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Abstract The main goal of ceramic laminates designed watidual stresses is to increase the fracture
energy of the system during fracture through enefiggipating mechanisms such as crack deflection or
crack bifurcation. A computational tool based onitéi Fracture Mechanics (FFM) is implemented irs thi
work to predict the propagation of cracks in ce@taminates. The crack path is defined by the twac
where maximum rate of the potential energy is s#daduring fracture. Laminates studied here cowgist
two materials alternated in a layered structuregdes! with high compressive residual stresses, hwaie
developed during cooling phase after sintering @sec Different volume ratios of the material congs

are chosen in order to demonstrate the influendbenfevel of compressive residual stresses onyfhe of
propagation (single crack deflection / crack bitren) and direction of the crack advance. Usirgyrtiodel

a single crack deflection or crack bifurcation dam predicted for a given laminate. According to the
calculations, the higher compressive stress inldlger is, the more the crack deflects from theighta
direction and the more prone to the bifurcation.suis are in good agreement with experimental
observations.
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1. Introduction

Ceramic laminates have become an alternative cHoicéhe design of structural ceramics with
improved fracture toughness and mechanical religbihe brittle fracture of monolithic ceramics
has been overcome by introducing layered architestwf different kind, i.e. geometry,
composition of layers, weak interfaces, strongrfates with residual stresses, etc. The main goal
of such layered ceramics has been to increaserdbtufe energy of the system through energy
dissipating mechanisms such as crack deflecti@tkdpifurcation, interface delamination, or crack
shielding. Among the various laminate designs rgabrin literature, two main approaches
regarding the fracture energy of the interfacestnbeshighlighted. On the one hand, laminates
designed with weak interfaces have been reportedetd significant enhanced failure resistance
through interface delamination [1-5]; the fractofehe first layer is followed by crack propagation
along the interface, the so-called “graceful falurpreventing the material from catastrophic
failure. On the other hand, laminates designed stitbng interfaces have shown significant crack
growth resistance (R-curve) behavior through mitumsural design (e.g. grain size, layer
composition) [6-8] and/or due to the presence ohm@ssive residual stresses, acting as a barrier
(“flaw tolerant) to crack propagation [2, 9-14].

The increase in fracture energy in these laminatassociated with energy dissipating mechanisms
such as crack deflection/bifurcation phenomena,clwhact during crack propagation. The
optimization of the layered design is based oncpability of the layers to deviate the crack from
straight propagation. Experimental observationshshhown the tendency of a crack to propagate
with an angle through the compressive layer and eaeise delamination of the interface [15] (see
Fig. 1). It seems that the magnitude of compressiresses may influence the angle of propagation
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and subsequent delamination of the interface.

Figure 1. a) Fracture of a ceramic laminate uniégufal bending; bright layers have compressivilued
stresses. b) Bifurcation of a crack entering them@ssive layer of the laminate.

The prediction of the crack path upon loading inhslayered systems should help in tailoring the
design with maximal fracture energy. Methods basadenergetic considerations are available
which attempt to predict the behavior of a crackrapching the interface of dissimilar materials
(see for instance Ref. [16]). However, the modebhthe propagation of an interface crack through
layered architectures with residual stresses lisnsigsing. A method which can be used to predict
the conditions under which the crack deflects durbates within the compressive layer is sought.
In this work, a model based on the finite fractomechanics approach is developed to interpret and
predict the direction of propagation of a crack imging an interface of a ceramic laminate
designed with internal compressive residual steesgbe thermal strains in the layers occurring
during sintering, which are responsible for the haaical behavior of the laminate, are taken into
account.

2. Model for crack path prediction in laminates
2.1. Material of study: loading configuration

A Finite Element analysis of a pre-cracked ceralaminate specimen mechanically loaded in
four-point bending was carried out. The thermaéllog resulting from cooling down after sintering
was also considered. The multilayer consists oyransetric and periodic architecture with nine
alternating layers of different thickness. In théial state, a crack is introduced only in thestfir
ATZ layer and impinges the first interface betwediz and AMZ layer as depicted in Figure 2.
Such laminate is subsequently subjected to the amécdl loading (4-point bend test). All the layers
made of the same material, ATZ (alumina with 5%aigbnal zirconia), or AMZ (alumina with 30%
monoclinic zirconia) have the same thicknéss, andtanz, respectively. Table dives the values of
the constituent material properties employed incddeulations.
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Figure 2. Schematic of the laminate of study wihih &pplied boundary conditions (combined loading in
4-point bending flexure and residual stresses somtering process). An initial crack is introdudedhe
first layer

Table 1. Young’s modulu€], Poisson'’s ratioy), Coefficient of Thermal Expansiom), Flexural Strength
(o), Fracture Toughnes& () and Fracture Energys() of the layer materials

Material E v axllU 6 Gi Kic Gc
[GPal] [-] K7 [MPa]  [MPa.nmt’?  [J/nf]
ATZ 390+10 0.22  9.80.2 422+30  3.2+0.1 252
AMZ 28010 0.22 8+0.2 9020 2.6+0.1 232

In order to show the influence of the level of desil stresses on the propagation of the crack (i.e.
deflection or bifurcation), three configurations thvidifferent volume ratio of the material
components were considered and calculated. Theheight of the laminat®Vs was kept constant
Ws =3mm and the thicknesses of the layeks (andtamz) were thus given by the chosen volume
ratio — see (Table 2). The residual stresses qmnelng to the chosen volume ratio configuration
were calculated using the classical laminate thégrgonsidering oAT = —1230°C (temperature
between sintering and room temperature) and matpr@perties given in the Table 1. The
calculated residual stresses are listed in Table &ell.

Table 2. Layer thicknesses and corresponding rakgltesses in the ATZ and AMZ layer for
three different volume ratios of ATZ and AMZ matgrf\WWs=const.=3mm)

Varz/Vavz (tarz/tamz) tarz [mm] tamz [Mmm] Oresatz[MPa]  Ores amz[MPQ]
2 (1.6) 0.400 0.250 1292 585
5 (4.0) 0.500 0.125 +140 695
8 (6.4) 0.533 0.083 +90 730

2.2 Description of computational approach

In order to decide about the type of further crpopagation (single or double crack penetration)

and/or about further crack propagation directiorchange of the potential energypH for the

crack increments in all possible propagation dioexst has to be calculated. Direction and/or type of

propagation is selected such thalfl attains a maximum value (where maximum of enegy i

released by the fracture process). However onelghmte that the energy release rate (ERR) for
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the crack terminating at the interface of two def@ materials is, for infinitesimally small crack

increment, zero or infinite (depending on the slagty type). Thus the classical Griffith approach
cannot be used. To bypass this problem, a theorkirmte Fracture Mechanics (FFM) can be
employed — see e.qg. references [20,21]. Infinitekionack increment is replaced by a finite crack
increment for which the change of the potentiakgypean be calculated.

The essence of the FFM consists in the key assamfitat crack propagation is a discontinuous
process occurring in finite steps, rather thanicoously and smoothly as in the traditional LEFM
theory [20,22-24]. Mathematically, instead of usithge differential form of the Griffith energy
balance, the integral formulation of the Griffithterion is applied. Such approach is of particular
importance, for instance, in the case of a cradssing thermo-elastically mismatched interfaces,
where the energy release rate is either zero amitmfand, as a consequence, the differential
approach fails. For example, if the crack penetr&tam material layer 1 to layer 2, the concept of
FFM states that the crack will follow the path whimaximizes the additional energyV, released

in the fracture process [24], as given by:

AW, =8M, -G a,. 1)

Here, G is the toughness of the next layer to which crpeketratesdl], is a change of the
potential energy between the original and new cpaadition, anda, stands for an increment of the
new crack.

Hereafter the concept of the Finite fracture measais applied. Matched asymptotic expansions
procedure, see e.qg. [17-21], is used to derivelhiamge of potential energy due to the perturbation
caused by a single or branched crack extensiootalf lengtha, = a, or a straight penetrating crack
extension of lengtla, (in several possible crack propagation directigns see Figure 3).

X2 S
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Figure 3. Scheme of the a) crack terminating atrttezface of M1 and M2, b) single crack deflentand
c) crack bifurcation (branching) and local coordensystems in the inner domain, where the cracnsibn
lengtha,=a,/2+a,/2 = 1
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The small perturbation parameteis defined ag=ay/\Ws<<1, whereWs is the characteristic size of
the specimen (e.g. specimen height). A second sodlee problem can be introduced, represented
by the scaled-up coordinateg®( y-°)=(xi/€, x2/€) which provide a zoomed-in view into the region
surrounding the crack, so-called inner don@fh(see Figure 3).

The energy release rate is defined by:

1 &M, -am,,
Gla ) =gy Im = )

Assuming that the loading is constant during crextensionthe change of the potential energy
M. between the unperturbed st&t® (without the crack extension) and perturbed state (with

the small finite crack extension) can be obtainmednfthe asymptotic expansion with respect to a
small parameter as:

a®
a9

£

A, =n-n=nP+an?+.. 2= _ 0fore - 0and, < , (3)

where

2 8+, 5
a? :V\éT H/ Ko (#5) €72 + V\éz HH £ Kl o) (8,) +K () +£2 H Kool # )% (4)

&

WhereH; andH; are generalized stress intensity factors (GSIF)&ané, are the corresponding
singularity exponent{(<d,) in the stress asymptotic expansion (see [20,2h. coefficientKiqp)
and Kyq() are computed in the inner domad', which is unbounded fog -0 but in the model
employed in the finite element calculatid®” is approximated by a circular region with radRis
much larger than the crack extension lergif. On the circle boundary, the condition of the type

Ul =p*u () is prescribed.K,,,,i =12 are calculated using the path independent integral:
Ko = [ (00 (%" (0.8)) ne* u (8) 0 (0"u, (6)) n24"(0.6))ds i= 1.2 (5)
r
Similarly, the coefficient& 1), K 24 are calculated in the inner domain whose remotmtiary
0Q" is subjected to the boundary conditidy|,, =p*u ,(8)
Ki = [ (00 (%" (0.6)) ne® uc (8) - o (0"u, (6)) n24"(0.6))ds = 1.2 (6)
r

where oy, ", i =1,2 denotes FE approximation to the functioas, J .
The second term of the change of the potentialggr®i® depends on crack extension geometry.
Two specific crack extension patterns are consalererack bifurcation and crack deflection. For

the case of the crack bifurcatiofl® is given by:
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(7)
V2 V2
\Nl»fé2 H 0(M1)€62+1COSZ¢ p(]‘ sz(y) dy, + I sz( )’/) dy |+
0 0
V2 12
+W81+62 HZO'(X'\)A(l)Séz*lSinq) pcog]) p(j Y ¢ ( y) d)é - I Y, g( )’/) dg]? 0
0 0
while for the case of single crack deflectifi® reads:
1 1
3N = 2w % H oM e+ cod ¢ pj %o (Y) dyp+ We Ho® e sinp | cos J %[ 9) dy-
0 0 (8)

N 1
—W Hzo(xv\)/l(l)eazﬂ cod d pI)/Z y( )/) dy, + W™ |_|p('\:|x1)géz+1 sinp co$ J zy dy>
0 0

The factorsKipi) and the opening of the crack extensigh , 2, etc., are calculated by FEM on

L) Zy

the inner domain — for methodology see e.qg. ret@efi20,21].
Note that GSIFs in Egs. (4), (7) and (8) respebtiaee generally the sums of two contributions

H,=H"+H;, H,=H}+H.,, (9)

whereH,™ are due to pure flexural loading aHd are due to pure thermal loading respectively. For
calculation of GSIFs a two-state integral with FESMmployed - see [20,21].

Remark: If some of the GSIH;, or H, are close (or equal) to 0 (e.g. case of the cpacgendicular

to the interface), then Eqgs. (4), (7) and (8) wiithplify significantly.

3. Results

The experimental observations (made by authorsl®f) [shows that in case of laminates with
higher volume ratiosMarz/Vavz>4), the crack originated in the first ATZ layeredonot stop at the
interface, but arrests close behind the interfdca distanceda (the distanceé\a depends on the
level of residual stresses). To explain this betvathe thermal stress intensity factor for a wide
range of crack lengths in ATZ layer and AMZ layesisacalculated - see Figure 4. In terms of ERR
the results are displayed in Figure 5. One cartlsse for higher volume ratios, the crack has to be
arrested close behind the interface since the Sd€redses rapidly by propagation in the
compressive layer. At the distance &d [77um (for Varz/Vamz =8) and distancdalR7um (for
Varz/Vamz =5) the energy accumulated in the system is reteasd thus the crack is arrested. For
subsequent propagation an additional mechanicdirigas required. For the rat\urz/Vamz =2 the
crack either arrests in much higher distance betiiadnterface or it propagates straight through th
whole laminate (due to high tensile stresses iffiteeATZ layer).
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Figure 4. SIKK, calculated for crack approaching interface andigl€alculated for crack propagating
straight in the second material. Laminate body stdgected to the thermal loAd=-1230°C. SIF
evaluated using ANSYS function KCALC.
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Figure 5. ERRG, calculated for crack approaching interface and ERBalculated for crack propagating
straight in the second material. Laminate body svdgected to the thermal loAd=-1230°C. ERRG'
evaluated using the ANSYS function CINT (J-inteyral

The values of the GSIFs characterizing the strede st the crack tip for crack terminating at the
interface of ATZ and AMZ layer are listed in TabBe The GSIF for mechanical loading is
calculated for a loading force of 10N. For highercks it can be easily recalculated (due to its
linear dependence on the applied load).
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Table 3. Values of the GSIFs (crack terminatinthatinterface) fod=0.46391 F=10N/mm,AT=-1230°C.

Varz IV amz H™ [MPa.nt?]  H (AT) [MPa.m?® 6,2 (AT) [MPa]  H=H™+H'
2/1 0.10 2.92 -795 3.02
5/1 0.11 1.58 -795 1.69
8/1 0.11 1.07 -795 1.18

For the calculation odll (Eqgs. (2), (4), (7), (8)) for different propagatialirections (including
single penetration and bifurcation type of propmgatvalues of SIFs, corresponding to the state,
when the crack is arrested behind the interfacagwesed — see Figure 5. Observe that SIF
decreases rapidly with increasing length of cradkresion behind the interface. In Figure 6 a), b) a
ceramic laminate with volume ratio of laminate camentsVarz/Vavz=8 is studied. Energetic
condition for crack propagation (the additional rgyeAW >0 - see Eq. (1)) is satisfied for the
loading forceFILOON. The referred figure shows a change in paketergy for case of single
penetration and crack bifurcation (feg=a,=251um). One can see that crack bifurcation is a
preferred propagation type in this case (due tbdrighange in potential energy).
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Figure 6. Variation of the change of the potergiadrgydll with the angle of the crack extension for a), b)
volume ratioVarz/Vawz=8 and c), dVarz/Vauwz=5. For each volume ratio a case of single craflecteon -
a), ¢) and case of the crack bifurcation - b) sdhalculated.
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The same study was also made for ceramic laminigbeViarz/Vavz=5 - Figure 6 c), d) and here the
critical loading force was estimated BBIL15N. In this case, a preferred propagation doects
starting to be a single deflection. For rati¢s,/Vauz<5 only a single crack deflection is predicted
as preferred propagation direction. In case of meluratio Varz/Vamz=2, the crack propagates
almost straight, maximally with a slight deflectitlom the original direction (with no bifurcation
phenomena).

4. Conclusions

The crack path in laminates is influenced by thgmitade and location of the compressive stresses
in the internal layers. A semi-analytical modeldsh®n Finite Fracture Mechanics (FFM) theory
was here developed to describe and predict th& grapagation in symmetric laminates consisting
of alternated tensile—compressive layers built—apaiperiodic architecture. In addition to the
mechanical loading under flexural bending, a thétosding associated with the thermal mismatch
of the layers during sintering was also taken extoount in the model. The fracture criterion was
based on the calculation of the change of the patemergydll for a finite crack increment length,
starting from the tip of the original crack and adeing in several possible propagation directions
(angle of crack propagation). From all theoreticalbssible crack paths, the change of the potential
energy between unperturbed and perturbed state evatuated. Direction and/or type of
propagation were selected such that the changB efould attain a maximum value.

In case of the low volume ratios (i.es/Vo= 1/1 — 4/1) single crack deflection (and in sorases
straight crack propagation) is preferred with aglardower than 20° (measured from the straight
propagation). On the other hand, for relative highlume ratios, (i.e. YV,= 6/1 — 8/1),
corresponding to high compressive residual stressexsck bifurcation (i.e crack propagating
simultaneously in two directions) is predicted bye t model. Such behaviour is also in
correspondence with the experimental observations.
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