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Prediction of crack deflection in porous/dense ceramic laminates
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Abstract

The arrangement of ceramic layers in laminated structures is an interesting way to enhance the flaw tolerance of brittle ceramic materials.
The interfaces are expected to deflect cracks, increasing the fracture energy of the laminate compared to a monolithic material and thus raising
the toughness.
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Laminates have been fabricated with alternating dense and porous layers of the same material, i.e. SiC or B4C, in order to obtain a goo
chemical compatibility between the laminas and almost no thermal residual stresses. Porosity, in the porous layers, is achieved by in
organic particles which are removed during the debinding step. In this context, the target of this study is to predict the volume
pores, in the porous layer, required to cause crack deflection.

The proposed criterion derives from an energy balance. It relies on a two-scale analysis taking into account the laminated s
the material. It can be written in terms of two relevant material parameters: the ratio of Young’s moduli of the dense and porous
and toughness ratios. A unique function depending on the volume fraction of pores can be used to express the two above-ment
Assuming a cubic lattice of spherical voids, the parameters of the porous ceramic depend linearly on the porosity and vanish at
percolation of pores. As a consequence, the criterion can be rewritten in term of a single parameter: the porosity.

Crack deflection is permitted only for very high values of the porosity. Predicted values agree satisfactorily with experiments o
B4C. The comparison with the He and Hutchinson criterion shows that this latter underestimates the correct value.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Laminated structures with weak interfaces or interphases
constitute one strategy to improve the flaw tolerance of brit-
tle ceramic materials. These structures have proved to be ef-
ficient in increasing fracture energy by promoting crack de-
flection mechanisms at interfaces between layers: cracks that
form in one layer are deflected along the interface with adja-
cent layers which increases the fracture energy of the laminate
compared to that of a monolithic material and thus raises the
apparent toughness. Laminar ceramic composites are gener-
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ally fabricated by stacking layers of different compositi
in a suitable sequence.1 Alternating dense and porous lay
of the same material offers the best chemical compatib
and almost no thermal residual stresses. Crack deflectio
been observed within such systems as the result of the
ence of porous interlayers.2–9 The question is thus to pred
the volume fraction of pores, in the porous layers, requ
to cause crack deflection.

Two kinds of ceramic laminates are analysed: silicon
bide (SiC)2–7 and boron carbide (B4C).7,8 The specimen
are fabricated by stacking layers obtained by tape-ca
and then by lamination, debinding and sintering. Porosi
porous layers is introduced by adding pore-forming ag
such as corn starch or polymer particles. These organic
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Fig. 1. Macrostructure of boron carbide composite with interlayers obtained by the use of corn starch (left), microstructure of porous boron carbideobtained
with 20 vol.% of corn starch (right).

ticles are burned out during the debinding step, prior to sin-
tering. Dense and porous layers have the same thickness af-
ter sintering (e ≈ 100�m). Laminated specimens made of 20
layers have been tested under 3-point flexure loading. De-
tails on the fabrication of specimens and the measurement
of elastic and failure parameters can be found in Reynaud
and co-workers5,6 and in Tariolle et al.7,8 Fig. 1 shows mi-
crographs of the layered B4C materials and depicts the pore
shapes within the porous interlayers.8

The analyses of crack deflections by interfaces are gen-
erally based on two models due to He and Hutchinson.10,11

Both are carried out in an unbounded domain made of two
elastic materials. In the first one,10 the primary crack lies in
one material and impinges on the interface. Two virtual crack
extensions are considered, either deflected along the interface
(Fig. 2b) or straight in the adjacent layer. The energy release
rates at the tip of these two extensions are compared. The
drawback of this approach is the arbitrary choice of the two
increment lengths. In the second He and Hutchinson model,11

the primary crack is along the interface and the ability of the
crack to kink out of the interface is studied. The two criteria
involve the toughness of the materials and of the interface.
Curiously, it is often this second paper that is used to inter-
pret the experimental results of cracks deflection in ceramic
laminates, although the main assumption, a long primary in-
terface crack, is not fulfilled. Moreover, in any case, it is clear
f tip
i

F for a
d ous, D:
d

The present model relies on a two-scale analysis where
the laminated structure is taken into account as explained in
Section2. The criterion proposed in Section3derives from an
energy balance and can take into account a complementary
stress criterion. This makes it possible to avoid the above-
mentioned drawback, since virtual crack extension lengths
are known. The criterion is expressed in terms of two relevant
parameters: the Young’s moduli and toughness ratios of the
dense and porous layers. In Section4, experiments show that
these ratios can be written quite simply as functions of the
porosity. Sections5 and 6are devoted to the study of the crack
deflection at the dense/porous and porous/dense interfaces. A
short Section7 is dedicated to the analysis of the role of the
relative thickness of porous layers. Section8 deals with the
minor influence of Poisson’s ratios.

2. The asymptotics of the problem

The model is based on a two-scale analysis, the small pa-
rameter being the layers thickness. At the macro scale the
laminated micro-structure is ignored, as a first approxima-
tion, the whole laminate is treated as a homogeneous mate-
rial. It is homogenized using a rule of mixture for simplicity,
since more sophisticated homogenization processes do not
bring significant differences in the final results.12 There is a
p ode
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rom Fig. 2b that the laminated environment of the crack
s ignored in these approaches.

ig. 2. Schematic view of the inner (unbounded) stretched domain
eflection at a porous/dense interface: (a) the present analysis (P: por
ense, H: homogenized); (b) He and Hutchinson approach.10
rimary crack for which the tip undergoes the classical m
singular field. The antisymmetric mode II is inhibited d

o the symmetries.
Within this framework, the displacement solution (

alled far field) prior to any crack growth can be written
lane elasticity:

-
0(x1, x2) = U-

0(0,0) + kI
√
r u- I (θ) + · · · (1)

erex1 andx2 stand for the Cartesian coordinates andr and
for the polar ones. The coefficientkI is the stress intensi

actor and the angular shape function is denotedu- I (θ).
Considering now a small crack extension�, the perturbe

olution is expressed as a correction brought to the i
erm (Eq.(1)):

-
�(x1, x2) = U-

0(x1, x2) + small correction (2

he small correction is assumed to vanish as� → 0.
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Fig. 3. The inner stretched domain and its artificial outer boundaryΓ∞. The
origin is located at the tip of the primary crack (i.e. before branching).

The micro scale is obtained by stretching the domain
around the primary crack tip by 1/e, e being the layer thick-
ness. Considering the limite → 0, the problem is now set-
tled in an unbounded domain, so-called inner domain. In or-
der to have tractable computations, this domain is artificially
bounded at a large distance (r∞ � 1, wherer∞ is the radius
of the artificial boundary and 1 the dimensionless stretched
thickness of the layers, sayr∞ = 200 for instance, seeFig. 3)
from the primary crack tip. Moreover, only few dense (D in
Fig. 2a) and porous (P inFig. 2a) layers, say 3 or 4, are kept
in the vicinity of the primary crack tip, the remaining part
being replaced by the homogenized material (H inFig. 2a).
The validity of this simplification will be discussed in Section
3.

Using the change of variableyi = xi/e (ρ = r/e), U-
0 can be

expanded as (near field):

U-
0(x1, x2) = U-

0(ey1, ey2)

= U-
0(0,0) + kI

√
eW- (y1, y2,0) + · · · (3)

where the 0 inW- recalls that in a first step there is no crack
extension. The functionW- is the solution to the following
problem:


−∇y · σ = 0

σ = C : ∇yW-

T m).
T to
y ,
i ense

and porous layers and in the homogenized remaining part.
The third equation expresses that the crack faces are free of
traction. Finally, the last one is the matching condition with
the mode I term involved in the far field (Eq.(1)).

Similarly, a crack extension� either in the next layer or
along the interface (a deflection at the interface porous/dense
is illustrated inFig. 2a) leads to the following expansion:

U-
�(x1, x2) = U-

eµ(ey1, ey2)

= U-
0(0,0) + kI

√
eW- (y1, y2, µ) + · · · (5)

whereµ = �/e is the dimensionless crack extension length.
HereW- must fulfil the same system of equations (Eq.(4)),
the traction free condition (Eq. (43)) being extended to the
faces of the new extension of the crack.

3. The deflection criterion

Within this framework, the leading term of the change in
potential energy between the two states (prior to and follow-
ing a crack extension) is written:13

�W = k2
I

[
A

(
Ep

Ed
, µ

)
− A

(
Ep

Ed
,0

)]
ed (6)

whered stands for the specimen depth (plane elasticity).E
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σ · n- = 0 along the crack faces

W- behaves like
√
ρ u- I (θ) at infinity

(4)

he first equation is the balance of momentum (equilibriu
he symbol nabla�y holds for derivatives with respect
1 and y2. The second equation is the constitutive lawC
s the elastic operator, it takes different values in the d
d
ndEp are respectively the Young’s moduli of the dense

he porous ceramics. Poisson’s ratios play a minor ro
hown below inFig. 12. The functionA is numerically derive
rom the displacement fieldW- using a contour integral:13,14(

Ep

Ed
, µ

)
= ψ(W- (y1, y2, µ),

√
ρ u- I (θ)) (7)

ith

(U- , V- ) = 1

2

∫
Γ

(σ(U- )n-V- − σ(V- )n-U- ) dS

is any contour in the inner domain surrounding and loc
ar from the crack tip and its extension,n- is its normal pointing
oward the crack tip. For practical reasons, the outer arti
oundaryΓ∞ is selected (seeFig. 3). The integralψ in Eq.
7) is contour independent for anyU- andV- fulfilling the
quilibrium equation (Eq. 41).

A necessary condition for the crack growth is a con
uence of an energy balance:

W ≥ Gc�d ⇒ k2
I f

(
Ep

Ed
, µ

)
≥ Gc (8)

ith(
Ep

Ed
, µ

)
= A(Ep/Ed, µ) − A(Ep/Ed,0)

µ

ereGc is the toughness in the direction of fracture and�d
s the newly created crack surface. This expression (Eq(8))

ust be considered twice, once for a deflection (index d
he following) and once for a penetration in the next la
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(index pen). Deflection is promoted if the above inequality
holds true for deflection but is wrong for penetration, it leads
to:

fdef(Ep/Ed, µdef)

fpen(Ep/Ed, µpen)
≥ Gcdef

Gcpen
(9)

whereGcpenandGcdef are the toughness of the next layer (pen-
etration mechanism) and of the interface (deflection mecha-
nism). It will be assumed in the following that the toughness
of the interface is that of the porous material. Indeed, if the
interface was stronger then the crack would grow within the
porous medium at a short distance from the interface. Such a
choice is also suggested in Fujita et al.15

Clearly the dimensionless crack increment lengthsµdef
andµpenplay a role in the above relation. Now we make the
following reasonable additional assumption: if the crack pen-
etrates the next layer then it breaks it completely:�pen = e ⇒
µpen = 1. The deflected extension length remains to be deter-
mined. It could be done using a maximum stress criterion.13

For simplicity, we assume here:

µdef = µpen = 1 (10)

This choice is less arbitrary than that of He and Hutchinson11

since it refers to a characteristic length of the microstructure
(the layer thickness) that does not exist in their approach
( lying
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Fig. 5. Young’s moduli ratio vs. pore volume fractionV: SiC with Polyamide
particles5–7 (diamonds), SiC with corn starch particles3,7,8 (squares), B4C
with corn starch particles7,8 (triangles). Shear modulus ratio vs. pore volume
fractionV: B4C with corn starch particles8 (circles). The dashed line is the
functionH(V) (Eq.(13)), the solid line is the functionK(V) (Eq.(14)).

toughness parameters. They can be expressed in terms of the
porosity as proposed in the next section.

A simplification of the geometry of the inner domain
(Figs. 2a and 3) has been used. Only three or four layers
have been considered around the crack tip, the remaining
part of the material being replaced by a homogenized (aver-
aged) one.Fig. 4compares the functiong defined in Eq.(12)
when 3 and 4 layers are kept around the crack tip. Obviously,
the simplified geometry retained in this model seems to be
sufficient to our purpose.

4. Elastic and fracture parameters of the porous
ceramic

The twoFigs. 5 and 6show that a unique function depend-
ing on the volume fraction of poresV can be used to express
the elastic and fracture parameters of the porous material. In
the first case (Eq.(13)) the parameters depend linearly on the
volume fraction of poresV, whereas they depend linearly on

F
p
w .
H

Fig. 2a and b). Nevertheless, complete computations re
n a stress criterion have been carried out and it has
bserved that the deflection length increases with the po
ut that the final results are not deeply modified.12,16

Finally the criterion takes the simplified form:(
Ep

Ed

)
≥ Gcdef

Gcpen
(11)

ith(
Ep

Ed

)
= Adef(Ep/Ed,1) − A(Ep/Ed,0)

Apen(Ep/Ed,1) − A(Ep/Ed,0)
(12)

t is clear from this expression that the crucial point is
nowledge of two relevant data: the ratios of the elastic

ig. 4. The functiong (Eq. (12)) (solid lines) vs. the Young’s moduli rat

p/Ed for two models of geometry (3 and 4 layers) at the porous/d
nterface.
ig. 6. Toughness ratio vs. pore volume fractionV: SiC with polyamide
articles5–7 (diamonds), SiC with corn starch particles3,7,8 (squares), B4C
ith corn starch particles7,8 (circles), SiC with PTFE particles3 (triangles)
(V) (Eq.(13)) dashed line,K(V) (Eq.(14)) solid line.
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the largest surface fraction of poresS in the second case (Eq.
(14)):

Ep = H(V )Ed;Gcp = H(V )Gcd with

H(V ) = 1 − 6V

π
(13)

or

Ep = K(V )Ed;Gcp = K(V )Gcd with

K(V ) = 1 − 4S

π
= 1 −

(
6V

π

)2/3

(14)

whereGcp andGcd are the toughness respectively of the porous
and the dense ceramics.

In both cases a cubic lattice of spherical voids is assumed
and the parameters of the porous ceramic vanish at the per-
colation condition of pores (V =π/6 = 0.52). Such a choice is
consistent with the process used to create porosity by addition
of spherical pyrolysable particles of constant diameters.2–8

Higher volume fraction of pores can be obtained using parti-
cles of different sizes.9

It must be pointed out that, throughout this paper, the term
“dense” is related to the stiffer material. The sintering leads
to a residual close porosity in the bulk (2.5% in SiC and 6% in
B4C) independent of that obtained by addition of pore form-
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Fig. 7. The functiong (Eq. (12)) (solid line) vs. the Young’s moduli ratio
Ep/Ed and the He and Hutchinson approach10 (HH, dotted line) compared
to the toughness ratioGcp/G

c
d (dashed line) at the dense/porous interface.

(see Section3):

Gcdef = Gcpen = Gcp (18)

The functiong (Eq. (12)) (solid line) and the toughness ra-
tio (dashed line) are plotted versus the Young’s moduli ratio
(Fig. 7). As expected, this figure shows clearly that no de-
flection can occur at such an interface, since the inequality
(Eq. (11)) never holds true. The He and Hutchinson (HH)
approach10 is also plotted (dotted line) and leads to the same
conclusion.

6. Deflection at the porous/dense interface

The so-called next layer is now a dense one. The function
g (Eq. (12)) and the toughness ratio are again plotted versus
the Young’s moduli ratio (Fig. 8) at a porous/dense interface.
It is only assumed that the two ratios (Young’s moduli and
toughness) follow the same rule (whatever this rule, i.e. Eqs.
(16) and(17) or any other). The toughness ratio in Eq.(11)

F io
E d
t e.
ng agents. This residual porosity is formed of pores m
maller than those resulting from the addition of particle
an be ignored in the present analysis but has to be take
ccount in the measures:

= Ṽ − V0 (15)

hereṼ is the actual porosity andV0 the initial (residual
ne if no pore forming agent is added.

As a consequence of Eqs.(13) and (14), the deflection
riterion (Eq.(11)) can be rewritten:

(V ) ≥ H(V ) with h(V ) = g

(
1 − 6V

π

)
(16)

r

(V ) ≥ K(V ) with k(V ) = g

(
1 −

(
6V

π

)2/3
)

(17)

he two followingFigs. 5 and 6exhibit experimental mea
ures of the Young’s moduli and the toughness ratios fo
wo types of laminates and different additional pore fo
ng agents: corn starch, polyamide and PTFE. Data are
rom Blanks et al.,3 Reynaud and co-workers5–7 and Tariolle
t al.7,8 In both cases the better matching is obtained u

he surface fraction of pores (Eq.(17)) (dashed lines).

. Deflection at the dense/porous interface

In this case, the so-called next layer is a porous
nd the toughness ratio in Eq.(9) or Eq. (11) equals 115
ig. 8. The functiong (Eq. (12)) (solid line) vs. the Young’s moduli rat

p/Ed and the He and Hutchinson approach10 (HH, dotted line) compare
o the toughness ratioGcp/G

c
d (dashed line) at the porous/dense interfac
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Fig. 9. The functionh (Eq.(16)) (solid line) vs. the volume fraction of pores
and the He and Hutchinson approach10 (HH, dotted line) compared to the
toughness ratioH(V ) = Gcp/G

c
d (Eq.(13)) (dashed line).

is:

Gcdef

Gcpen
= Gcp

Gcd
(19)

The answers brought by the present analysis and the He
and Hutchinson one10 differ now significantly, the agreement
with the experiments will be discussed below.

The criterion can be also plotted versus the volume fraction
of poreV. It is illustrated in the two following figures derived
from the singleFig. 8. In the first one (Fig. 9), the elastic and
fracture parameters depend linearly on the volume fraction of
pores (Eq.(16)), whereas in the second (Fig. 10) they depend
linearly on the surface fraction of pores (Eq.(17)). Clearly
the predicted porosity that causes crack deflection (arrows in
Figs. 9 and 10) is above 40% in both cases. If one does not
forget the residual porosity in the sintered parts (Eq.(15)),
these results are in a good agreement with the experiments
of Reynaud and co-workers7,8 and Tariolle8,9 while the He
and Hutchinson approach10 underestimates it. Blanks et al.3

found a wide range of values: between 34% and 44%. Below
34% no deflection was observed, above 44% an extensive
deflection was obtained (this last value is in agreement with

F es
a e
t

Fig. 11. The functiong (Eq. (12)) (solid line) vs. the Young’s moduli ratio
Ep/Ed for different thicknesses ratioep/ed (0.25, 0.5, 1, 2) compared to the
toughness ratioGcp/G

c
d (dashed line) at the porous/dense interface.

the present analysis). Between the two values, the primary
crack changes direction but kinks out immediately. In this
latter case, the work of fracture is not strongly increased, the
design goal is not attained.

7. The influence of the porous layers thickness

Throughout this paper, the porous material is considered as
homogenous, this implies that the pores size is much smaller
than the layers thickness. This property must not be forgotten,
especially in this section. The porous layers thickness can
be diminished provided it does not interfere with the pores
diameter. Typically, at least one decade must separate these
two characteristic lengths, the ratio between the pore diameter
and the layer thickness must not exceed 0.1.

Numerical results show that thin porous layers tend to pro-
mote crack deflection. InFig. 11(a zoom ofFig. 8in the range
0–0.3 forEp/Ed), the functiong (Eq. (12)) is plotted versus
the Young’s moduli ratioEp/Ed for different values of the
thicknesses ratioep/ed, whereep anded are respectively the
porous and dense layer thicknesses. Results are summarized
in Table 1. The model of porosity relies on functionH defined
in Eq. (12). The porosity required to promote deflection de-
creases with the porous layers thickness. Nevertheless, this
effect remains small, the reduction is only about 10% when
t

8

itted
i play

T
Y
d

e
E 5
V 6
ig. 10. The functionk (Eq.(17)) (solid line) vs. the surface fraction of por
nd the He and Hutchinson approach10 (HH, dotted line) compared to th

oughness ratio (Eq.(14)) K(V ) = Gcp/G
c
d (dashed line).
he relative porous layers thickness is divided by 8.

. The influence of the Poisson’s ratios

The Poisson’s ratios of the components have been om
n the above discussion. The next figure shows that they

able 1
oung’s moduli ratioEp/Ed and pore volume fractionV promoting crack
eflection for various porous/dense layers thickness ratiosep/ed

p/ed 2 1 0.5 0.25

p/Ed 0.120 0.150 0.175 0.20
0.461 0.445 0.432 0.41
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Fig. 12. The functiong (Eq. (12)) (solid lines) vs. the Young’s moduli ra-
tio Ep/Ed for two different Poisson’s ratio compared to the toughness ratio
Gcp/G

c
d (dashed line) at the porous/dense interface.

a minor role. It is assumed that both dense and porous ceram-
ics have the same Poisson’s ratio. Two values are compared
in Fig. 12: ν = 0.16 (B4C) (note thatν = 0.17 for SiC) and
a realistic value met in many materialsν = 0.3. Clearly the
deviation in Young’s moduli ratio causing deflection is weak
(<6%) (Fig. 12). Using the porosity functionH (Eq.(13)), it
leads to about 1% deviation in the pore volume fractionV. It
is obviously a negligible effect.

9. Conclusion

The first conclusion to draw is that deflection is very
difficult to promote by porous layers obtained by the ad-
dition of spherical pore forming particles. This prediction
correlates well with experimental results: Reynaud and co-
workers5–7 did not observe any extensive deflection in SiC
belowṼ = 42% (i.e.V ≈ 40%) and Tariolle et al.7,8 found a
significant deflection for a rather high valueṼ = 52% (i.e.
V ≈ 46%) in B4C. It is in a good agreement with the present
model, while the one based on the second He and Hutchin-
son approach,11 as proposed by Clegg et al.,2–4 tends to sig-
nificantly underestimate the experimental values. The other
well-known He and Hutchinson approach10 neglects the lam-
inated micro-structure of the material and gives an erroneous
low value of the porosity causing crack deflection.

i ey
p tever
t n the
p ulus
a rule.
T sent
a can

cause crack deflection, for which the assumption seems to be
valid.
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