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Abstract

FE modelling of a cracked four points bending spexti is carried out assuming that the
specimen was fabricated from ATZ/AMZ ceramic latein&he multilayer consists of nine
alternating layers of different thickness, while tiotal thickness of the laminate body is kept
constant. All the layers made of the same mateddlZ (alumina with 5% tetragonal
zirconia), or AMZ (alumina with 30% monoclinic Zwta), respectively have the same
thickness. Matched asymptotic procedure is usettive the change of potential energy due
to the perturbation caused by a branched crackrestten of the total lengthyeor a straight
penetrating crack extension of length. aNumerical simulations are compared with
experimental observations.

1 Introduction

It is now well recognized that a design of layeoedamic composites provides a promising
way for to enhance the strength reliability of eei@ component as well as to improve their
fracture toughness by e.g. crack deflection or lkcradurcation. Moreover, expansion
coefficients between different layers inevitablyngeate thermal residual stresses during
subsequent cooling of layered ceramics wittong interfacesCompressive residual stresses
significantly contribute to toughening effect anesulting R-curve behaviour. The elastic
mismatch of the layers induces an additional cidroking force term. The propagation of a
crack in a direction orthogonal to the laminatenpk can be promoted (anti-shielding) or
retarded (shielding) by the different elastic pries.

The apparent R-curve behaviour is usually studissuming straight crack propagation
perpendicularly across layer interfaces. Nevertslthe propagation of the crack through the
layers may occur with an angle different from gfiipropagation [1],[2]. The compressive
stress ensures that crack growth leading to failoréhe laminar system is mediated by
threshold strength, but, in some cases, it alsdsléa bifurcation of the propagating crack.
Unfortunately, none of the theories regarding tireational growth of a crack in a brittle
material such as deviation to maximize the crapketergy release rate, deviation from the
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established path when there is a positive T-stagss$,cracks that choose the path that gives a
zero value of the Mode Il stress intensity fac®m agreement with the observed behaviour
in the layered composites. For that reasons thelgmois revisited using the concept of Finite
fracture mechanics (FFM) [3]. The criterion usedthis method can be stated as follows:
failure will occur if there is sufficient energy alable to allow a finite amount of crack
growth denoted a&,. The value of, is assumed to be a material constant.

2 Experimental

The mechanical behaviour of a layered ceramic caegpof thin layers of AD; with 30%
monoclinic ZrQ (referred to as AMZ layers), sandwiched betweeckér layers of AIO3
with 5% tetragonal Zr@(ATZ layers) was tested under the four—point begdirhe volume
ratio between the AMZ and ATZ material, iN&wz/Vatz, Was ca. 1/6. The properties of both
materials were determined in monolithic samplesaf#] are listed in Table 1.

. E v a X:l.d3 O; Kic Gc
Material [GPa] [] K] MPa]  [MPant]  [ind]
ATZ 390£10 022 9802 422430  3.201 252
AMZ 28010 0.22 8£0.2 90420 2.6:0.1 232

Table 1. Material properties of the laminate components

In order to investigate the crack propagation i ldminate, a sharp notch of depth 3®0
and tip radius of ca. 2bm, was introduced in the first ATZ layer followirtge standard
SEVNB procedure according to ISO 23146. Due totémsile residual stresses in the first
layer a local stress intensity factor at the criglovercomes the fracture toughné&ssof the
ATZ layer during the notching process. Thus, a krhetween the notch and the first
ATZ/AMZ interface originated without any additionahechanical load (see close-up in
Fig. 1a). This was the initial state of the specirfiee. crack terminating at the first interface).
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Figure 1. a) Test configuration of the four-point bend exipent on a notched specimen and b) load-
displacement curve recorded during testing.

To assess the crack propagation through the laajitia¢ notched specimen was loaded in
four—point bending (inner and outer spans: 20 mmh 40 mm respectively) at a constant
displacement rate of 0.5 mm/min using a universadting machine (Zwick Z010,

Switzerland). The testing jig is represented in. B The corresponding load—displacement
curve is shown in Fig. 1b. The first region of theve (up to 40 N) is associated with the
alignment of the rollers during the test. AboveNb@p to 215 N a linear behaviour can be
observed: the crack is arrested at the interfacd thre critical loading force reaches

2
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approximately 220 N. Then a decrease in load caappeeciated, which corresponds to the
propagation of the crack through the compressiwerlaAt this point a sudden crack

bifurcation occurs and propagation of both crackanbhes proceeds towards the next
interface. The propagation angle of the bifurcateatk is shown in Fig.2.

Crack extension
lenght in AMZ

. " 100 pm

Figure 2. Crack path in the compressive layer of specimerP#ture taken after polishing ca.
250um from the lateral face of the laminate. Voluméaraff the materials i¥ayz / Varz = 1/6.

3 Theoretical model of crack propagation in ceramic laminates

2D FEM model of a laminate was created, see Fign ontrast with the experiment, no
notch was modelled — only a straight crack which sufficient simplification of the problem.
The total model height is 4.03 mm and it corresgotadthe real specimen height. The width
of the 2D model was considered as unit togetheln wiement plane strain condition. The
applied loading forc& in FEM calculations is then always related to st width, i.e. in
comparison with the experimental data in Fig.1lbmidtiplied by factor 1B. In the first part
of the computational analysis, the apparent R-cof\elaminate with a given residual
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Figure 3. Scheme of a laminate used for the calculations

stress profile was calculated assuming a straigtukgpropagation. The equilibrium condition
at the crack tip was considered, i.e. crack propagas possible if the stress intensity at the
crack tip,Kyip for the crack lengtl equals or exceeds the intrinsic material toughKess

KItip (a) = ch’ KItip (a) = Klappl (a) + Klres( 8) ' (1)
Thus, solving Eq .(1) foKapp(a), the crack propagation criterion is fulfilled whe
KIappl (a) = ch - Klres(a) = KIR( a) ’ (2)

whereKiappi iS the applied stress intensilf.s iS the stress intensity contribution from the
residual stresses amgr(a) can be understood as the apparent toughnesdiglacement-
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matching approach was used to the calculationeftress intensity factor. The results were
obtained with quadrilateral elements collapsedriemgular quarter-point elements. All the
layers made of the same material (ATZ or AMZ, resipely) have the same thickness, so the
laminate is well defined by the thicknes$gs andtawz, or the specimen heightts and the
volume ratiod = tauvtarz It is apparent from the Table 1 that the AMZ lsyare under
compression since their thermal expansion coefftcie minor than that of the ATZ layers
which are under tension. The crack face displacérdata corresponding to the residual
stresses were used for the calculation of thedihiglstress intensity factdfes. The apparent
fracture toughneskr(a)<Kiapp Wasfound by summation of the intrinsic material tougbs
Kic and the shielding stress intensity fackys. Critical value of the loading force was
obtained by dividing the value of the applied fregensity factoK,app from Eq. (2) and the
value of the stress intensity factor induced by force.

In the second part of the analysis the crack tt@msacross an interface followed by crack
bifurcation or deflection was modelled. An analgticlescription of the stress field in the
vicinity of the crack tip terminating at the intack of two dissimilar materials is essential.
Stress field description comprises a calculatiothef singularity exponent, determination of
the stress and displacement field distribution le tip vicinity and calculation of the
Generalized Stress Intensity Factors (GSIF) as agethe T-stress [6]. For the calculations of
the Stress Intensity Factors, the two state integethod based on Betti’s reciprocal theorem
was employed [6].

The singular stress field and displacement fieldgeneral stress concentrator are given by
the first two terms of the asymptotic expansion:
o, =H, %" [, (6)+H, B>, ,(6),

' 3
U°=H,%u,(6)+H,E%wu,(6), ©
where H; and H, are generalized stress intensity factors (GSIF) @) & are the
corresponding singularity exponen&<d,) — see [5]. The functionfy andu;, together with
the mentioned singularity exponents, are calculatgidg a method based on the complex
potentials. In some particular casks,is negligible and makes no contribution (e.g. aafsa
crack perpendicular to the interface under pureeriacaf loading). Since the Energy Release
Rate (ERR) for the crack terminating at the intesgfeof two different materials is, for
infinitesimally small crack increment, zero or mfe (depending on the singularity type), the
classical Griffith approach cannot be applied. ypdss this problem, a theory of Finite
Fracture Mechanics (FFM) was applied [3]. Infiniteal crack increment was replaced by a
finite increment and for this increment a changehef potential energy was calculated. The
small perturbation parameters defined as = a,/Ws << 1, wheré\s is the characteristic size
of the specimen (e.g. specimen height). A secomatedo the problem can be introduced,
represented by the scaled-up coordinayesyf) = (1 / €, X2 / €), which provides a zoomed-in
view into the region surrounding the crack, see Eigrhex are coordinates at the crack tip
but in the non-zoomed state, i.e. in case of tiaé gpecimen with adjacent interfaces [7]. In
the zoomed coordinateg, the influence of the adjacent laminate interfasa®t considered.
In order to predict the mode of the further cradlopagation (single or double crack
penetration) and further propagation direction, thange of the potential energS}'Iap or

more precisely the so-called additional enelyy, released by the fracture process has to be
calculated, as given by [8]:
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Figure 4. Scheme of a) single crack deflection and b) ctattkcation (branching) at the interface between
materials M2 and M1. A local Coordinate Systemdafired in the inner domain, where the crack extansi

length is given as, = ay/2 + ay/2.

AW =31, -G"a, @)

GMY is the critical energy release rate of material, Midhich may be determined
experimentally (see Table 1). The tedfl ., €Xpresses the change in the potential energy

corresponding to a certain initial crack length rement, a,. Calculation of AW was
performed for several crack increment lengths Inpaksible crack propagation directions.
Then a direction (and type of propagation) was ehasuch that the additional enel§gW
reached a maximal value. The change of the potestiergy 6I‘Iap considering both the

thermal and flexural sources of the stress wasutakd by integration of the energy release
rate along the crack increment as given by:

G

oo 0 fore -~ 0 and, < (5)

o, :a‘(p[OGdap(b) =V\éi[)( &+ GZ)"'---) d,

whereWs is the laminate height ard is the energy release rate. It is worth mentionivag
there are two sources of stress, i.e. mechamwaad residualr] which, separately applied,
give the crack extension forc€g, andG;. Under combined loading (flexural and thermal) the
first term of the total crack extension force igegi by:

25 20

- Hz Ko (¢ p) 21y Wsa'1+52 M H I_L£51+d2—1 0
S

20
26, 29,

[@K]’_p(b) (¢p) + K, o (¢ p) BLIJZ) +W 2 o H2K, ) b(¢ l)6252—12 0

S

G(l) - V\é
(6)

The second term of the crack extension force dudeacombined loading is for the case of
the crack bifurcation given by
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where o$211> stands for residual stress. For the case of tiglestrack deflectionG® adopts

the same form as Eq. (7), where only one intedrain( 0 to 1 - for one branch) is considered
within the parentheses. Note that GSIF or the @&sstris generally the sum of two
contributions:

Hy=HI+H, H,=HJ+HL T=T"+T, (8)

whereH;" is due to pure flexural loading akt{ is due to pure thermal loading respectively.
These parameters characterize the stress stateeimrack tip vicinity. Eqs. (6) and (7)

simplify significantly when some of the GSIH{ or H,) is zero (e.g. the case of the crack
perpendicular to the interface). The factlrgp) (¢p) and the opening of the crack extension

%, (Y). B, (Y). etc., are calculated by means of FEM on the imfoenain once for all,
since they depend only on the local geometry anemad properties — for details see [5],[7].

4 Results

The calculated apparent fracture toughness iseplatt Fig. 5, as a function of the crack
length a. For comparison, results obtained using the claksieight function concept
originally developed for homogeneous samples actuded. In this concept, the stress
intensity factor is calculated considering an inlbgeneous distribution of the residual
stresses in a homogeneous body with the elasticzlmeaf the first layerObserve that the
elastic mismatch of the layers is not taken intooaat by the weight function method. As
already observed in previous works, the apparemghoess increases in the layers with
compressive stress with increasing crack lengtl, iamlecreases in the layers with tensile
stress as the crack continues to gréyy. reaches its maximum or minimum values as the
crack approaches the interface with a next layemodpposite stress sign. The R-curve has to
be considered as an effective (or apparent) prgpéat certain crack lengths the intrinsic
positive toughness of the material is overcomeHhgydffect of the tensile residual stresses.
This means that cracks with this length will progi@gspontaneously without addition of any
external load. For example, the crack reachingARNE layer is initially influenced by the
tensile residual stress in the fractured ATZ layeenceKir is lower than the intrinsic
toughness of the material. As the crack grd¥ygjncreases above the intrinsic toughness due
to the growing influence of the compressive redigtr@sses in the AMZ layer. Nevertheless,
calculations revealed that the corresponding laaéiince needed for crack to grow in AMZ
layer is systematically higher than the loadingéorecorded experimentally, see Fig. 1b. The
cause of this behaviour is that the straight crpmipagation is not a favoured mode of
fracture and, instead, crack deflects or bifurcatehe compressive AMZ layer.
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Figure5. Apparent toughness as a function of crack leagtr several volume ratios

The crack path was predicted using the model dsedtriin the previous section. A
competition between single crack penetration arakcbifurcation in case of the laminate
defined in the previous section was investigatesingy Egs. (5), (6) and (7) the change of the
potential energy for several possible propagatioectons was calculated and is represented
in Fig. 6. Both, length of the crack extensiyand GSIFH," were varied in a wide range of
values. The crack extensiepwas varied in order to be always smaller tharréaeus of the
domain where the singular stress field (3) prevails
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Figure 6. Variation of the change of the potergiargydl with the angle of the crack extension for a) séng|

crack deflection and b) crack bifurcation. Crackeasion lengtta,=25um,H,'=0.39 MPa.m® andH,"=1.1
MPa.nmt? (flexure load 220N).

The obtained numerical results showed that botkkckafurcation or crack deflection are
preferred modes of fracture with respect to stiaiglack propagation. The angle of
deflection/bifurcation,¢,, was predicted to be in the range 20° —30° whgcln a good
agreement with experimental observations. Howes@nirary to experimental data, the crack
propagation was predicted even for the loadingef@about of 10 N, i.e. much lower value
then the threshold value of 220 N found experimntsee Fig.1b. This discrepancy made us
re-examine the real crack path. By inspection ef filactographic observations in Fig. 2 it
could be concluded that crack does not bifurcat¥cairdeflect just at the interface but at a
distanceda [125 um behind the interface. This is due to the energymulated in the system
during the unstable crack propagation (i.e. in Mi& layer which is subjected to tensile
residual stress) before the crack reaches thdfanterThe stress field around the edge of the
penetrating crack is square-root singular withrégular stress intensity facti. It is worth
mentioning that the radius of the dominance donadithe square-root singular field is only
few microns as detailed numerical calculations aéa@ Outside this domain the singular
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stress field (3) still prevails. However, the irgép of the singular stress field (3) caused by
pure thermal loadind,', is significantly reduced. This is associated wité sharp change of
residual stress between ATZ and AMZ layer. To fihd reduced GSIH," associated with
the crack incremenha the ERR for a straight crack increment calculatsithg a simplified
version of the expression in Eq. (6) for pure tr@rinading was compared with the regular
ERR calculated using standard fracture mechanmsepures (for pure thermal stresses) as:

26, 20, r\? _ 25,-1 _ 1-v* r\?
W o (k) Keo(9,=0)% -(EAMZ)(K), (©)

wheren=Aa/Ws andk is a dimensionless coefficient which describesrddction of GSIF
H,'. The coefficientk can be found from the numerical calculationsKgf specificallyk O
0.22. If the reduction of GSIR," is applied in the crack deflection/branching asislya very
good agreement with experimental data is obtainéd,. 6 shows that the crack
branches/deflects at the anglg [(22° for the loading force E220 N when the additional
energyAW (see EQ. (4)) is starting to be greater than zércan be also inferred from Fig. 6
that crack bifurcation is preferred to crack dditat, because the change of the potential
energydll during crack bifurcation is (slightly) greater thinat corresponding to single crack
deflection. The key feature in the design is thénhigsidual compressive stress in the AMZ
layer, which is present in laminate configuratienth relative high material volume ratio (i.e.
Vatz/Vavz > 5). In laminate configurations with lower volunegios the residual stresses are
lower and the inclined single penetration of theckrmight be preferred to crack bifurcation.

4. Conclusions

A semi-analytical model for the prediction of theack propagating through the ceramic
laminate designed with high compressive residuakses was presented. A crack bifurcation
effect (simultaneous penetration in two directi@isa given angle) was discussed and its
prediction was compared with experimental obseowsti The proposed fracture criterion,
based on the Finite Fracture Mechanics, can préxditt the type and also the angle of the
further crack propagation. The crack bifurcationesleed in experiments can be explained
with the proposed model. The key feature in thegtess the high residual compressive stress
in the AMZ layer, which is present in laminate agofations with relative low volume ratio
between the AMZ and ATZ material (i.envz/tatz < 1/5). In laminate configurations with
higher volume ratios the residual stresses arerlawe the inclined single penetration of the
crack is preferred to the crack bifurcation.
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