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Abstract: Multi-cracking of brittle thin layers and coatimgga phenomenon difficult to model
especially because of the large number of cracs ttay occur. It is overcome herein by
conducting calculations, not on the whole structimet only on a simplified cell that is
representative of the structure by periodic dugilica The coupled criterion is applied within
this representative cell (RC) and allows to predit crack density under an increasing
applied load, the length of the RC being a varigideameter of the model. Based on the
simultaneous fulfilment of an energy and a stressditions, it allows to take into account
thin layers where the crack onset is energy drised thicker layers where the stress
condition governs the transverse cracking. Resaésin a good agreement with various
experiments found in the literature, conducted mss-ply laminates and coated substrates.

1. Introduction

Multi-cracking is a complex phenomenon that takiee in brittle materials under some
specific conditions of geometry (thin layers, cogf) and loading (residual stresses (Fu et al.,
2013; Leguillon et al., 2016), thermal shocks (Bahal., 2010; Jiang et al., 2012), tension
(Garrett and Bailey, 1977; Parvizi et al., 1978ghk#mith and Reifsnider, 1982; Laws and
Dvorak, 1988; Huchette, 2005), bending (Beuth, 1¥hulze and Erdogan, 1998; Kim and
Nairn, 2000; Xia and Hutchinson, 2000).

We focus especially on the transverse crackingioér layers in a cross-ply laminate or of
thin coatings deposited on a substrate submitted toechanical loading. Note that the
transverse cracking is not in itself a hazardoushaeism for the structure, except in some
cases of metal/ceramic composites where it resultsa significant loss of stiffness
(Kashtalyan et al., 2016). But it can be respomsibt other more harmful degradations like
delamination and spalling. It is in a way a preours damage. For the purpose of our model,
we assume that this mechanism develops into phcafieks spaced more of less regularly
and going through the whole thickness and widtthefspecimens, thus allowing the use of a
2D model. This does not seem unrealistic lookinghatmicrographs by Garrett and Bailey
(1977) on transverse cracking in a cross ply lateima by Ganne et al., (2002) on tungsten
coatings.

Our goal is to establish a model to predict thelcrdensity as a function of the increasing
applied load. Indeed, there is not so many modetbe literature even if a thorough search



would probably disclose other related works. Weehselected two of them to compare with
our results: Laws and Dvorak (1988) for cross-plyninates and Kim and Nairn (2000) for
coatings. The present approach is based on theepbot Finite Fracture Mechanics (FFM)
(Hashin, 1996): “The concern is with spontaneoyseapance of many cracks. Spontaneous
crack formation implies that new cracks appearwery short time and it is not possible or of
interest to follow the history of their developmémiowever, Hashin (1985, 1996) as well as
Nairn (Nairn et al., 1993) or Andersons et al. @00sed a single energy condition for crack
initiation that can reveal ineffective in some pafar geometries as seen later on in Section
2.2 and 4.1. The coupled criterion proposed by Mkegu(2002) improved this concept,
adding a stress condition and stating that bothditions must be fulfilled simultaneously. It
allows removing the paradoxes that may arise fioenuse of a single energy criterion. It has
been successfully applied by Garcia et al. (2044) detailed analysis of the onset and growth
of a transverse crack in cross-ply laminates.

There remains an obstacle related to the high numberacks that may arise during the
multi-cracking mechanisms. This is solved by periimig the analysis on a representative cell
assumed to be reproduced periodically to deschiewthole multi-cracked structure. This
approach was first sketched to model lattices atks in functionalized coatings (Leguillon,
2014) and then improved in the analysis of the am@fcracking pattern of an oxidized
polymer (Leguillon, 2016) in bending. It is now dipg to the transverse cracking in cross-ply
laminates and coated substrates.

It should of course be recalled that the use ofmeasentative cell with periodic boundary
conditions, to take into account the effects of @mrastructure, has been the subject of
numerous works grouped under the name of periodimdgenization theory (Sanchez-
Palencia, 1980). These works have rapidly beeneraed with the behavior of composite
materials, their damage and more recently with ringure emanating from microscopic
mechanisms of debonding (Belytschko et al., 2008shGet al., 2007; Greco et al., 2014;
Greco et al.,, 2015). In these periodic homogeroratapproaches, the choice of the
representative cell is done once and for all andugled by the micro-structure of the
material. Whereas in the present analysis, thereasinitial periodic microstructure,
periodicity appears with the mechanism of transeracking and evolves together with it.
Figure 1 depicted schematically the two experimegsare interested in: (i) tensile test on a
cross-ply [Q,90)]s laminate (x and y are the number of plies usetbtm the layers and S
means that this structure is repeated using a nggnmmetry) with transverse cracking of the
inner ply (Parvizi et al., 1978; Laws and Dvora38&; Huchette, 2005), (ii) bending test on a
coating/substrate (C/S) system with transversekorgof the coating (Kim and Nairn, 2000).
Components are assumed to be linear elastic. lohtbiee of the examples, we have tried to
avoid the presence of strong residual stressesyanthey can be considered as a special case
of loading (Leguillon et al., 2014).



e b

Figure 1. Schematic view of the experiments leadimgnulti-cracking that are analyzed
herein: tensile test on a cross-ply laminate (ldignding test on a coating/substrate (C/S)
system (right).

This paper is outlined as follows. Section 2 byiecalls the bases of the coupled criterion
and proposes a simple illustration of the originnailti-cracking. In the next section, it is
shown how this criterion can be used in a represest periodic cell, leading to the
prediction of crack density under an increasingliog. Section 4 confirms that the theory
works rather well by comparing the predictions tiffedent experiments found in the
literature. A conclusion follows.

2. Thecoupled criterion (CC)
2.1 The coupled criterion

The CC was presented many times in the literatefer to the review paper by Weissgraeber
et al. (2016) for a detailed description and anaeskive list of references. It is briefly
outlined below.

The CC is based on two conditions in energy arebstthat must be fulfilled simultaneously.
The first one, relying on an energy balance, exq@aeshat fracture can occur if the change in

potential energy-AW® prior to and after the onset of a crack of lengtexceeds the energy
consumed to create such a crack (written in 2Dtorgithe thickness of the specimen)

s, (1)

M2l > §M)=- 2

where ¢, (MPa mm = 18 J m?) is the material toughness and wh&®& denotes the so-

called incremental energy release rate. The secondition states that the tensile stress
acting along the crack path prior to failure muste=d the tensile strength (MPa)

o(r)zo, for Osr <l (2)

In the examples we deal with, we assume that tgthd is known, it is the thickness of the
inner ply in laminate composites (Figure 1 (left))the thickness of the coating in the C/S
system (Figure 1 (right))l =e. In that case, under a monotonic loading, onehef tivo



conditions is generally fulfilled first and it ibé other one that governs crack(s) initiation. At
a given load, multi-cracking can occur if the streondition governs, then the energy

condition fulfils §™(1) > @,. and the maximum number of cracks is such that

¢ (n)z@G, andg™( 0+ 1)<@, 3)

provided the stress condition is fulfilled for ik cracks.

Before presenting an approach based on a représentell and investigating more
thoroughly various experiments, a simple exampggvsn below to highlight the influence of
the length of the specimens on the multi-crackiregmanism.

2.2 A simple example of multi-cracking

This example looks much more like a thought expeninsomething like a simplified single
fiber fragmentation test (Tripathi and Jones, 19@8)instance. Imagine an elastic rod of
length L and cross-sectio® coated with a thin layer of an unbreakable resimse role is
only to maintain the integrity of the structure.i§hod is submitted to a uniaxial tensior

(Figure 2) by prescribing a longitudinal strain.

N

Figure 2. Schematic view of the rod in tension.

The potential energ§” stored in the structure can be written

rw'”:lg_& (4)
2 E

where E (MPa) is the Young modulus of the material formthg rod. At failure the rod is
completely broken and there is no longer any pakenergy thus the change in potential

energy—AW" is

2
P =wP=tg % (5)
27 E

The necessary energy condition for fracture is then

-AW*=¢.S = 0,2 ,/if'c (6)



The above inequality contains a paradox, the lotlgeespecimen, the smaller the applied load
triggering fracture. This paradox disappears when dtress condition is added (the tensile
stress is constant throughout the rod)

0,20, (7)

The conditions (6) and (7) together define a ttaorsiength L,

L= ZE?,C

g

c

(8)

For specimens shorter than this length, fracturgoigerned by the energy condition (6), the
critical value ofg, increases a& becomes smaller and there is no excess energygiroq.
Whereas for larger specimens it is the stress tond(7) that takes overg, keeps constant
and once the stress condition (7) is reached, ldshtbue throughout the specimen for any
crack location. In addition there may be productibexcess energpW*

MU = -0 -G, S =G, S ©

If this extra energy cannot be dissipated in kmetergy because of the confinement of the
rod, then it is assumed that it is consumed byticrgaew cracks

- (L-L
=1+int 2 10
" +m( Ly J 4o

where the operator “int” extracts the integer pdra real number and is the total number
of cracks. Obviously, if the excess energy is rahgletely dissipated by cracking, is an
upper bound of the number of cracks that can betede

3. Therepresentative cell (RC)

The multi-cracking phenomenon can give rise torgdanumber of cracks (some hundreds in
the cases studied by Dalmas et al. (2016)), thiEwulty coupled with the slenderness of the
layers under consideration can make the calculatioighly time consuming and even
impossible to carry out. In order to get rid of tlength of the specimens and to be
independent of the number of cracks, the struasimaodelled as a periodic distribution of
RC'’s (Figure 3).
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Figure 3. The RC extracted from the cross-ply laten(top) and from the C/S system
(bottom). The C/S system is not on the right sdhle,coating thickness is much smaller than
that of the substrate.

coating

substrate

Figure 4 shows details of the RC’s. The two distanc and c'<c are parameters of the
model. The left frames are used to analyze therosece of the first family of cracks whose
spacing is 2¢c (crack densityd =1/2c mm?) and the right one for the subsequent
subdivisions leading to a spacing between cracksleg ¢’ (crack densityd =1/c'). The
mechanical loadings of the specimens (tensionhferctoss-ply laminate and bending for the
C/S system) are transmitted, once and for all thatuk linearity, to the RC through a
prescribed horizontal unit strain along the leftubdary while the vertical displacement
remains free:u,=c (or c') in the tensile case (Figure 4 (top)), =2x,.c/(b+e) (or

2x,c'/ (b+e€)) in the bending case (Figure 4 (bottom), the arigéing on the mid-plane).

The upper and lower boundaries are traction frekthe right one is a symmetry axis, since
only one half of the RC is used for the calculatioDue to the thinness of the coating, the
bending is not really perturbed by the crack in tiight frame and no additional correction

(Leguillon et al., 2016) is needed when analyzhmygubdivisions (bottom right frame).

C C

coating

+ T 11111




Figure 4. One half of the RC of the cross-ply laaténin tension (top) and the C/S system in
bending (bottom); for the analysis of the occureentthe first family of cracks (left) and for
the subsequent subdivisions (right). Arrows are ghescribed displacements, the red stars
show the location of the new cracks, the blue ahasof the previous cracks. Again, the C/S
system is not on the right scale.

In a first step the CC is applied to the left calfsFigure 4 to predict the onset of the first
cracks and their spacing that is assumed to betaminsThe change in potential energy
—-AW"(c) in the cell between the uncracked and crackeésstatd the tensile component of
the stress field along the crack path (i.e. throtlgh thickness of the inner layer or of the
coating) prior to the onset are computed usingdfEafunit prescribed strain and for different
cell sizesc. The CC allows determining the critical appliedst at onset,(c) = max(, .£,)

where &, and &, are the prescribed strains fulfilling respectivétg energy and the stress
condition for a givenc. The critical strains, function of the cell size is shown in Figure 5, it

corresponds to Parvizi et al. experiments (1978 an inner ply thicknese=0.4 mm (see
Figure 1 (left) and Section 4.1). Obviously, thigical strain remains almost constant on a
wide domain of long cells, roughly far>=5 mm. The value =20 mm is arbitrarily selected
to initiate the process but it can be any one latigan 5 mm with a weak influence on the
next calculations as seen later on.

0027y ¢
0.015 1
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Figure 5. The critical applied strai) at the onset of the first group of cracks functdrthe
size of the RC, using Parvizi et al. parameterst{&e 4.1) withe = 0.4 mm.

In the next step, the criterion is applied to tightr cells of Figure 4 withc' =¢c =20 mm in
the same manner in order to determine the prestsbain triggering the subdivision of the
initial crack spacing. As a consequence of therapsion of periodicity, new cracks occur
midway between existing cracks (Garrett and Bail®y7), the number of cracks doubles at



each step. This point will be discussed in Sectib@sand 5. Then, the procedure is iterated,
taking ¢’ equal to one half of that of the previous stee. @ =20, 10, 5, 2.5... mm). It is
illustrated in Figure 6, where, as expected fromftatness of the curve in Figure 5, the crack
density increases rapidly when slightly increagshngload.

Indeed, considering Figure 5, due to the flatndsthe curve, it is not easy to determine
accurately the point where the curve starts toea®e. It seems that=5 mm is a lower
bound, as a consequence the initial crack densitymaller or at the maximum equal to
d =1/2c= 0.1 mm". Anyway, this choice has not a big influence aimdost do not alter the
curve showing the crack density as a function ef dpplied strain (Figure 6). Indeed, if a
higher value is selected to initiate the processdae here witlt =20 mm), it is observed a
rapid increase of the crack density, up to the ealtnere the curve of Figure 5 is no longer
flat.
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Figure 6. The crack density function of the increasing applied strain, usirayzi et al.
parameters (Section 4.1) with= 0.4 mm.

4. Numerical results
4.1 Comparison with the experiments on cross-ply laminates by Parviz et al. (1978)

The tensile tests carried out by Parvizi et al.7@)%re depicted in Figure 1 (left). The outer
plies thickness i©=0.5 mm and the inner ply thicknegsvaries from 0.1 to 4 mm. The

different plies are made of a glass-epoxy compositech material parameters are:
longitudinal Young’s modulusg, =42 GPa, transverse Young’'s modulls =14 GPa,

longitudinal shear modulu§, =10 GPa, transvers shear modulgs= 6.2, GPa, longitudinal



Poisson’s ratioy, =0.13, transverse Poisson’s ratp= 0.4, tensile strengtlo, =84 MPa,
toughnesx?,. =0.24 MPa mm.
Using a shear-lag model to describe the strese sfah cross-ply laminate [0,99 under

tension, Parvizi et al. (1978) show that the chaingpotential energy-AW" prior to and
following the onset of the first transverse cratkhe inner layer, can be written

-AWP = Agiew (11)

Where A (MPa') is a scaling coefficiente and w denote respectively the inner ply
thickness and the width of the specimen ands the tensile stress in the inner layer.

The energy criterion gives

AW > G ew = O > % (12)

The above inequality again contains a paradox.thieker the inner layer, the smaller the
applied load triggering transverse cracking. Ofrseuthis paradox disappears when the stress
condition is added. In their model, the tensilesdris constant in the inner layer and the stress
condition leads to

o 20, (13)

1 C

As above (Section 2.2), the conditions (12) and (E3narcate two zones and the transition in
between is defined by the thicknegs

— glc

& Ao (14)
For lower values ofe the energy criterion predominates and for highelues fracture is
governed by the stress condition.
Figure 7 shows a comparison between these expdasmaad the simulations carried out using
the CC applied to the RC. Obviously this simplifigglometry is perfectly able to capture the
transition between the thicknesses where the ensoggition governs and those where the
stress condition predominates. Moreover, the ptedivalues agree quite well with the
measurements.
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Figure 7. Applied strain at onset of the first &@§¢ function of the inner ply thickness.
Comparison between Parvizi et al. experiments (bpen circles) and the present simulations
(red solid diamonds). The horizontal dashed lin¢hes stress condition and the hyperbolic
solid one the energy condition (as plotted by Paeti al.).

4.2 Comparison with the analysis of Laws and Dvorak on cross-ply laminates (1988)

Laws and Dvorak (1988) analyzed results of expemtmeconducted by Highsmith and
Reifsnider (1982) on a cross-ply laminate [@]9@nade of glass-epoxy (Figure 1 (left)) with
the following material parameters: longitudinal Yigts modulusE, =41.7 GPa, transverse

Young’s modulusg, =13.3 GPa, longitudinal shear modulGs = 3.4 GPa, transvers shear
modulus G, =4.6, GPa, longitudinal Poisson’s ratip=0.3, transverse Poisson’s ratn=
0.4, tensile strengtlo, =65 MPa, toughnes§,. =0.19 MPa mm (as predicted by Laws and

Dvorak). The thickness of the inner plyes- 1.2 mm and that of the outer onies 0.2 mm.
They proposed a prediction of the crack densitya &mction of the increasing applied load,
based on the tensile stress in the inner ply apmbbability on the location of the onset of a
new crack between two existing ones. Two casedllastrated in Figure 8: (i) the crack is
guaranteed to occur at the midpoint (green sotid)]i (i) the crack occurs randomly in the
segment in between existing cracks (green dashedl lilt is compared to the experiments
(blue open circles) and to the prediction basedhenRC geometry and the CC (red solid
line). The authors claimed that the hypothesisaodomness due to the presence of flaws is
crucial in the prediction. It is certainly quiteiér for large cracks spacing (small crack density)
but no longer is when it becomes smaller, the [@af the stress field in the length with a
peak in the middle playing a key role in the emeogeof cracks at midway.
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Figure 8. Crack densitg function of the increasing applied load . Comparison between

the experiments by Highsmith and Reifsnider (blperocircles), the predictions of Laws and
Dvorak (green solid and dashed lines) and the gtiedi based on the RC: applying the CC
(red solid line), applying the single energy coiadit(dashed red line).

As the thickness of the inner layer is rather lafhe stress condition governs for a wide
range of cell sizes. Then, not surprisingly, a cangomn with a pure energetic approach (red
dashed line in Figure 8) shows that this latterdsemo underestimate the critical load
triggering crack(s) initiation and further subdiviss. Anyway, the agreement between the
experiments and the CC is rather good even if thdigtion tends to slightly overestimate the
crack density. The crack densitly= 0.8 mm' is a limit in our model, the stress condition can
no longer be fulfilled for closer cracks, this meahat the layer is saturated, while this
saturation mechanism seems more difficult to capituthe model of Laws and Dvorak.

4.3 Comparisons with the experiments on cross-ply laminates by Huchette (2005)

Huchette (2005) has completed an important campaigibservations of transverse cracking
in cross-ply laminates made of carbon-epoxy T70A/M@mposite (Hexcel® Composites) in
tension (Figure 1 (left)) with the following mataki parameters: longitudinal Young's
modulus E =116 GPa, transverse Young's modullis =8.1 GPa, longitudinal shear

modulus G, = 4.5 GPa, transverse shear modulyjs= 4.5, GPa, longitudinal Poisson’s ratio
v, =0.3, transverse Poisson’s rattp= 0.3. The outer plies thicknesshs- 0.52mm, and that

of the inner ply is variede = 0.26, 0.52, 1.04, 1.56 mm.

Few information is available on the transverse tinac parameters and an attempt of
identification is provided in Huchette (2005). ¢ based either on a stress or on an energy
criterion but, clearly, the energy criterion wilhderestimate the critical loading for thick
inner layers whereas, vice versa, the stress iontevill lead to underestimate the critical load



for thin inner layers. In addition, some residuarimal stresses and a large scattering take
place to blur the results.

Based on the CC, we have tried to identify the bmégs of the inner ply on the experiments
carried out on the thinner inner layer 0.26 mm (Figure 9) and symmetrically, identify the
transverse tensile strength on experiments orhibker inner layere = 1.56 mm.

Figure 9 shows the comparison between predictisirggithe RC geometry and experiments
for e=0.26 mm after having identifie@, =0.7 MPa mm. The identification was done to the

naked eye to match “at the best” with experimenkgs value is far higher than the value 0.2
MPa mm proposed by Huchette (2005), but not ursalsince in this composite the matrix
toughness is improved by adding thermoplastic gadi Note that, around this value, the
prediction is insensitive to variations of the tenstrength below 200 MPa (whereas the
identified value is around 125 MPa as seen furdingr the energy condition is governing.
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Figure 9. The crack density function of the applied load, for e =0.26 mm. The red solid
line is the prediction after having identified toeighness¢,, =0.7 MPa mm of the inner ply
(with g, <200 MPa). It is compared to the experiments (doles with triangular marks).

Figure 10 shows the comparison between predictisimg) the RC geometry and experiments
for e=1.56 mm after having identified, =125 MPa. Again, the identification was done to

match “at the best” with experiments taking inte@mt the scattering. It is a little higher

than the value 85 MPa proposed by Huchette (200%3%. value being fixed at 125 MPa, the

prediction is completely insensitive to variatioas the toughness below 1.25 MPa mm
(whereas it was seen earlier that a realistic vea@ound 0.7 MPa mm), obviously the stress
condition is governing.
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Figure 10. The crack density function of the applied loadr, for e=1.56 mm. The red
solid line is the prediction after having identdfi¢ghe transverse tensile strength of the
inner ply (with ¢, <1.25 MPa mm). It is compared to the experimentdiddmes with
triangular marks).

Once the transverse fracture parameters are iweh#f,. =0.7 MPa mm,o, =125 MPa,

these values can be used to carry out a compafisoime intermediate thicknesses of the
inner ply e=0.52 mm ande=1.04 mm. It is illustrated in Figures 11 and 12efghis a
satisfying agreement between experiments and cosopa; even if in the case=1.04 mm
the crack density tends to be overestimated.

All the figures are plotted at the same scale ttebelecipher, this allows to discern the very
different scales at which cracking occurs, bottit@nvertical and horizontal axes between the
two extreme cases shown in Figures 9 and 10. fidek density and the applied load at crack
initiation are larger for thinner layers and theegictions substantially meet the orders of
magnitude in all cases.
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Figure 11. The crack density function of the applied loadr, for e=0.52 mm. The red

solid line is the prediction, it is compared to teperiments (solid lines with triangular
marks).
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Figure 12. The crack density function of the applied loadr, for e=1.04 mm. The red

solid line is the prediction, it is compared to theperiments (solid lines with triangular
marks).




In these tests, several realizations are displapeldone can deduce the order of magnitude of
the uncertainties associated with the measuremidotsever, the theoretical values proposed
here fall satisfactorily within these uncertainties

4.4 Comparison with the experiments on coatings by Kim and Nairn (2000)

The experiments conducted by Kim and Nairn (2000)oending tests of coated substrates of
polycarbonate (Figure 1 (right)), the so-called G¥Stem, the thickness of the substrate is
b=6 mm, and that of the coating is far much smadler0.125 mm. Young’s modulus and
Poisson’s ratio of the substrate &g=2.3 GPa,v,=0.37, Young's modulus and Poisson’s

ratio of the coating aré&, =1.9 GPa,v, =0.33 and its toughness ¢, =0.8 MPa mm (for
the C/S system baked during 96 h). As Kim and Na&fer only to an energy condition
(Hashin 1985), the tensile strength of the coaisngot provided. It is estimated to a realistic
value aroundo, =80 MPa to fit at the best with the measurements.

Figure 13 compares the measurements of crack gi¢ngibe predictions of the CC using the
RC and that of Kim and Nairn (2000), as functiohshe bending strairg,. The agreement

between them is good and our prediction meets ttermf magnitude, but obviously the
present prediction tends to overestimate the firetk density.
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Figure 13. Crack densityl function of the bending straig,. Comparison between the

experiments and the prediction of Kim and Nairrsgectively blue open circles and blue
dashed line) and the prediction based on the CCtla@dRC: without delamination (red
dashed line) and with delamination (red solid line)

The discrepancy observed in Figure 13 between #sarements and the predictions of the
CC can originate in the presence of delaminatiaimeainterface between the coating and the



substrate at the tip of the transverse crack agestigd by Ye et al. (1992) and Kotoul et al.
(2010) for instance.

To this aim a short delamination is added at tpheofi the transverse cracks once initiated
(Figure 14). It is commonly admitted that the dalzation length is of the order of the
coating thicknes® as selected here (Leguillon and Martin, 2014).tRersake of simplicity,
this delamination length is fixed once and for dljs assumed that it does not evolve
although it can slightly increase with the incregsioad. Note that, during bending, prior to
the transverse cracking, no tension acts on tleefade, thus delamination necessarily occurs
in two distinct stages: first a transverse crackthgn afterwards the delamination takes place
due to the stress concentration at the tip of ridwesverse crack. Therefore, the whole process
is governed by the transverse cracking and itasotily mechanism studied herein.
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Figure 14. A short delamination at the tip of avoves transverse crack in the RC.

With this additional assumption, there is a betgreement between measurements and
prediction based on the CC for large crack derssitss shown in Figure 13. The debonding
tends to inhibit the creation of new cracks forrstRC’s. Moreover this should be a little
more pronounced if the delamination length waseaased with the load. This additional
mechanism can also be invoked in the predictiomafti-cracking of cross-ply laminates
where it is also observed that the CC tends toestienate the crack density (Sections 4.2 and
4.3) and where, with no doubt, delamination takieee at the tip of the transverse cracks
between the 0 deg. and the 90 deg. plies (Huclza65h).

Some authors (Ganne et al., 2002; Dalmas et dlf;Zen Cheikh, 2016) suggest in addition
a plastic behavior of the substrate in the vicirofythe tip of the transverse cracks. As a
consequence, an additional part of the extra-ensrggnsumed in another mechanism than
fracture which necessarily diminishes the finac&rdensity.

5. Conclusion

It is very difficult to predict accurately the mestisms of multi-cracking in brittle thin layers
and coatings. The main reason is that there isge lscattering in the experiments due to a
random distribution of flaws. This is particulatiyie for the onset of the first cracks and the
results of Parvizi et al. (1978) have been the dooli a controversy (Kelly, 1988): the
observed phenomenon was it correctly describechby model or was it only related to a
statistical effect (Weibull, 1951)? Both theoriesd to rather similar conclusions and it is
almost impossible to discriminate from the expentselndeed, it seems that the two effects
cumulate as proposed in (Leguillon et al., 2015gxplain the difference between flexural
and tensile strength.

Anyway, this randomness holds certainly true fogéacracks spacing but is less when this
spacing decreases. This because the tensile stnesdonger constant in the length of the RC
and exhibits a peak in the middle, promoting theebrat this location. This assertion is



confirmed by the model of Laws and Dvorak (1988).Figure 8, the prediction using the
assumption of a crack onset randomly located betweesting ones matches the experiments
for small crack densities, whereas the predictiageld on cracks appearing midway is in a
better agreement for high crack densities.

For simplicity reasons, the present model is bagethe assumption of a crack onset midway
in between already existing cracks. Neverthelegsn éor the nucleation of the first crack(s),
the calculated values agrees rather well with ialti& of experiments (see in particular Figure
7) for both thin (energy driven) and thick (stred$ven) layers. There is no adjustable
parameters in the CC and its prediction meets faat@ily the orders of magnitude in
describing the crack density as a function of tierdasing applied load. Of course, its huge
advantage lies in the use of the RC which dramigticaduces the volume of calculations to
be performed while offering reliable results. Thibws, among other things, to try a large
number of RC lengths. With the option we have setke- at each step the length of the
cell is one half of that at the previous step — ¢heck density doubles at each stage. This
explain the staircase shape of the crack densagigion. An alternative could be to vary
continuously the lengtle’ , starting with the initial value, then the density prediction would
be a continuous curve. But, of course, in that ¢hsesubdivision mechanism is not so clear,
this approach could be considered as a method tmothnthe curves in order to better
resemble to the results of measurements.

In conclusion, it can be pointed out that it iffidiflt to draw up a general and synthetic rule
for this kind of mechanism. It depends on many ipetaers: the relative thickness of the
layers, the material properties of the componéhts,loading... There is for instance such a
huge gap in the spacing of cracks when considexingramic such as alumina or a polymer
binder or even geomaterials (Leguillon, 2013). @oeal was rather to develop a general
approach relying on the coupled criterion to adslteese multi-cracking problems, even if it
seems necessary to work on a case-by-case basis.
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There are three challenges to overcome: (i) have a criterion to predict crack(s) initiation, (ii) be able to
take into account a large number of cracks, (iii) compare to the experiments despite the wide scattering
observed in the measurements.



