values of toughness
contrast have been investigated and we have monitoredtidradation of the interface crack with these defects. The
interface cracks are either trapped or attracted by thectldépending on the sign of the toughness contrast between
the defect strip and its homogeneous surrounding mediuns. SBtup (Barthel et al., 2005; Dalmas et al., 2009) has
several advantages: 1) the crack is loaded in pure tensitiefroode 1); 2) the crack propagation is purely interfacial
(without deflexion out of the plane of the interface); 3) theghness contrast can be tuned to keep the deformations
of the crack front small.

In the framework of Linear Elastic Fracture Mechanics, jggttion criteria are based on the comparison of the
Energy Release Rate (ERR) and adhesion energyfitril921) — or equivalently of mode | stress intensity factor
(SIF) and toughness (Irwin, 1957). The ERR is derived fronekastic analysis, and depends on loading, elastic
response of the solid and geometry of both badgcrack. Perturbation methods were initiated by Rice (1988&3ed
on Bueckner (1987) weight-function theory, and specificaied by Gao and Rice (1989) to study the morphology
of cracks trapped in heterogeneous interfaces. They pe@ndlytical predictions for the variation of the ERR when
the crack front is slightly perturbed antfectively describe the crack front as an elastic line. Howehe first order
formula proposed by Rice (1985) for a half-plane crack inrdimite media does not take into account any finite size
effect. In the case of the present measurements, they may prenioheous predictions for large enough crack front
perturbations (deformation or wavelength) in comparisdth wample sizes. However several improvements of this
formula have been proposed to take into account the finieeddithe crack (Gao and Rice, 1987; Gao, 1988; Leblond
et al., 1996; Lazarus and Leblond, 2002; Lazarus, 2011)jnite thickness of the body (Legrand et al., 2011) and
even the interaction between two cracks (Pindra et al., 2010

Our aim here is to assess the use of analytical perturbdtenries to model crack propagation in heterogeneous
interfaces. To evaluate the merits of these models, we naefeeence solution which would provide &xact
modeling of the data. In the case of the mildly distorted kifaonts proposed here, Finite Element (FE) simulations
can be used to determine tleeal values of the ERR. In addition, with FE simulations, we cacuaately take into
account the exact geometry of the sample, includiregshape of the crack fromthich is determined experimentally.

The experimental method is presented first with some dataiteerning the synthesis of the samples and the
cleavage tests (section 2). From the measured crack fréotrdations and loadings, the ERR pattern is then de-
termined by numerical and theoretical methods. The ERRgatloa crack front is quantitatively calculated through
detailed three-dimensional FE analysis (section 3). Ailyperturbation methods are presented in section 4 and
we show how the local ERR contrast can be inferred. Then FEaaatytical methods are applied to theferent
samples and their results compared in section 5. In paatidtiis shown that the ERR contrasts calculated by the two
approaches are in good agreement if the finite size of the jgaluly taken into account in the analytical perturbation
models (Legrand et al., 2011), in contrast to Rice (1985)sleh, which is conventionally used for this type of ge-
ometry although it can apply only to infinite half-spaces. fildally discuss the crack propagation criterion and show
how these results can be used to give quantitative estiroatesal adhesion energy values for textured interfaces in
section 6.



2. Experiments

2.1. Synthesis of samples

To control and visualize the propagation of a purely inteiefbcrack along a patterned interface we start from thin
film multi-layers deposited by magnetron sputtering (Balr#ét al., 2005) on rectangular glass substrates (thickness
h = 700um, widthb, lengthL). Schematically, a typical sample is glasiver/top layer (see Fig. 1).
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Figure 1: (a) Schematics of a patterned multilayer depositeglass exemplified for the HC-b30 sample. (b), (c) and
(d): the multi-layers are reinforced by a glass backingmccleavage test for the HC-b30, MC-b40 (MC-b50) and
LC-b40 samples respectively (see text for details). Theet fracture is shown in red.

Patterning of the interface is achieved by inserting a mésedo the sample during deposition of the silver layer.
The mask is rectangular (widt) and extends over about half the sample length. The otherdagomprising the
sample are deposited without mask and are homogeneousrdadeavered by the mask induces a zone witfedent
adhesion, i.e. dierent toughness , which we call the defect strip.

Three types of interfaces are studied, with respectivelytmighness contrast (LC), medium contrast (MC) and
high contrast (HC). In LC-b40, the defect strip is an orgdaier which is directly deposited on glass, inducing
lower adhesion. For MC-b40 and MC-b50, the silver layer isaited on an SN, sublayer. The toughness contrast
originates from the dierence between A8isN4 and SiN4/SisN4 adhesion. In HC-b40 the silver layer was deposited
directly on the glass substrate, increasing the toughr@dsast due to lower adhesion on glass. The sample nature
and dimensions are summarized in Tab. 1, ranked from thestawehe highest adhesion.

Sample Stack b(mm) | L(mm) | d(mm) | H(mm) | Homog. Interf.| Defect strip
LC-b40 | GIl./Org/Ag/SizNy 38 64 2.82 3 GlasgAg GlasgOrganic
MC-b50 | GIl./SizN4/Ag/SizNg4 49 82.5 3.87 25 SizsN4/Ag SizN4/SizNg
HC-b30 Gl./Ag/SisN4 29.5 36.5 3.2 1.5 GlasgAg Glas$SisNa

Table 1: Nature and dimensions of the patterned samples.e&ar stack the patterned layer is shown in bold.
Underlayer thicknesses vary between 10 and 50 nm.

2.2. Cleavage test

To propagate a crack in the multilayer, we use cleavage wdéient conditions: a glass backing of thickness
700um is glued on top of the multilayer with an epoxy glue (Bartael., 2005; Dalmas et al., 2009), resulting in
a glasgmultilayerglass sandwich. This sandwich is amenable to opening in a 880p. The test is carried out by
progressive opening of the two glass arms by the gradualdottion of a wedge between the two plates (Fig. 2a).
The positioning of the wedge is controlled by an electrikjémr precise control of the opening of the two glass
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plates. With this method, cleavage is displacement cdatt@nd the propagation of the crack is stable: the crack
length increases in a controlled way. The propagation ottaek front is performed in a quasi-static manner, i.e.
further increment of the opening is applied only after coetghrrest of the crack front.

(b)

Figure 2: (a) Schematic of cleavage test on a double caatilewam. The opening of the cragks imposed by the
wedge in order to control the average length of the ceack) Top view sample photography during the cleavage test
HC-b30. Thanks to transparency of the glass, interfacédlcis observed. The deformation of the crack comes from
the diference of adhesion energies between the silver interfatthardefect strip.

The specimen is semi-transparent and we directly obseevertitk front propagation during opening. In order to
record the data, two high magnifications cameras are usea fifBh camera monitors the displacement of the glass
armsgé, which is measured at the corners of the crack surfaces {ge@d). The second camera records the crack
front shapea(?) (see Fig. 2b). Its positioa(z) is measured from the line parallel to z passing through #tereal
corners of the crack surfaces.

Once the wedge penetrates between the two plates, cracagatipn takes place at the weakest interface of the
multilayer. In order to identify this interface X-Ray phetectron spectroscopy is used on both fracture surfaces. In
these samples, purely interfacial fractures have alwags fmind. As indicated in Fig. 1, the crack takes place at one
of the silver layer interfaces for all the configurationsisitbservation is consistent with the weak adhesion of silve
layers and the perfectly interfacial crack path demonstragrlier (Barthel et al., 2005). As the crack propagates in
a patterned interface, two fracture interfaces can be dgfimge involving the silver layer and the other one in the
defect strip (see Tab. 1).

The evolution of the crack front morphologies (only for didium positions) during cleavage tests is shown
in Fig. 3 in the case of sample HC-b30. In the first regime, ttepagation takes place at the homogeneous silver
interface. The crack front propagates with the overall edrshape which is characteristic of homogeneous interfaces
for finite width samples (Sec. 3.3). This simple curved shiapareserved until the crack comes into contact with
the defect strip, where deformation of the crack front begihis held back by the defect strip and curves into the
outer region. After this transient regime, stationary @gtion is recovered: in this third regime, where the crack
propagates in the patterned area of the interface, the lbeeraature of the crack front is now decorated by an
additional modulation: the front lags behind in the higheslbn defect strip.

The crack front positiona(z) and the loading8, with the sample geometric dimensions and the elastic aotsst
of the glassE,v), serve as input parameters to model the cleavage tests et sections by two fierent ways. We
compute the ERR landscape along the crack front first by FEenigal calculations (Sec. 3), second, by theoretical
perturbation approaches (Sec. 4) and compare the resatts§p
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Figure 3: Evolution of the equilibrium shape of the measwretk front for the HC-b30 sample. The three suc-
cessive regimes of propagation are distinguished. |:@taty propagation along the silver homogeneous interface
(wide dashed black lines); II: transient deformation of fitemt when entering the defect strip (red dotted lines}; Il
stationary propagation of the deformed front in the defergh écontinuous blue lines).

3. ERR obtained numerically by Finite Elements

FE calculations are performed with the aim to analyze thielitglof the analytical perturbation approaches pro-
posed in this paper (Sec. 4.2). To directly model the whopeernental pinning cleavage tests and obtain a reference
solution of the global and local ERRs, we needed to take intmant the whole geometry of the problem, includ-
ing specimen geometry and the crack morphology (Sec. 3 .iis i$ the major part of the present FE calculations
(Sec. 3.2). Besides, we also consider the case of an hommgeimderface (Sec. 3.3). Even in this case, due to the
finite width of the specimen, the front shapes are not sttaght are derived here by FE calculations. They are used
as reference unperturbed crack geometry for the pertorbatethods.

3.1. Simulation method

To calculate the local ERR distribution, the static elasstiproblem is resolved by FE for each equilibrium po-
sition of the crack front. The input parameters for the FEE@laltions are the geometrical dimensions of the sample
(L, b, h, H) (Fig. 2), along with the position of the froa{z) and the associated openifigvhich are measured during
the gradual opening of the sample.

The simulations are performed with the FE code CAST3M depedoby the French Commissariat &iiergie
Atomique (CEA). The values of Young’s modulis= 71 GPa and Poisson’s ratio= 0.22 are those of glass for all
the cleavage tests. The multilayer is neglected from a nrecalapoint of view due to its extremely low thickness
compared to the glass plates. The results presented in ¢thisa@rrespond to meshes composed of 144,896 bilinear
8-node parallelepipedic elements and 180,471 nodes. Tkb ofethe glass plate is inhomogeneous. Its density
increases as the displacement gradients, and thus e$pétitie vicinity of the crack tip. The mesh is refined
until the displacement field converges at mechanical dariiln. The mesh of the experimental crack front shape
a(2) = a + 6a(2) is obtained by deforming an invariant mesh in thdirection of a straight crack front around its
mean positiora (Fig. 4). The mesh around the crack front is constructed tm fa kind of regular cylinder around
the front which is adapted to the “G-theta” method used toulated the local ERR at each point of the front. This
method developed by Destuynder and Djaoua (1981), allovis nalculateG accurately and quickly (Destuynder
etal., 1983).

As output of the simulation, the 3D displacement fields otsdiare used to obtain the local ERER2) along the
front with the “G-theta” method. This method uses the displaent fields obtained by FE resolution of the elasticity
problem. Due to the symmetry of the problem with respect toxtk z plane, i.e. the plane in which the crack
propagates, only the upper glass plate located above theytaO is simulated. Symmetry boundary conditions are
applied on this boundary. The boundary: L is clamped. Stress free boundary conditions are appliet@rest of
the boundary surfaces. Concerning the loading, a pointatismentA in they-direction is applied on the triangular
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Figure 4: Typical mesh of the cleavage test used in the fildiment calculations. The unbroken interface is colored
in blue. The highest mesh density corresponds to the crack frosition. A zoom of the mesh in the vicinity of the
crack tip is also reported in red.

tip as in the experiments. The value/ofs fixed so that the displacement at the cokhefthe sample shown in Fig. 2a
converges toward the displacement measured experimerita# final error between the experimental and numerical
value of§ is less than 1%, i.e. less than the uncertainty of experiaieméasurement, for all crack configurations
studied.

3.2. Evolution of the ERR during the propagation along thietftgeneous interface

The local ERRs are calculated along the crack fronts foralildrium positions of the crack obtained experi-
mentally. In the following we illustrate our results in thase of the multilayer HC-b30 that exhibits the strongest
adhesion contrast among the four types of interfaces pregénSec. 2.

We plot the following results:

e The ERR landscap®(2) of a crack front trapped by the central defect strip (Fig. 5)
e The average ERB, =< G(2) > as a function of the average positiatf the crack front (Fig. 6a);

e The average fluctuationss; andAG; of G(Z) with respect ta5, for interface areas situated outside and inside
the central defect strip respectively (Fig. 6b).

The evolution of the ERR landscaz) when the crack propagates is reported in Fig. 5a. The ERRagin
expected between the defect strip and its surrounding henemus medium is well reproduced by the ERR landscape.
As reported in Fig. 3, three successive stages can be assbeith this ERR landscape: homogeneous propagation
(the front has a curved shape characteristic of finite widléce); interaction between the crack front and the central
defect strip (the front is progressively deformed); stagiy pinning (the deformation stays invariant in the dii@ct
of propagation).

A profile of the ERRG(Z) obtained for a crack front trapped by the defect strip indiséstationary regime is shown
in Fig. 5b. Despite the presence of some fluctuations, theepiee of the central defect strip can be clearly identified
and characterized by a significant variation of the ERR caeg#o average ERB. In the homogeneous and the
defect zones, the ERR is nearly constant longitudinalih&drack front in the direction It is therefore possible to
attribute a characteristic ERR value for the two types ddrifiasices, homogeneous and defect strip, encountered by the
crack. We noté5; andG; their respective average value from which we extract theesponding mean variations
from AG; = G; — Gp andAG; = G, — Gg. The signs ofAG; andAG; are by definition opposed. The notatidag
G, G2, AG; andAG; are reported on Fig. 5b.

Thanks to the FE calculations we compute the global ERRby calculating the average ERR along the front
knowing the local ERRs so th& =< G(2) >. In Fig. 6a, the variation dBy shows the three regimes as a function of
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Figure 5: Local Energy Release Rate (ERR) computed by Fili#enent (FE) for the cleavage test HC-b30. (a)
Evolution of the ERR landscape. The three successive stdgeepagation are distinguished as in Fig. 3. The ERR
contrast expected between the defect strip and its suriogihdmogeneous medium is well reproduced by the ERR
landscape. (b) Local ERR along a crack front during regimeflFig. 3. Go denotes the average along the front while
AG; andAG; denote the average variations of the energy release ratparethtoGy outside and inside the defect
strip respectively.
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Figure 6: Energy Release Rate (ERR) calculated by finite @i¢method (symbols) for the cleavage test HC-b30. In
order to distinguish the three successive regimes of petjzagthe color code is same as in Fig. 3: black circles for
the propagation along the homogeneous part of the intenfadesquares for the transient regime and blue diamonds
for the propagation in the patterned part of the interfache &rror bars are deduced from statistical dispersions.
(a) Mean ERRG, evolution with the mean crack front positi@a The continuous straight line corresponds to the
theoretical value deduced from the linear regression of Ficomputed through Eg. 1. (b) ERR contras@ as a
function of the distance between the average crack frontippsnd the beginning of the defect strip posite# ag.

The contrasts are calculated outsid&() and inside AG,) the defect strip.

the average position of the crack in its direction of propiagea. These regimes correspond again to the morphology
variations reported in Fig. 3. The average EBRis almost constant at the beginning and at the end of cleavage
test. Between these two ERR values a transient regime is\a@aseT hese three regimes correspond chronologically
to the propagation of the crack front in a homogeneous medisrmteraction with the strip edges and finally to its
stationary pinning by the defect strip. Change&inreflect the change in thefective toughness of the interface
due to the presence of the defect strip during the crack gdjmn. The increase iy can be associated with a
toughening of the interface. This aspect will be discuseadodre detail in Sec. 6.
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The determination of local ERR values allows us to refine atenstanding of the interaction between the crack
front and the central defect strip. In Fig. 6b, we represeatariationsAG; andAG; as a function of the distance
between the average position of the craend the beginning of the masked zagén the crack propagation direction
X. The three regimes described above, from the chan@®,rare considerably emphasized. We observe that the
variationsAG; are equal to zero fom — ag < 0, i.e. before the interaction of the crack with the defectiribg the
penetration of the strip by the crack front, in the vicinifyeo- ag = 0, AG; vary dramatically. The\G; finally reach
constant values faa — ag > 0 when the crack front is stationary trapped by the defectelat, in absolute value,
the variationAG; is about one order of magnitude lower thaB,. The width of the homogeneous zone is indeed an
order of magnitude greater than that the defect strip one.sidns of variationAG; are consistent with the observed
variations inGg. A defect strip whose adhesion is larger (smaller) than tmdgeneous medium produces a variation
AG, >0 (AGZ < O) andAGl <0 (AG]_ > O)

3.3. Simulation of the overall crack front curvature for ammhogeneous interface

Even for a homogeneous pattern-free interface, for a saofgfieite width b, the crack fronts are not exactly
straight but adopt a curved shape (see wide dashed blaskitirféig. 3). This shape is due to the anticlastic defor-
mation of the bent plates. To our knowledge, there is no gnaplalytical formula for modeling this contribution
to the crack front shape. Therefore we have calculated tiek@hape in an equivalent homogeneous medium cor-
responding to the experimental geometry and loading. Uiag~-E method we have calculated crack shapes such
thatG(2) = Gg along the front wher&, is the average ERR computed previously by FE. The crack bape is
determined from a mere steepest descent iterative alguriithe equilibrium shape is reached when thiéedénce
between the local ERB(2) andGy is less than 1% at any point of the front. These backgroungecushapes will
then be subtracted from the experimental fronts beforeyaizabf the deformed crack fronts in the heterogeneous
samples with the perturbation formulas (Sec. 5).

4. Analytical approaches

The idea here is to decompose the calculation of the local BRRg the deformed crack front as the sum of
its global average value and its local increase along theifesd configuration. Analytical methods allowing us to
estimate the mean value (beam model) and the local reladives (perturbation methods) are presented in sections
4.1 and 4.2 respectively. Our goal is here to be able to daterthe ERR landscape analytically in order to compare
theoretical predictions with previous FE numerical cadtioins in sections 5 and 6.

4.1. Determination of the average ERR

The first step of our theoretical study is to determine thdal&ERR, i.e. the mean ERBy. A standard data
analysis is to calculat&g by a simple beam bending model at fixed displacement (Fig. Rtording to Kanninen
(1973), the ERR in a state of plane stress reads:

3Eh%s?

~ 16(@+ 0.640)% @

0
Note that the geometry of the problem meets the assumpaaing to Eq. 1, i.ea > handL — a > 2h, for all
the cleavage tests studied in this work. We need to adapteambnodel to pass from a three-dimensional elastic
problem to a beam model in one dimension. Kanninen's modélkeisefore employed using the average crack front
positiona calculated along the width of the plate in théirection. This average position is obtained directly from
experimental crack front positiorsgz).

In practice, we plot the evolution @ as a function of & + 0.64n)*. In Fig. 7, the case of sample HC-b30 is
reported as an example. In this kind of grafy,is simply proportional to the slope of the curve. We can djear
identified the three dierent regimes described in Sec. 3.2.

We extract the nearly constant value @&§ in regime lll, i.e. where the the pinning is stationary, byireear
regression procedure. In the case of sample HC-b30, weroBgai= 0.95+ 0.14 Jm? as reported in Fig. 7. This
guantity will be used to determine adhesion properties im 6e The comparison with FE numerical calculations in
Fig. 6a shows a good agreement.
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Figure 7: Typical data plot according to Kanninen’s modeltfe cleavage test HC-b30. The slope corresponds to
the mean Energy Release Rate (ERR) The three successive regimes of propagation are disshgdias in Fig. 3.

I: stationary propagation along the silver homogeneowsfate (black circles); Il: transient deformation of therft
when entering the defect strip (red squares); lll: statippaopagation of the deformed front in the defect strip €blu
diamonds). The straight line is a linear regression of the btethe regime IIl.

For all the experiments, the variations @f due to the interaction between the crack and the defect alte we
reproduced by Eq. 1 as a function of the average positioneo€tack front.Gg is only slightly underestimated with
respect to FE calculations. The maximum relative error betwthe beam model predictions and the FE numerical
calculations remains below 10% for all samples. This reslltiates the use of Kanninen’s model to evaluagen
our system.

4.2. Perturbation method

We now present the perturbation approachesto model theagjedest. Our goal is to evaluate the local ERRs from
the knowledge of the crack front morphologfg), this time using a lightweight analytical method. We firigatiss
the formulas giving the first order variation of the local EREe to a perturbation of the crack front position. We then
customize them to our experiments: we assume that the ERRdape is stepwise to reduce the determination of the
local ERR to a single parameter, namely the ERR contrastu$éfilness of those formulas appears when applied to
the experiments, since they allow to reduce the errorsdin&ehe local noise of measures in the crack front position
a(z).

4.2.1. Variation of the local ERR due to small crack fronttpdvations

Two different cases are considered: 1) when the wavelengtlthe crack front perturbation is small compared to
the plate thickness, that is when the medium can be supposedinfinite and 2) when is large, that is when a thin
plate model can be used.

¢ Rice (1985)’s formula for a half-plane crack in an infinite medium: In his pioneer work Rice (1985) has
calculated the theoretical expression of the ERR firstiovedationdG(2) along a planar crack front due to a small
perturbation of the front positiafa(z). This expression is valid in principle for a semi-infinitack in an infinite body.
From the perspective of a DCB geometry (see Fig. 2a), suclomeic mapping is acceptable if the characteristic
perturbation length of the crack front meets the conditions:< h and1 <« a. The first condition implies that the
plate must be very thick with respect to the perturbationelewgth. Provided that these assumptions are met and that
the load is invariant along the crack frontin mdirection,g(\S(k) is given in Fourier space by:

&(k) = Fo(k a)5a(K) with Foo(k, @) = (—IK + id—G
Go da
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whered = 2r/|k| is the wavelength of the front perturbation aBg the ERR of the straight crack front of average
positiona. Note that to first ordeG, corresponds to the average ERR as introduced in the present®ns. The
derivativedG/dais calculated in our work from the simple Euler-Bernoullalbe model (Tada et al., 1985) consistent
with the plate model presented subsequently. In this chseariation 1Go.(dG/da) with the crack lengtlais merely
given by-4/a.

e Legrand et al. (2011)’s formula for a half-plane crack in a thin plate
Rice’'s method has been extended by Legrand et al. (2011)iadédtpio the case of a semi-infinite planar crack located
in the mid-plane of a thin plate. This system satisfies theditimms: 1 > h andh <« a. Under these assumptions,
the perturbation of the crack can be treated with the Lovetdidt theory for thin plates, which greatly reduces the
complexity of the problem. Note that in this case, the firgidibon implies that the plate must be very thin with
respect to the perturbation wavelength. The first ordeatian of the ERR in Fourier space writes as follows:

5G(K)
Go

> (2kacosh(2<a) - Sinh(?ka)) , 3)

= Frae(ka)ba(k)  with  Fpae(ka) = = (= = sinh(&a)

4.2.2. Application to a stepwise ERR landscape

The cleavage experiments can be modeled by assigning ¢hiastic ERRs to the homogeneous ar€a)(and
defect strip G,). This assumption seems very reasonable from FE numeeisalts of Sec. 3.2. In the presence of a
defectof known width dthe ERR landscape is modeled by:

_ . I =0I,=1 |f|Z|<d/2
G(Z) = Go + H]_(Z)AG]_ + Hz(Z)AGz with { I, = 1’ I, = 0 if |Z| S d/2 , (4)

wherell; are rectangular functions. The variation of the normalZ&R is:

2D - @+ ) ©)

The averag&, provides a relation linking the ERR of the defect strip angl slarrounding homogeneous medium.
DenotingG; the ERR in the homogeneous zone &@ythe ERR in the defect strip, we assume tBaiis an average
along the front line, which we simply write as:

_ Gl(b - d) + God
= f

We can write Eq. 5 in Fourier space to deduce the front shagfrom Eqs. 2 or 3. Using Eq. 6 to express;
as a function oAG;, we obtain:

Go (6)

AG,

02 = £k a) Go

|[-d/(b - d)Ta(K) + TTa(K) |, (7)

whereF (k, a) is one of the elastic kernels from Eqgs. 2 or 3. Eq. 7 estadishrelationship which relates the shape of
the crack front with the ERR contrasts between the defaptatid the homogeneous medium in the present geometry.
5. Determination of ERR contrasts

In the previous sections, we have presented experimeatdlinorphologies in homogeneous and patterned inter-
faces, along with thorough FE modeling to access both gleB& and ERR distribution over the sample. We now
analyze the same data with the analytical formulas derikad the perturbation method.
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5.1. Corrections of experimental crack front positions

In order to apply the perturbation approaches to calculetédcal ERR, it is first necessary to correct the experi-
mental front shapea(z)exp = a+ da(2)exp from extrinsic éfects that were not taken into account in the perturbation
method. This task is equivalent to determining therturbedcrack front geometry and its variation with crack
lengthsa(2) in the absence of defect strip. Indeed, the perturbatignagzhes described in Sec. 4.2 apply only to
a solid which is infinite in the laterak) direction,i.e. an infinite straight crack front. In the experiments, theténi
width of the sample induces a curvature of the front due taatiteclastic &ect as presented in Sec. 3.3. In order to
take into account this additional finite sizfext, we take as unperturbed reference crack front, for axgilebalGg
level, the curved fron&(2ani = a + da(2)ani calculated by the FE simulations method presented in S&c. 3.

_ | | | | | | |
2" - 0 1
z (mm)

Figure 8: Variation of the crack front position calculatgdtbe finite element method for an equivalent homogeneous
medium whose curvature comes from anticlastic couplinge ®htained shapes are exemplified for the HC-b30
cleavage test for éfierent mean crack front positions. Note that the scale ofxks are dierent. The front is almost
straight.

Examples of curved fronts obtained by this method for thed30-cleavage test are shown in Fig. 8. These shapes
are characteristic of curved crack fronts in homogeneoeasispens of finite width (Jumel and Shanahan, 2008). Note
that, due to the changes of the ragith, and thus the stress state with the advance of the crackuthiatare of the
crack depends on the average crack length as expected. adiadoon the triangular tip of the plates also reinforces
the crack front curvature variation. This curvature vaoiashown in Fig. 8 emphasizes that the influence of the width
of samples is not constant as assumed in Dalmas et al. (2008¢arly depends on the the mean crack lergth
The solutions obtained will serve us as the reference umired solutions in the perturbation approaches presented
below.

A second correction comes from a slight rotation around th&ig of the wedge between the plates during loading
which induces an imperfect symmetry with respect to the glan- 0 at the center of the sample. This lack of
symmetry is reflected by a slight linear biasziof the crack position. For instance, the crack front shapegected
from the anticlastic #ect, in a homogeneous medium is a linear function of z instédxking completely flat with
éa(z) = O for all points along the front. We choose to correct thislloalated &ect by subtracting a linear #a(2).in
to the experimental position. This procedure partiallyoess the symmetry of the problem with respect to the plane
z=0 at the center of the specimen as assumed in the model dasanithe previous theoretical section. Note that it
does not #ect the ERR contrast calculation, but merely allows a béittef the elastic line model on experimental
data.

The variation of the position of the crack front around iterage positiora corrected from both anticlastic and
rotation dfects writes:

6a(2) = sa(2exp — 6a(2anti — da(2)Lin- (8)

An example of a corrected crack front morphology in reginiddi the HC-b30 sample is shown in Fig. 9. The
impact of the defect strip on the front morphology is cleaibible. Consistent with the FE analysis of Fig. 5 and 6,
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Figure 9: Variation of the experimental crack front posisqsymbols) corrected through Eq. 8 for the cleavage test
HC-b30. The dashed and solid curves correspond to the figed-isfinite (Eq. 2) and thin plate (Eq. 3) models,
respectively. Note that the vertical axis is expanded agpratively ten times compared to the horizontal axis.

an increase in ERR corresponds to the anchoring of the chbatie. that the ordinate axis of Fig. 9 is approximatively
expanded ten times in comparison with the axis of abscish& dbservation reflects the fact that the perturbations
of the crack front position are small compared to the widtthefspecimen. The morphologies of experimental crack
fronts therefore justify a priori a theoretical treatmeased on a first-order perturbative approach presented in Sec
4.2.

5.2. Quantitative analysis of crack front deformationdwperturbation methods

In order to reproduce the shape of the experimental crack fwith Eqg. 7, we have chosen to work in the direct
space by adjusting the single free paramats/Go. Indeed, the presence of experimental noise on the craok fro
position makes the determination of the ERR contrafiicdit from a direct use of Eq. 7 in Fourier space. The
normalized ERR contrast is determined by minimizing themszpiare error between the experimental front shape and
the front morphology predicted after a numerical transfation into real space of Eq. 7. This adjustment procedure
has fewer degrees of freedom than in the work of Dalmas e2@09) where the width of the defect strip was taken
as a free parameter.

The morphologies of the fronts obtained from the best fit efdifferent elastic kernels are plotted in Fig. 9. Both
perturbative approaches satisfactorily reproduce thekdrant shapes except near the edges of the specimen due to
free surface fects. Fig. 9 shows only a slight better agreement with thexgental results for the thin plate model.

In order to get quantitative interpretation, the averagamsgjuare error over all the crack configurations for the four
samples has been computed for both models. We found thatrthrea the experimental crack front positions is lower
in average for the thin plate model than for the semi-infinitedel. It seems dicult however to find a significant
difference between the semi-infinite and thin plate formulafierbasis of the front morphology. In the next section
we will see that quasi-equivalent front shapes in fact inealery diferent ERR contrasts allowing us to judge of the
applicability of the models.

5.3. Comparison between perturbation methods and FE result

The fitting procedure presented above gives us the opptytioraccess local ERR contrasts, i.e. to th@edéence
of ERR between the defect strip and its homogeneous enveEnthmiFrom this adjustment we can calculate the
normalized contrast&G, /Gy directly through Eq. 7.AG;/Gy is then deduced fromG,/Gp through Eq. 6. This
last step completes the determination of the ERR landscafieslperturbation method, knowing the geometry of the
system, especially the crack front morphology and the deteip width.

As expected from the theoretical work of Legrand et al. (301tie absolute values of ERR contrasts predicted
by the semi-infinite model are found to be lower than those€lipted by the thin plate model. The ratio between the
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latter and the former is about 2.5. To discriminate betwéerntwo elastic line models, we compare their respective
predictions with the numerical FE calculations.

4

LC-b40

MC-b50
MC-b40
HC-b30

em o b |

AG/G, from perturbation approaches

05 0 1 2 3 4
AGi/GO from finite element calculations

Figure 10: Comparison of normalized Energy Release RatRJEBntrast\G; /G calculated by the finite element
method with those obtained from the semi-infinite (red opentwls) and the thin plate (black solid symbols) the-
oretical approaches. The blue dotted lines corresponcetpéinfect equivalence between these two quantities. The
error bars are deduced from statistical dispersions.

Comparisons between the ERR contrasts deduced from tieadrgbproaches with the FE results are shown in
Fig. 10 where the results obtained for all crack fronts offthe samples LC-b40, MC-b40, MC-b50, and HC-b30.
Despite some discrepancies, Fig. 10 shows a much bettergtest of the ERR contrasts when the plate model is
used. The average relative error &46;/Gq for all the data of Fig. 10 in comparison with the FE resultsrdases
from 61% when Rice’s model is applied directly as for a semfinite medium to 16% when the finite thickness of the
plate is taken into account.

Despite a correct description of the front shapes of thegantracks, Rice’s model as applied directly to the
present DCB tests systematically underestimates the ERRatiaed contrasts. This result comes from the fact
that the perturbation wavelengths of the crack front arehriamyer than the specimen thicknesses. This is often
encountered in the literature when thin plate geometriesésl to study interfacial crack propagation. Therefore, in
such geometries, it is necessary to model the cracks bygakia account the finite thickness of the plate, as shown
by Legrand et al. (2011). Using this model, we find quantitatigreement,e. within the error bars, with the three
dimensional FE calculations.

In the more general case, Legrand et al. (2011) have alsdagmcea model that connects both regimes (semi-
infinite and thin plate) as a function of the wavelength of pleeturbations relative to the thickness of the specimen.
This more general kernel is not relevant here since the vatithe defect is much larger than the plate thickrieso
that we always stand in the vicinity of the thin plate limit.

6. Crack front propagation and material properties

6.1. Propagation criterion

Thanks to our experimental procedure, the interpretatfdhe previous results in terms of material properties,
i.e. adhesion, is fairly straightforward. Indeed, due ®dhasi-static propagation of the crack, a propagatioerarit
has to be fulfilled at any point of the observed front. For aegiload, the crack front stops at locations where the
propagation driving force is no longerfiigient. It is common for brittle fracture to assume that ttezkifront advance
is ruled by the Giffiith criterion. In this framework, the equilibrium morphoiogf the crack front(z) = a+ §a(2) for
a given opening obeys:
G(2) < Gc(d), 9)
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Sample Stack Finite element (J.rf) | Rice model (J.1¢) | Plate model (J.r7f)
LC-b40 | GI./Org/Ag/SisNg 0.35+ 0.04 0.46+ 0.19 0.32+0.13
MC-b40 | Gl./SizN4/Ag/SisNg 1.57+0.11 1.13+0.09 1.52+0.14
MC-b50 | GI/SizN4/Ag/SisN4 1.86+0.12 1.16+0.12 1.75+0.18
HC-b30 Gl./Ag/SizNg 4.63+0.31 2.23+0.36 4.09+ 0.64

Table 2: Average adhesion energy of th&eatient defect strip interfac&s,. = Gy + AG, computed by FE analysis,
perturbation theory using Rice (semi-infinite geometryj Bagrand (plate geometry) formulas respectively.

whereG¢(2) is the local adhesion energy. Therefore, we can deducerdlctufe energies of both the surrounding
homogeneous medium and the defect strip interfaces de@teand G,. respectively. In a very similar way, the
adhesion energy has been measured for homogeneous iatelsfaBarthel et al. (2005).

While the data of the crack front geometry and the loadingvgtoy can give a direct access to the EBR),
the same is not systematically true for the adhesion en@gg). It would be the case if the arrest condition for a
crack front Eq. 9 was an equality and not only a simple indguarhus, the fracture energy can only be deduced
from the ERR for stationary crack propagation regimes yvileere the materials properties are invariant in the crack
propagation direction (Roux et al., 2003). In our systeris fhe case for the regimes | and IIl described previously.
Between these two stationary regimes a transient regifés (tbserved where the inequality of Eq. 9 remains and
the determination 0B¢(2) is not possible.

In the first regime (stage | of Fig. 3), the crack propagates sompletely homogeneous zone dbBd = Gy
along the front. When the crack begins to interact with thetatle (stage Il of Fig. 3G, < Gy in the defect strip
andG; increases with the applied load involving a significant @dem AG;. Once the defect is penetrated by the
crackG; = Gy in strip and, for each increment of the opening, the craclkaadegs withAG; nearly constant. In this
last stationary regime of crack propagation (stage Il ig. F8) the toughness contrast is invariant in the direction
of propagation, and we have equality between the local gadfi@dhesion energy and ERR all along the front. The
present methods can then be used to measure interfacifirtesgjin the defect strip.

Note that it is also possible to simulate the quasi-statippgation of a crack for a given toughness landscape.
The adhesion energy of the defect strip and its surroundimgdgeneous medium could be obtained by adjusting
their values in order to reproduce the shape of the crack trlbserved experimentally. This procedure is however
computationally demanding as it implies to describe thgagation of the crack which involves the calculation of
a large number of configurations. In this study, the aim wastm@erform propagation simulations of the crack,
but to validate the analytical perturbation approach, bétwas enough to take advantage of our experimental setup
which ofers a direct observation of the crack front equilibrium ghapd to perform direct simulations of the elastic
problem for each equilibrium configuration.

6.2. Determination of the defect strip adhesion

In this last section we leverage the originality of this wdmkfocusing on the determination of the defect strip
adhesiorG,. in the framework of crack pinning in heterogeneous intex§aclhe measurement @b is carried out
in the regime 11l where the crack front pinning is invariamthe direction of propagation.

In this regime, we compute the fracture ene@y as the sum of global ERR plus the average ERR fluctuation in
the defect strifiso + AG,. SinceGy fluctuates due to experimental noise we choose to compuieétHQEG_ZC over
all the crack front configurations belonging to the lastistatry pinning regime (blue diamond symbols in Fig. 6).
In the case of FE numerical calculatio®. is simply computed from the mean local ERB§) in the defect strip
as presented in Sec. 3.2. In the case of analytical appreg@hés computed with Eq. 1 (Sec. 4.1) whitas, are
determined through the fit of the experimental crack frorgijians by the two perturbation approaches (Sec. 5.2).
We finally computeds,. by averagingsg + AG,.

The results are summarized in Tab. 2. As expected followiegbnclusions about ERR contrasts of the previous
section, the semi-infinite model predictions deviate gigantly from the FE results summarized in Tab. 2. In turn,
we observe a very satisfactory agreement between the vahiamed from perturbative approaches using the plate
model and the values calculated by FE. The agreement is exgntitative, i.e. inside the error bars, for the samples
LC-b40, MC-b40 and MC-b50. Moreover, nearly identical aglbe energies are found for the MC-b40 and MC-b50
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samples due to the identical nature of their cracked intedas reported in Tab. 1. The adhesion energy for the defect
strip of sample HC-b30 is slightly out of the margins of ercafculated. This interface presents however the largest
adhesion contrast of the four samples studied. One int@te could therefore reside in the fact that in the latter
case we touched the limits of first-order perturbative apphes.

As a result, our approaches based on the patterning of a wésatfaice can be considered as a new method to
determine the adhesion energy of heterogeneous interfac#snsparent materials by measuring the crack front
deformation that it induces.

7. Summary and perspectives

We have shown how the results of cleavage test experimentsecthoroughly analyzed by FEM. The ERR has
been computed for all the measured crack front and a conssitsure of the crack propagation in the heterogeneous
interface has been reconstructed. This analysis of thaglpgaticularly illuminating when considering the incriaes
deformation of the crack front as it hits the edge of the higlghness area as it progresses forward. Due to the
increasing curvature of the crack front, the local enerdgase rate rises until it reaches the toughness of the gnnin
area which then starts to rupture.

This relation between front curvature and local energyasderate is at the core of the perturbation method pro-
posed by Rice. Fitting the front with a perturbation kerehimuch lighter way of analyzing the data. Here we
have demonstrated that plate thickness is a first order deaiin modelling crack front morphology by perturbation
methods when the wavelengths of the perturbation are cabfestio the plate thickness. In our experimental configu-
ration, the semi-infinite kernel (Rice) gives results which only qualitatively correct, while the agreement is diea
improved when the finite plate thickness kernel is used.

Our study, combining experiments, numerical simulationd theoretical analysis shows that it is possible to
describe quantitatively the local adhesion contrasts émugn the observed crack front morphologies taking into
account the whole problem geometry. As a result, it can sasva method to characterize the local toughness of
transparent materials.

To improve the description of the depinning threshold facérpropagation in heterogeneous brittle materials two
directions of investigation can be naturally consideredfthis work. The first one is to develop an approach capable
of handling the anticlasticfiect analytically (Jumel and Shanahan, 2008). Under thiglion, our approach could
be more &ective and avoid any numerical simulations. A second petaeis related to the size of the perturbation
induced by the heterogeneity of the material. Elastic lireleis presented in this paper are indeed limited by a first
order perturbative approach. If it seems that it can acctarrddhesion contrasts up to An¥, we expect a loss of
validity as the toughness contrast increases. Approaaksling higher orders in perturbation (Rice, 1989; Bower
and Ortiz, 1991, Lazarus, 2003; Favier et al., 2006; Lebletral., 2012) could be a solution and should allow to treat
much higher adhesion contrasts.
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