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Abstract

A method to analyze the crack bifurcation behavior of symmetric two-component layered composites had been developed. With
the method it is possible to compute the layer thickness at which cracks bifurcate. The thickness necessary for cracks to bifurcate
depends on the elastic constants of the layers, the number of layers, the difference of thermal expansion coefficients and the tem-
perature gradient. Further, the thickness ratios at which crack bifurcation can occur for layers with tensile and compressive residual
stresses were computed. In the work the important case of specimens with fixed total thickness is considered. There are some fea-
tures of crack bifurcation under these conditions. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The strategy of ceramic strengthening is usually asso-
ciated with the design of ceramic composites to enable
different mechanisms of fracture energy absorption or
dissipation. In addition, other properties can be mod-
ified by a suitable microstructure design in composites,
including those which cannot be combined in a single-
phase material. In functional gradient materials even
more complex microstructural architectures have to be
developed. Different structural elements such as parti-
cles, whiskers, filaments, platelets or laminates are
combined to tailor properties to different service
requirements.

Composites are complicated systems characterized by
a host of interdependent parameters. The theoretical
prediction of the mechanical behavior provides infor-
mation related to the failure of such materials. The
strength of ceramic-matrix layered composites depends
on the properties of the separate layers and also the
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interactions between different layers [1]. Ceramic mat-
erials show a lot of outstanding physical and chemical
properties, which make them interesting for many engi-
neering purposes. However, their more intensive tech-
nical application is restricted by their brittleness. A key
feature that imparts good mechanical properties in
multilayer systems is the ability to deflect cracks.

There are two different mechanisms of the crack
deflection. Cracks that form in one layer can be deflec-
ted either along weak interfaces with adjacent layers or
into layers with compressive residual stresses. Essential
for the first mechanism is matrix/interface strength
ratio. The presence of weak interfaces transverse to a
crack growing in a brittle material causes the crack to be
deflected with consequent increase in the resistance to
crack growth [2]. Note that presence of absence of
internal stresses is not necessary condition for operation
of this mechanism. Crack bifurcation is the second
mechanism of crack propagation operating in layer with
compressive residual stresses. Key feature of the bifur-
cation phenomenon is its correlation with the extension
of an edge crack at the surface of a layer containing
compressive residual stresses. The presence of the
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compressive stresses is necessary condition for bifur-
cation [3]. The formation of weak interfaces with con-
trolled strength is a very difficult technological problem.
Furthermore, weak interfaces usually also increase high
temperature corrosion due to the high defect density.
Therefore, crack bifurcation in layers with compressive
residual stresses is the preferred mechanism to improve
laminates.

In previous work Oechsner et al. [3] have observed
crack bifurcation in laminar ceramic composites when
crack entered thin Al,O; layers sandwiched between
thicker layers of Zr(12Ce)O,.The Al,O3 layers con-
tained a biaxial, residual compressive stress of 1.8 GPa
developed due to differential contraction upon cooling
from the processing temperature. The Zr(12Ce)O, lay-
ers were nearly free of residual tensile stresses because
they were much thicker than the Al,O5 layers. Despite
of the fact that the residual stresses were nearly identical
in all Al,Oj layers, crack bifurcation was observed only
when the layer thickness was greater than 70 pum.

Sanchez-Herencia et al. [4] have reported the bifur-
cation results in laminates containing a thin layer of
pure zirconia (MZ) and Y-TZP (TZ) mixtures sand-
wiched between two thick layers. Residual compressive
stresses in the thin layer was produced by the tetragonal
to monoclinic phase transformation of the ZrO, in the
thin layer. The strain produced by this transformation is
much greater than that produced by differential thermal
expansion. The transformation strain and the tempera-
ture where the transformation occurred were varied by
mixing pure ZrO, powder (MZ) with Zr(Y)O, powder
containing 3 mol% Y,03 (TZ). It was found in [4] that
crack bifurcation during flexural loading occurred for
thin layer compositions containing >0.4 volume frac-
tion MZ powder, when the thickness of the thin layer
was between 50 and 150 pm. Crack bifurcation was not
observed in thinner layers. The capability to create resi-
dual stresses using the zirconia phase transformation
was also probed using the alumina/50 vol.% MZ/alu-
mina system [5]. In this system the critical thickness for
crack bifurcation was of 25 um.

The results obtained in [3,4] show that crack bifurca-
tion phenomenon depends on the layer thickness in
addition to residual stress. The goal of the present work
is the development of an analysis method for two-com-
ponent ceramic matrix layered composites with crack
bifurcation in layers with compressive residual stresses
controlled by the layer thickness. In the work the
important case of specimens with fixed total thickness is
considered. There are some features of crack bifurcation
under these conditions. The method is necessary for an
optimal design of processing parameters for fabrication
of such composites. Experimental validation of these
analytical results was made by using the experimental
results reported earlier in the literature [4]. The paper is
focused on mechanism of crack bifurcation controlled

by difference of residual stresses within the body and
those at the free surface of the layered material. The
features of crack propagation mechanism controlled by
crack interaction with interfaces are not considered.

2. Thermal residual stresses in laminates

In this work two-component layered composites with
symmetric macrostructures are considered (Fig. 1). The
layers alternate, with exposed faces being of the same
component. Thus the total number of layers N in the
composite sample is odd. In Fig. 1 the layers of the first
component including the two external (outside) layers
are designated with the index 1 (j=1), and those of the
second component (internal) with index 2 (j=2). The
number of layers designated with index 1 is (N + 1)/2
and the number of layers designated with index 2 is
(N —1)/2. All layers of each component have the same
constant thickness.

In this work the mechanical behavior of a layered
beam (sample) with a rectangular cross section with the
height (or total thickness of specimen) / and the width &
is considered. It is assumed that the two components
have different thermal expansion coefficients. Therefore
the difference in temperature AT between the actual
temperature and the temperature at which the layers
constituting the material were joined is the important
initial parameter which determines the residual thermal
stress in the layers.

Characteristics of the individual structural compo-
nents such as Young’s modulus, strength, fracture
toughness, and thermal expansion coefficients affect the
composite failure process. The effective elastic modulus
of the layered composite (Fig. 1) is determined by the
Young’s modulus E; (j=1, 2) and the thickness /; (j=1,
2) of the layers. Further, the strength of j-th component
of layered composite is o, the fracture toughness is K,
and the thermal expansion coefficient is ar;.

During cooling of the sample the deformation differ-
ence, due to the different thermal expansion coefficients,
is accommodated by creep as long as the temperature is

1
1
1
Fig. 1. Two-component layered composite: (1) layers of the first

component including two external (outside) layers; (2) layers of the
second component (internal).
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high enough. Below a certain temperature, called the
“joining” temperature, the different components
become bonded together and internal stresses appear.
The “joining” temperature is usually the value that is
known only approximately. It is necessary the addi-
tional experimental investigations of this parameter. In
each layer, the total deformation after sintering is the
sum of an elastic component and of a thermal compo-
nent [6]. In the case of a perfectly rigid bonding between
the layers, the total deformation will be the same for all
the layers:

e =%+aTjAT:const (1)
'

where o,; is the residual stress in the j-th component,
E = E;/(1 —v), v; is Poisson’s ratio of the j-th
component.

The force balance requires (in normal stresses):

Zarjfj =0 (2)
J

where f; is the volume fraction of j-th component.
For two-component material, f; is:

_ D
Y

oy V=D

f —

The combination of Egs. (1) and (2) results in:

ouf = E\E, fr(ara — ar))AT
' Efi + B /2

()

and

o — ELE filat — ar)AT
Efi+EfH

4)

In this paper we will consider components marked
with index 1 as the ones with tensile residual stress and
those with index 2 as the ones with compressive residual
stress. It should be also noted that the expression (3)
and the expression (4) can be generalized for non-ther-
mal source of residual stress. To transform these equa-
tions it is only necessary to do the simple replacement of
(11 — a2)AT by the some strain mismatch Ae between
layers of type 1 and type 2.

3. Determination of crack deflection regime
To understand the thinking that led to experiments

concerning crack bifurcation, consider a crack propa-
gating through a laminate as shown in Fig. 2. When a

crack propagates through the laminate, it creates a free
surface. When it approaches a layer that is under a
residual compressive stress, o;, it creates a situation
similar to the free edge of a laminate [3,7]. The tensile
stress, o, which now arises due to the introduction of
the free surface, may cause the propagating crack to
bifurcate into the compressive layer. Because this beha-
vior is similar to the edge-cracking problem, a critical
layer thickness is expected below which no crack bifur-
cation will occur.

Ho et al. [7] observed that the occurrence of edge
cracks was dependent on the thickness of the compres-
sive layer and the magnitude of the residual compressive
stress in this layer. They developed a strain energy
release rate function for a crack in this localized tensile
stress field. The thickness for which the crack bifur-
cation occur can be determined from the expression:

GoFE

hz 22 (5)

0.34(1 — v5)oy,
where G, is the critical strain energy release rate of the
second composite component. It should be noted that
GaEr/(1 —1v3) = K&,

Eqn. 4 can be easily transformed into the following
form using the expressions for f; and f>:

B EyAaAT ©)
Ur2—(1 U)1+E2 N-—-1 1—1)1 12
2 El N+ 1 1— 1% ll
where Ao = oT] — dT2.
Criterion (5) is transformed using (6) into:
L D!
L B (N1 (L=w\ b 27 0.34(E, AaAT)
E/\N+1/)\1—-wn/
(6a)

~0,

= O

G,

\[
T o7

Fig. 2. Schematic of a propagating crack in a laminate under residual
compressive stress.
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and then
E2 N-—-1 1— V1 12 2
h—Il\1+—(— =] =0,
2 C( +E1 (N-}-l)(l—vz)ll)
(1-m)’K2 . .. .
where [, = < is the characteristic layer thick-

T 034(EyAaAT)
ness. The dependence of characteristic size /. on the
thermal expansion factors difference A« for various
temperature differences AT is shown in Fig. 3. The
characteristic size increases with decreasing AT and Aca.

Using the substitution a = % (%—I}) (tzl> 5—: we obtain:

a2

L B—(1-2a)h+1 <0. (7

In the case of fixed number of layers a is constant for
given /;. Then we have square equation for /. From (7)
the upper and lower limits, /,," and /,,", of the crack
deflection area can be determined [8]:

v 1=2aF~1—4a

ZbZ s T 2a2

Ie. ®)

The thickness of the second component layer for
which crack bifurcation occurs can be determined in
this case from the expression:

Ly (h) < b <1y (1)

The layer thickness regime where crack bifurcation
occurs is shown in Fig. 4(a). These thicknesses depend
on the elastic constants of the layers, the number of
layers, the difference of thermal expansion factors and
the temperature difference. For a given thickness of
layers with tensile residual stresses there exists a thick-

1 E: /
(1-v,y K, ¢

1E+10

1E+%
1E+8
1E+7

1E+6
1

1E+5 2

3.
1B+ —— 17— F—— 77— A K

OE+0 2E-6 4E-6 6E-6 8E-6 1E-5

Fig. 3. Dependence of characteristic size /. on the difference of ther-
mal expansion factors A« for various temperature differences: (1)
AT =400 K; (2) AT =800 K; (3) AT = 1200 K.

ness interval of the layers with compressive residual
stresses where the crack bifurcation occurs. The regime
boundaries for E,/E; =1 and for E,/E; =2 are pre-
sented in Fig. 4(b).

Eq. (8) results in the expression:

1 —4a>0ora < 0.25. )

From (9) a criterion for the first component layer
thickness can be obtained

W (10)

:42 N—1)(1=v

E; \ N+1 1—1,
ness of the first component. No deflection occurs as long
as the layer thickness of the first component are less
than the characteristic thickness (Fig. 4a). The depen-
dence of the first component’s characteristic thickness /}
on the ratio E,/E; is presented in Fig. 5.

where /§ )lC is the characteristic thick-

In the case of fixed total thickness of specimen / the
parameter a depends on /; and /. It should be noted
that the total thickness of sample is

N+l
-2

N-—-1

g 2

L+ b. (11)

Then we obtain from (11) h— 1, =7 (l, + L) and
h+ 6L =2%(l, + 1) that result in

N—-1 h-]
_ = 12
N+1 h+b (12)

E2 il _ 1
_ B (h=n\(1=w\ e _ £2 (1- 1 /l;
Then  a=F (1§+/;> (1_5;) g (ﬁ) ((h}lc)wz/zc))

and using the substitutions

E2 1—1)1 h/lc
A=— -1
E] (1 — vz) (l]/lc )7

H:lﬁ andl’;:j—zwehavea:

H+ 5

Then from (7) we obtain

%2 24
S (BT P
(H+ D) H+ 1
and after transformations
B +QH— (A+1))E? + H(H — 2(A + 1)) — H?

=0. (13)
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It is cubic equation for /5 under given condition.
Symmetric configuration considered can have minimal
number of layers 3 and for fixed total thickness of spe-
cimen we have the following limitation for /:

0<B5<H-Qh/L).
The equation /5= H —(2/;/l.) determines upper
boundary of bifurcation area in this case. The cubic eqn

(13) can have one real solution, two real solutions or
three real solutions which determine low boundary of

.

20 —

16 7 NO DEFLECTION

DEFLECTION

L4}
0 — o7 L/

(b)

Fig. 4. Area of crack deflection (a) and boundaries (b) for E;/E; = 1
and N=3, N=5, N=21 (solid curves 1, 2, and 3), and for E,/E;, =2
and N=3, N=5, N=21 (dashed curves 4, 5, and 6) (the case of fixed
number of layers).

bifurcation area. In our case there is the physical sense
only for positive real solutions because /; is layer thick-
ness. In practice in most cases we have only two variants:

e for small /; there is no positive or real solution
for I, no bifurcation is in sample;

e for /; more than certain limit there is one positive
real solution for /5, there is bifurcation if /; more
than its solution under given conditions.

In the case of thermal source of residual stress the
areas of crack deflection was calculated by using of the
following values of thermoelastic parameters: (1) the
difference of the actual temperature and “‘joining” one is
AT=—-1200 K; (2) the elastic moduli of first and second
component are E; =327 GPa and E, =310 GPa; (3) the
Poisson’s ratios of first and second component are
v =0.26 and v,=0.27; (4) the coefficients of thermal
expansion of first and second component are
1 =3.55107% K~ and a»=3-10"% K~! respectively.
The fracture toughness of second component is
K,=5.5 MPa-m!?. The values of parameters was
selected so as to correspond to layered system
SizN4+20%TiN (component 1)/Si3sNy (component 2)
[8]. For given system the calculated value of character-
istic layer thickness is /. =1.267-1073 m.

The areas of crack deflection for the different fixed
total thickness of specimen % are shown in Fig. 6. Solid
lines are upper boundaries of the areas. Dashed curves
are low boundaries of the areas. In such a way each
deflection (bifurcation) area is situated between respec-
tive boundaries. The following thickness of specimen
were considered for given laminate: (1) 2#=4 mm; (2)
h=12 mm; (3) =20 mm; (4) 7=28 mm; (5) 7 =40 mm.

'/
20 1
1 2
16
| 3
12
. 4
8-
4-
0 | A Ez/EJ
0 1 2 3 4 5

Fig. 5. Dependence of first component characteristic thickness /; on
ratio E>/E; and N=oo, N=21, N=5, N=3 (curve 1, 2, 3, and 4
respectively).
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It should be noted there is no bifurcation area for h=4
mm. In this case the low boundary of layer thickness to
bifurcate is higher than the upper limitation due to fixed
total thickness of sample. More thickness of specimen
determines more deflection area.

For layered sample with fixed thickness the useful
parameter can be calculated. It is the critical number of
layers. It is the maximum number of layers in specimen
to occur the bifurcation under given conditions. If the
sample has more number of layers it is no bifurcation.
Critical number of layers for the different fixed total
thickness of specimen % is presented in Fig. 7. The
above-mentioned thickness of sample are considered. It
is well seen there are no real samples with bifurcation
for h=4 mm. The maximum number of layers can be 9
for specimen with 7#=40 mm to occur the bifurcation.
More thickness of specimen determines more number of
laminar macrosructure variants to occur the bifurcation.

4. Comparison with experimental results

Laminate composites containing a thin layer (5-200
pm thick) sandwiched between two thick layers (2 mm
thick) were fabricated in [4] by sequential slip casting to
study crack bifurcation. The thin layer was formed with
a mixture of a pure ZrO, powder (MZ) and a Zr(Y)O,
powder containing 3 mol% Y,0;3 (TZ). The sequential
slip casting allowed the fabrication of layered materials
where the thickness of each layers is controlled by the
slurry casting period. The TZ powder, mixed with 0.05

&

Relative thickness of 2nd component layer

] 4 ] 12 16 20
Relative thickness of 1st component layer

Fig. 6. Areas of crack deflection for the different fixed total thickness
of specimen /. Solid lines are upper boundaries of the areas, dashed
curves are low boundaries of areas. For the laminate considered,
thermal residual stresses (see text) (1) =4 mm; (2) h=12 mm; (3) &
=20 mm; (4) # =28 mm; (5) /=40 mm.

volume fraction of Al,O; powder, was used to form the
thicker layers (220.25 cm) that sandwiched the thin layer
in each specimen. The Al,O; was used to add contrast
and help distinguish the different layers in the scanning
electron microscope. Different mixtures of MZ (0.35,
0.40, 0.45, 0.50, 0.60, to 1.0 volume fraction) and TZ
(without added Al,O3) were used to form the thin layers
in the different laminates.

Sequential slip casting was used to obtain layered
plates (approximately 0.5 cmx7 cmx7 cm prior to den-
sification) containing one thin layer sandwiched between
two thicker layers, as well as monolitic specimens with
the same composition as the thin layer in the laminates.
To investigate the effect of layer thickness on the bifur-
cation phenomenon, different specimens were prepared
to contain a single thin layer with a thickness between
~5-150 um. Monolitic bars (0.2 cmx0.5 cmx1 cm)
were also formed with slurries containing specific MZ
+ TZ mixtures used to form laminated materials. These
materials were used for phase identification and thermal
expansion measurements to determine the strain and
temperature associated with the tetragonal-to-monoclinic
phase transformation during cooling. More detailed
description of experimental procedure to study crack
bifurcation can be found in Sanchez-Herencia et al. [4].

In the monolitic materials transformation tempera-
ture and the linear expansion associated with the trans-
formation was found in [4] to decrease with increasing
fraction of TZ. Laminates fabricated with a thin layer
containing >45% of MZ was shown to delaminate
during cooling from their densification temperature

10 —

<o

2]

-9

Critical number of layers
N
|

0 | . . . |
0 4 8 12 16 20
Relative thickness of 1st component layer

Fig. 7. Critical number of layers for the different fixed total thickness
of specimen /A. For the laminate considered, thermal residual stresses
(see text) (1) =4 mm; (2) h=12 mm; (3) 2=20 mm; (4) /=28 mm; (5)
h=40 mm.
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when the layer was >200 pum thick. Since the delami-
nation crack propagated within the thin layer, it was
assumed to be a special case of an edge crack that pro-
pagated through the specimen thickness. For thin layers
with compositions containing >0.40 MZ, edge cracks
were observed near the center line when their thickness
was greater than a critical value. For specimens con-
taining pure MZ, the edge crack was observed when the
thin layer was >60 pm. Although no single edge crack
was observed for thinner layers, the surface of these thin
layers was full of microcracks that were parallel to one
another and to interface. No microcracks were observed
when the thickness of this layer was 10 um.

Fig. 8 shows SEM micrographs for crack propagation
in specimen fabricated with thin layer containing 50
vol.% of m-ZrO,. (a) where the crack propagates in thin
layer without any bifurcation, and (b) where the bifur-

L]

Fig. 8. SEM micrographs for character of crack propagation in spe-
cimen fabricated with thin layer containing 50 vol.% of m-ZrO,: (a)
thickness of thin layer is 50 um (no bifurcation); (b) thickness of thin
layer is 100 pm (extensive bifurcation).

cated crack exhibits extensive propagation with the thin
layer, then reinitiates failure.

Fig. 9 shows a plot of composition vs thin layer
thickness where delamination, edge cracking and crack
bifurcation was observed. One can see that edge crack-
ing, which occurred during cooling, and crack bifurca-
tion, which occurred during flexural loading, occurred
for thin layer compositions containing >40 volume
fraction MZ powder, when the thickness of the thin
layer was between ~50 and 150 pm. Crack bifurcation
was not observed in thinner layers.

The characteristic layer thicknesses /. for laminates of
the system ZrO,/ZrO, along with other characteristic
parameters calculated by using of expressions (7), (8),
are listed in a table. Note that due to the fact that
internal stresses in this system are generated by tetra-
gonal-to-monoclinic phase transformation, expressions
to calculate characteristic parameters of bifurcation
have to be modified. Specifically, the expressions are
derived from Egs. (6a), (8), (13) simply by substituting
Ag instead of AaAT (Agg is the linear transformation
strain, i.e. different in length (per unit length) between
inner and outer layers). It is the above-mentioned case
of non-thermal source of residual stress. Here the linear
transformation strain is the strain mismatch between
layers. The values of the strain employed for calculation
are taken from [4], Table 1. The values of other para-
meters are taken as [3,7]: vi = vy, = 0.25, E;=E>=102
GPa, K,,=5 MPa-m'/2. It should be noted that ZrO,
demonstrates the elastic modulus within interval
80-205 GPa depending on damage intensity. The

300.00
]2>“m
Delamination
200,00 — ®
. ® ® O O
Edge Cracking
and Bifurcation
100.00 — e ® O ([l
No Edge Cracking
Not Bifurcation
.00 T T T T T T T
0.30 0.40 0.50 0.60 0.70

MZ Fraction

Fig. 9. Plot of thickness vs composition of the thin layer indicating the
conditions observed for delamination, edge cracking and bifurcation

[4]-
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observation of polished specimens containing thin lay-
ers show that the surface of the thin layer contains many
microcracks which are presumed to form during the
transformation [4]. These observations suggest that that
the number density of microcracks, which would sig-
nificantly decrease the elastic modulus and the residual,
compressive stresses. Therefore the elastic modulus for
calculation was chosen near the low boundary of known
interval. The calculated boundaries of bifurcation areas
and the points corresponding to specimens considered
in [4] are presented in Fig. 10. The circles correspond to
real laminar structures with different fixed total thick-

2.5-
15/1,
2.0 -

0.0 I T I
236 ll /[c 24.0

| ! |
57 1,/I. 58

(c)

ness of specimen / from [4]. Open circles correspond to
the absence of bifurcation in experimental observations.
Filled circles correspond to the bifurcation in experi-
mental observations. Dashed lines are the low calcu-
lated boundaries of bifurcation areas. Solid lines are the
upper calculated boundaries of bifurcation areas for
respective fixed total thickness of specimen /. There is
good correlation of experimental bifurcation and point
location in calculated bifurcation area. It should be
noted that only three layer specimens were considered in
[4]. In such a way the points corresponding to real
structure are situated on the upper boundaries of

. 6

l
31.2],

j |
485],/], 490

(d)

Fig. 10. Bifurcation areas for the different fixed total thickness of specimen / for the laminate considered in [4]. The circles correspond to real
laminar structures from [4]. Open circles correspond to the absence of bifurcation in experimental observations. Filled circles correspond to the
bifurcation in experimental observations. Dashed lines are the low calculated boundaries of bifurcation areas. Solid lines are the upper calculated
boundaries of bifurcation areas. (a) /. =86.3 pm; (b) . =66.1 um; (c) I, =35.6 um; (d) L. =4.23 pm. (1) #=4.005 mm; (2) 7=4.01 mm; (3) /=4.06

mm; (4) h=4.075 mm; (5) h=4.1 mm; (6) h=4.15 mm.
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Table 1

Characteristic parameters for crack bifurcation in ZrO,/ZrO, layered composites (according to [4])

Internal layer MZ volume fraction in internal layer

thickness /, (um)

0.45 0.50 0.60 1

5 86.3 46.40 23.17 66.1 60.60 30.26 35.6 112.5 56.18 4.23 945.6 472.2
4005 0.021 0.057 4005 0.016 0.075 4005 0.008 0.140 4005 0.001 1.180
1.044 2171 - 1.033 3780 - 1.016 15373 — 1.002 9.9-10° +

10 86.3 46.46 23.17 66.1 60.68 30.26 35.6 112.6 56.18 4.23 946.8 472.2
4010 0.021 0.115 4010 0.016 0.151 4010 0.008 0.280 4010 0.001 2.361
1.044 2171 - 1.033 3780 - 1.016 15373 - 1.002 9.9-10° +

60 86.3 47.04 23.17 66.1 61.44 30.26 35.6 114.0 56.18 4.23 958.6 472.2
4060 0.021 0.695 4060 0.016 0.907 4060 0.008 1.685 4060 0.001 14.16
1.044 2171 - 1.033 3780 - 1.016 15373 + 1.002 9.9-10° +

75 86.3 47.21 23.17 66.1 61.66 30.26 35.6 114.4 56.18 4.23 962.1 472.2
4075 0.021 0.868 4075 0.016 1.134 4075 0.008 2.106 4075 0.001 17.70
1.044 2171 - 1.033 3780 + 1.016 15373 + 1.002 9.9-10° +

100 86.3 47.50 23.17 66.1 62.04 30.26 35.6 115.1 56.18 4.23 968.0 472.2
4100 0.021 1.158 4100 0.016 1.513 4100 0.008 2.809 4100 0.001 23.61
1.044 2171 + 1.033 3780 + 1.016 15373 + 1.002 9.9-10° +

150 86.3 48.08 23.17 66.1 62.80 30.26 35.6 116.5 56.18 4.23 979.8 472.2
4150 0.021 1.737 4150 0.016 2.269 4150 0.008 4213 4150 0.001 35.41
1.044 2171 + 1.033 3780 1.016 15373 + 1.002 9.9-10° +

Table specification:

le, ym, hjle, L/l

h, um, a, b/l

o lley Bl + /=2

2 4+, denotes there is bifurcation; —, denotes there is no bifurcation

bifurcation areas. The bifurcation takes place only when
the respective point is above the low calculated bound-
aries of bifurcation area.

5. Discussion

We have obtained analytical expressions for the
assessment of low and upper boundaries of layer thick-
ness range where effect of bifurcation occurs in layers
with compressive residual stresses. Accounting for simi-
larity of the bifurcation behavior with edge-cracking
problem, we have shown that there exists a parameter
denoted by critical layer thickness below which no crack
bifurcation occur. The parameter depends strongly on
the processing temperature difference, elastic constants
of the layers, the number of layers and the thermal
expansion factors difference. The good correlation
between the analytical predictions and experimental
results on ZrO,/ZrO, laminates provides confidence
that the model, though rather simple, captures the
essential features of the bifurcation phenomenon in

brittle two-component symmetrical multilayer system.
The model predictions are checked particularly for the
multilayered system in which internal stresses are gen-
erated by phase transformation. Generalization of ana-
litical expressions for prediction of the phenomenon in
layered system with thermal source of internal stress is
very simple.

Note that key assumption made in above analysis is
that bifurcation is predominantly driven by internal
stresses, due to phase transformation or thermal mis-
match. One might be surprised if residual stresses did
not play some role, but the question really is how great
a role do they play?

For example, there are observations in the literature,
e.g. in Clegg’s laminates with porous interlayers [9],
where the difference in expansion coefficients is zero
although crack deflection occurs with the same dis-
tinctive features as that in Sanchez-Herencia et al. [4].
Investigated in [9] were ceramic laminates made from
alternating layers of silicon carbide and silicon carbide
containing a fugitive polymer, which could be pyrolysed
to produce porous interlayers. So, both lamina and
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interlayer were made from the same material, resulting
in avoiding any internal stresses due to differences in
thermal expansion coefficients between the lamina and
interlayer materials. A simple model was developed in
[9] to describe the fracture behavior of porous solids
and predict the volume fraction of porosity required to
give crack deflection in the laminate. Taken into
account in the model was the fact that defects in an
interface ahead of a growing crack significantly affect
the interfacial properties required for crack deflection.
The key assumption of the model is that crack deflec-
tion occurs when the driving force for the growth of the
interfacial crack equals the fracture energy of the inter-
face at a lower load than that at which the driving force
of the penetrating crack is equal to the fracture energy
of the matrix. The crack-pore interaction is regarded in
the model as providing an extra driving force for the
crack to propagate toward the pore. It was shown that
putting pore just in front of the tip of a crack approxi-
mately doubles the stress intensity factor at the crack
tip. The volume fraction of porosity required to give
crack deflection was found to be approximately 0.4.
Despite of some simplified assumptions (replacement of
sharp crack tip/microcrack interaction by pores), the
model predictions is shown to be in agreement with
experimental observations. The obtained analytical
result means that in situation where no residual stresses
are present, crack deflection mechanism can operate in
high porous interlayer material.

The strength and crack propagation behavior of multi-
layered ceramics are not generally limited by only bulk
properties but also by the local interaction of cracks
with interfaces [10]. This can be controlled by such fac-
tors as the relative strength of the interface, the matrix
and reinforcement phases as well as thermal expansion
mismatch across the interface, which generally dictates
the nature of the crack path. The selection of a crack
trajectory in such layered structures is determined by a
mutual competition between the direction of maximum
mechanical driving force and the weakest micro-
structural path [11].

As described by Folsom et al. [12,13], the failure of
laminated ceramic composites in flexural loading is
characterized by a stepped stress—strain response. The
sequential failure of each layer is accompanied by a load
drop and a subsequent reloading to initiate failure in the
next layer. Each load drop is associated with the failure
of a single layer and the deflection of the crack along the
interface. After each load drop, the stress in the next,
unfractured layer is generally less, than its failure
strength. Thus the remaining portion of the specimen
must be reloaded to reinitiate the fracture process.

Clegg et al. [2] and Clegg [14] reported a similar
dependence in the load—displacement curve of a not-
ched-beam three point flexure test for laminated silicon
carbide—graphite composites. In their studies, during

load increases from the sawtooth minima to the max-
ima, a crack deflected along weak graphite interfaces
(delamination), without growing across the lamina. It
was observed that the failure of the next lamina nor-
mally occured well-behind the tip of the delamination
crack and the crack had grown from some defect within
the lamina. In addition, the tensile stress in the lamina
calculated from the load was identical with the strength
of an unnotched bar with the remaining thickness.

The influence of residual stresses distribution on
character of crack propagation in laminar composites,
containing layers of Y-TZP and either Al,O3; or a mix-
ture of Al,O5; and Y-ZrO, was studied by Tomaszewski
et al. [15]. Controlled crack growth experiments with
notched beams of composites were done and showed the
significant effect of barrier layer thickness and compo-
sitions on crack propagation paths during fracture.
Distinct crack deflection in alumina layers was
observed. As it occured the value of crack deflection
angle was proportional to the layer thickness. In the
case of layer thicknesses below 10 pum the crack was
found to be undeflected. In barrier layers made of an
oxide mixture crack deflection did not occur indepen-
dently on layer thickness. These observations were
explained by measurements of residual stress distribu-
tion in barrier layers. The magnitude of compressive
stress in alumina layer on the layer boundary was inde-
pendent on layer thickness. However the layer thickness
affected the stresses gradient. The compressive stress
was found to decrease from the boundary of layer to the
center of alumina layer and here reached the minimum.
The correlation between the value of crack deflection
angle and the magnitude of stress gradient was found.
In layer with thickness less than 10 um crack did not
deflect, and the compressive stress gradient reached very
small value. In the barrier layers made of an oxide mix-
ture, higher compressive stresses were found. However
the distribution and local character of these stresses
resulted in the lack of crack deflection independently on
layer thickness.

Recently Kovar et al. have studied mechanical prop-
erties of Si3sNy/BN multilayered ceramics, where the
properties of the interface were adjusted by varying the
composition of the BN interphase between the SizNy
layers [16]. The strength and energy absorption of mul-
tilayered ceramics were measured, and the crack path
was characterized as a function of the composition of
the interphase. It was found that in materials with very
high interfacial fracture resistance values (>80 J/m?) no
crack deflection was observed and very little energy was
absorbed. Specimens with moderate interfacial fracture
resistance values (50-80 J/m?) exhibited crack deflection;
however, the delamination cracks are short because the
delamination cracks kink out of the interphase. These
specimens also did not absorb much energy. Extensive
delamination cracking and high energy absorption were
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observed only in materials that have the lowest inter-
facial fracture resistance (30-50 J/m?).

The observations of Kovar et al. means that the
energy-absorption capability of a material is not deter-
mined merely by whether or not crack deflection occurs.
Rather, the extent of energy absorption is primarily
influenced by the crack path after the initial crack
deflection occurs. Specifically, the energy-absorption
capability is greatly reduced when the delamination
crack kink out of the interphase after travelling only a
short distance. Long delamination distances are favored
when the interfacial fracture resistance is low, the flaw
size in the layers is small and the fracture resistance of
the layers is high.

To date the approach has only been demonstrated for
a limited range of systems due to the difficulties to find
suitable interfacial materials. To be useful, such an
interfacial material must be chemically compatible with
the laminae, so that it can be used at an elevated tem-
perature. Additionally, even when fracture toughness
increases compared with that of monolitic ceramics,
bending strength decreases because of weak continuous
interlayer. Furthermore, because of the high anisotropy
of layered materials with weak interfaces, the strength
normal to the layers is low, and the area of application
is strongly restricted.

Accounting for difficult technological problems to
obtain laminates with interfaces (or interlayer) of con-
trolled strength, the development of analytical methods
to elucidate crack bifurcation phenomenon connected
with compressive residual stress in the bulk of layer
should lead to a better design for crack deflecting sys-
tems. Such bifurcation effect looks now as very promis-
ing in view of a recently discovered threshold strength
of laminates [1], i.e., a strength below which there is
theoretically zero probability of failure. Large flaws
within the layers were observed to propagate and then
arrest as they entered the compressive layers. For lami-
nates of identical architecture, failure occured at the
same applied tensile stress despite large differences in
the initial size of the crack. This stress was the threshold
strength, i.e., stress below which failure could not occur.
Fracture surface observations indicated that the crack
did not propagate straight across the compressive lay-
ers. Instead, the crack was observed to bifurcate within
the compressive layer. It was confirmed [17] that crack
bifurcation is observed for conditions of higher com-
pressive stress and/or thicker compressive layers.

6. Conclusions

A method to analyze the crack deflection behavior of
two component symmetric layered composites has been
developed. It could be shown that a layer thickness
regime exists where crack bifurcation occurs. This

regime depends on the elastic constants of the layers, the
number of layers, the thermal expansion factor differ-
ence and the temperature difference. No deflection of
cracks occurs if the thickness of the first component
layer is less than a characteristic thickness. For a given
thickness of layers with tensile residual stresses there
exists a thickness interval of the layers with compressive
residual stresses where cracks bifurcate.

In the work the important case of specimens with
fixed total thickness is considered. There are some fea-
tures of crack bifurcation under these conditions. In this
case the bifurcation area is situated between upper and
low boundaries. There are cases when the low boundary
of layer thickness to bifurcate is higher than the upper
limitation due to fixed total thickness of sample. No
bifurcation is in this case. More thickness of specimen
determines more deflection area.

For layered sample with fixed thickness the useful
parameter can be calculated. It is the critical number of
layers. It is the maximum number of layers in specimen
to occur the bifurcation under given conditions. If the
sample has more number of layers it is no bifurcation.
More thickness of specimen determines more number of
laminar macrosructure variants to occur the bifurcation.

It should be noted the strong variations of [ with
temperature difference and with content of layers. It is
important and efficient tool to control the bifurcation in
laminates.

Acknowledgements

This work was supported by the European Commis-
sion. It is part of the Project “Silicon nitride based
laminar and functionally gradient ceramics for engi-
neering application”, Proposal N 1CA2-1999-10109,
Contract N 1CA2-CT-2000-10020, the program Coper-
nicus-2.

References

[1] Rao MP, Sanchez-Herencia AJ, Beltz G, McMeeking RM, Lange
FF. Laminated ceramics that exhibit a threshold strength. Science
1999;286:102-5.

[2] Clegg WJ, Kendall K, Aldford, McN N, Button TW, Birchall
JDA simple way to make tough ceramics. Nature 1990;
347(4):455-7.

[3] Oechsner M, Hillman C, Lange F. F. Crack bifurcation in lami-
nar ceramic composites. J Am Ceram Soc 1996;79(7):1834-8.

[4] Sanchez-Herencia AJ, Pasqual C, He, Ju, Lange FF. ZrO,/ZrO,
layered composites for crack bifurcation. J Am Ceram Soc 1999;
82(6):1512-8.

[5] Sanchez-Herencia AJ, James L, Lange FF. Bifurcation in alu-
mina plates produced by a phase transformation in central, alu-
mina/zirconia thin layers. J Eur Ceram Soc 2000;20(9):1295-300.

[6] Lugovy M, Orlovskaya N, Berroth K, Kiibler J. Macrostructural
engineering of ceramic-matrix layered composites. Comp Sci
Tech 1999;59(8):1429-37.



830 M. Lugovy et al. | Composites Science and Technology 62 (2002) 819-830

[7] Ho S, Hillman CD, Lange FF, Suo Z. Surface cracking in layer

under biaxial, residual compressive stress. J Am Ceram Soc 1995;

78(9):2353-9.

Lugovy M, Orlovskaya N, Berroth K, Kiibler J. Analysis of

layered composites with crack deflection controlled by layer thick-

ness. In: Baraton MI, Uvarova I, editors. Functional gradient

materials and surface layers prepared by fine particles technology.

Kluwer Academic PublishersNetherlands; 2001. p. 273-80.

Blanks KS, Kristoffersson A, Carlstrom E, Clegg WJ. Crack

deflection in ceramic laminates using porous interlayers. J Eur

Ceram Soc 1998;18:1945-51.

[10] Chartier T, Merle D, Besson JL. Laminar ceramic composites. J
Eur Ceram Soc 1995;15:101-7.

[11] Chan HM. Layered ceramics: processing and mechanical beha-
vior. Annu Rev Mater Sci 1997;27:249-82.

[12] Folsom CA, Zok FW, Lange FF. On the flexural properties of

8

=

[9

—

brittle multilayer materials: I, modeling. J Am Ceram Soc 1994;
77(3):689-96.

[13] Folsom CA, Zok FW, Lange FF. On the flexural properties of
brittle multilayer materials: II, experiments. J Am Ceram Soc
1994;77(8):2081-7.

[14] Clegg WIJ. The fabrication and failure of laminar ceramic com-
posites. Acta Metall Mater 1992;40(11):3085-93.

[15] Tomaszewski H, Strzeszewski J, Gebicki W. The role of residual
stresses in layered composites of Y-ZrO2 and Al1203 J Eur Ceram
Soc 1999;19:255-62.

[16] Kovar D, Thouless MD, Halloran JW. Crack deflection and
propagation in layered silicon nitride/boron nitride ceramics. J
Am Ceram Soc 1998;81(4):1004—12.

[17] Rao MP, Roedel J, Lange FF. Residual stress induced R-curves
in laminar ceramics that exhibit a threshold strength. J Am
Ceram Soc 2001;84(11):2722-4.



