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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.

Laminates have been fabricated with alternating dense and porous layers of the same material, i.e,Sj@arBer to obtain a good
chemical compatibility between the laminas and almost no thermal residual stresses. Porosity, in the porous layers, is achieved by incorporating
organic particles which are removed during the debinding step. In this context, the target of this study is to predict the volume fraction of
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 structure of
the material. It can be written in terms of two relevant material parameters: the ratio of Young’s moduli of the dense and porous materials
and toughness ratios. A unique function depending on the volume fraction of pores can be used to express the two above-mentioned ratios.
Assuming a cubic lattice of spherical voids, the parameters of the porous ceramic depend linearly on the porosity and vanish at the point of
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 on SiC and
B,C. 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 ally fabricated by stacking layers of different compositions
in a suitable sequendeAlternating dense and porous layers
Laminated structures with weak interfaces or interphasesof the same material offers the best chemical compatibility
constitute one strategy to improve the flaw tolerance of brit- and almost no thermal residual stresses. Crack deflection has
tle ceramic materials. These structures have proved to be efbeen observed within such systems as the result of the pres-
ficient in increasing fracture energy by promoting crack de- ence of porous interlayefs® The question is thus to predict
flection mechanisms at interfaces between layers: cracks thathe volume fraction of pores, in the porous layers, required
form in one layer are deflected along the interface with adja- to cause crack deflection.
centlayerswhichincreasesthe fracture energy of the laminate  Two kinds of ceramic laminates are analysed: silicon car-
compared to that of a monolithic material and thus raises thebide (SiC¥~’ and boron carbide (iC).”® The specimens
apparent toughness. Laminar ceramic composites are generare fabricated by stacking layers obtained by tape-casting,
and then by lamination, debinding and sintering. Porosity of

* Corresponding author. Tel.: +33 144 275 322; fax: +33 144 275 259,  POrous layers is introduced by addi_ng pore-forming agents
E-mail address: dol@ccr.jussieu.fr (D. Leguillon). such as corn starch or polymer particles. These organic par-
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Fig. 1. Macrostructure of boron carbide composite with interlayers obtained by the use of corn starch (left), microstructure of porous borohtaareéie
with 20 vol.% of corn starch (right).

ticles are burned out during the debinding step, prior to sin-  The present model relies on a two-scale analysis where
tering. Dense and porous layers have the same thickness afthe laminated structure is taken into account as explained in
ter sintering ¢ &~ 100..m). Laminated specimens made of 20 Sectior?2. The criterion proposed in SectiBmerives from an
layers have been tested under 3-point flexure loading. De-energy balance and can take into account a complementary
tails on the fabrication of specimens and the measurementstress criterion. This makes it possible to avoid the above-
of elastic and failure parameters can be found in Reynaud mentioned drawback, since virtual crack extension lengths
and co-worker® and in Tariolle et al® Fig. 1 shows mi- are known. The criterion is expressed in terms of two relevant
crographs of the layeredsB materials and depicts the pore parameters: the Young’s moduli and toughness ratios of the
shapes within the porous interlayérs. dense and porous layers. In Sectihexperiments show that
The analyses of crack deflections by interfaces are gen-these ratios can be written quite simply as functions of the
erally based on two models due to He and Hutchin$oh. porosity. SectionS and Gare devoted to the study of the crack
Both are carried out in an unbounded domain made of two deflection at the dense/porous and porous/dense interfaces. A
elastic materials. In the first ot the primary crack liesin  short Sectior? is dedicated to the analysis of the role of the
one material and impinges on the interface. Two virtual crack relative thickness of porous layers. Sectideals with the
extensions are considered, either deflected along the interfaceninor influence of Poisson’s ratios.
(Fig. 2v) or straight in the adjacent layer. The energy release
rates at the tip of these two extensions are compared. Th
drawback of this approach is the arbitrary choice of the two
increment lengths. In the second He and Hutchinson mddel,  The model is based on a two-scale analysis, the small pa-
the primary crack is along the interface and the ability of the ameter being the layers thickness. At the macro scale the
f:rack to kink out of the interface is ;tud|ed. The twc_) criteria |aminated micro-structure is ignored, as a first approxima-
involve the toughness of the materials and of the interface. ioy the whole laminate is treated as a homogeneous mate-
Curiously, it is often this second paper that is used to inter- i |t is homogenized using a rule of mixture for simplicity,
pret the experimental results of cracks deflection in ceramic gince more sophisticated homogenization processes do not
laminates, although the main assumption, a long primary in- jying significant differences in the final resut&sThere is a

terfacg crack, is not fulfillgd. MoreO\_/er, inany case, itis cle.ar primary crack for which the tip undergoes the classical mode
from Fig. 2 that the laminated environment of the crack tip | gingular field. The antisymmetric mode Il is inhibited due
is ignored in these approaches. to the symmetries.

©. The asymptotics of the problem

Within this framework, the displacement solution (so-
called far field) prior to any crack growth can be written in
plane elasticity:

UO(x1, x2) = U0, 0) + kya/ru  (6) + - - @

Herex; andx; stand for the Cartesian coordinates arahd
6 for the polar ones. The coefficiektis the stress intensity
factor and the angular shape function is denatgd).
Considering now a small crack extensiQrihe perturbed
solution is expressed as a correction brought to the initial
®) b term (Eq.(1)):

Fig. 2. Schematic view of the inner (unbounded) stretched domain for a l_]e(xl, X2) = [_jo(xl, x2) + small correction (2)
deflection at a porous/dense interface: (a) the present analysis (P: porous, D: o )
dense, H: homogenized); (b) He and Hutchinson appréach. The small correction is assumed to vanisit as 0.

(a) = »gJ
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Fig. 3. The inner stretched domain and its artificial outer bounfidty The
origin is located at the tip of the primary crack (i.e. before branching).

The micro scale is obtained by stretching the domain W = k%

around the primary crack tip byéd/e being the layer thick-
ness. Considering the limit— 0, the problem is now set-
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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 | term involved in the far field (E(L)).

Similarly, a crack extensiot 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:

Ut (x1. x2) = U (ey1, ey2)
= U°0.0)+kive Wi y2. i)+ (5)

whereu = £/e is the dimensionless crack extension length.
Here W must fulfil the same system of equations (E4)),

the traction free condition (Eq. £%) 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 writtel?:

HEDRIGUIE

whered stands for the specimen depth (plane elasticiy).

(6)

tled in an unbounded domain, so-called inner domain. In or- andEp are respectively the Young’s moduli of the dense and
der to have tractable computations, this domain is artificially the porous ceramics. Poisson’s ratios play a minor role as

bounded at a large distano&9(>>> 1, wherer™ is the radius

of the artificial boundary and 1 the dimensionless stretched from the displacement fiel@/ using a contour integrd

thickness of the layers, sa§° = 200 for instance, sedeg. 3)
from the primary crack tip. Moreover, only few dense (D in
Fig. 2a) and porous (P iRig. 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 (HFig. 2a).
The validity of this simplification will be discussed in Section
3.

Using the change of variable=x;/e (o =rle), U° can be
expanded as (near field):

U°(x1, x2) = U%ey1, ey2)
= U%0, 0) + kzv/e W(y1, y2,0) + - -- (3
where the 0 in¥ recalls that in a first step there is no crack

extension. The functiof¥ is the solution to the following
problem:

—V,.0=0

o=C:V,W

o -n = 0along the crack faces
W behaves likg/p u,(9) at infinity

(4)

The first equation is the balance of momentum (equilibrium).
The symbol nablav, holds for derivatives with respect to
y1 andy,. The second equation is the constitutive laiv,

shown belowirFig. 12 The functiom is numerically derived
B.14

e ™

with

W =5 [ @@y -

A (Ep M) — (WO y2 1) /P )

I’ is any contour in the inner domain surrounding and located
far fromthe cracktip and its extensioris its normal pointing
toward the crack tip. For practical reasons, the outer artificial
boundaryI"™ is selected (seEig. 3). The integrahy in Eq.
(7) is contour independent for any and V fulfilling the
equilibrium equation (Eq.4.

A necessary condition for the crack growth is a conse-
quence of an energy balance:

. E .
W > GUd = k3 f <E" u) > G° (8)
d

with
<Ep ) _ A(Ep/Eqg, ) — A(Ep/Ed, 0)

f EL n =

d iz

HereG¢ is the toughness in the direction of fracture aad
is the newly created crack surface. This expression (&}.
must be considered twice, once for a deflection (index def in

is the elastic operator, it takes different values in the densethe following) and once for a penetration in the next layer
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(index pen). Deflection is promoted if the above inequality 1.0
holds true for deflection but is wrong for penetration, it leads S
to: 0.8 ;\\A

Joe(Ep/Ed, i) _ Ger ) Ep/Ed 5 ¥ <

JoerlEp/ Ed, ttpen) — Gfaen 06 SRE
whereGyq,andGgesare the toughness of the next layer (pen- 04 2l % o~
etration mechanism) and of the interface (deflection mecha-
nism). It will be assumed in the following that the toughness S g
of the interface is that of the porous material. Indeed, if the 02 ~e
interface was stronger then the crack would grow within the NN
porous medium at a short distance from the interface. Such 50-00
choice is also suggested in Fujita etal.

Clearly the dimensionless crack increment lengilyst Fig. 5. Young's moduli ratio vs. pore volume fractitnSiC with Polyamide
andupenplay arole in the above relation. Now we make the particles~7 (diamonds), SiC with corn starch partictés® (squares), BC
following reasonable additional assumption: if the crack pen- ‘f’rvggtﬁ)or:r“/ééaféhvﬁf‘r: t'c‘if:g s(g?cnhgle;r)ﬁ cslgsgfrg:g)u'ﬁggsﬁgﬁi ‘?:':Jhte
etrates the nextlayer then it bre.aks It completééyh == functionH(VA)1 (Eq.(13)), the solidpline is the functiok(V) (Eq. (14)).
upen= 1. The deflected extension length remains to be deter-

mined. It could be done using a maximum stress criteffon. toughness parameters. They can be expressed in terms of the
For simplicity, we assume here: porosity as proposed in the next section.

A simplification of the geometry of the inner domain
(Figs. 2a and Bhas been used. Only three or four layers
This choice is less arbitrary than that of He and HutchifSon  have been considered around the crack tip, the remaining
since it refers to a characteristic length of the microstructure part of the material being replaced by a homogenized (aver-
(the layer thickness) that does not exist in their approach aged) oneFig. 4compares the functiondefined in Eq(12)
(Fig. 2a and b). Nevertheless, complete computations relying when 3 and 4 layers are kept around the crack tip. Obviously,
on a stress criterion have been carried out and it has beerthe simplified geometry retained in this model seems to be
observed that the deflection length increases with the porositysufficient to our purpose.
but that the final results are not deeply modifléd®

Finally the criterion takes the simplified form:

0.1 0.2 03 0.4 05

Mdef = Upen= 1 (10)

E G 4. Elastic and fracture parameters of the porous
g (p) > Cdif (11) ceramic
Eqg Gpen
with The twoFigs. 5 and &how that a unique function depend-
ing on the volume fraction of pordécan be used to express
E Agef(Ep/Ed, 1) — A(Ep/E . .
<p> = de(Ep/Eq, 1) = A(Ep/Eq, 0) 12) the elastic and fracture parameters of the porous material. In
Eq Apen(Ep/Ed, 1) - A(Ep/Ed, 0)

the first case (Eq13)) the parameters depend linearly on the

It is clear from this expression that the crucial point is the volume fraction of pore¥, whereas they depend linearly on

knowledge of two relevant data: the ratios of the elastic and
1.0

0.3 AN

0.8 = =
a S a
3 layel = °oas
9 Gp/Gd S
0.2 AN 0.6 g
g 4 layers Ba 3
o~
0.4 25
) o a 2 ~
o 0.2 <t
o

o ~
Ep/Ed 0.0 4 g y 4 ¥
0 0.0 0.1 0.2 0.3 0.4 05

0 0.2 0.4 0.6 08 1

Fig. 6. Toughness ratio vs. pore volume fractinSiC with polyamide
Fig. 4. The functiorg (Eq. (12)) (solid lines) vs. the Young’s moduli ratio  particle$~7 (diamonds), SiC with corn starch partictés® (squares), BC
EplEqy for two models of geometry (3 and 4 layers) at the porous/dense with corn starch particlé€ (circles), SiC with PTFE particlégtriangles).
interface. H(V) (Eq.(13)) dashed lineK(V) (Eq. (14)) solid line.
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the largest surface fraction of porg&f the second case (Eq.

(14)):

Ep = H(V)Eq; Gy = H(V)Gy  with
6V
HV)=1- — (13)
T
or
Ep = K(V)Eq; Gy = K(V)G§  with
4 2/3
KW%:L—Szl—(mv (14)
T T

whereGg andGg are the toughness respectively of the porous
and the dense ceramics.
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Fig. 7. The functiorg (Eq. (12)) (solid line) vs. the Young’s moduli ratio

In both cases a cubic lattice of spherical voids is assumed?£p/F¢ and the He and Hutchinson appro#t(HH, dotted line) compared

and the parameters of the porous ceramic vanish at the per

colation condition of pores{= /6 =0.52). Such a choice is

to the toughness rati6¢,

p/ G§ (dashed line) at the dense/porous interface.

consistent with the process used to create porosity by addition(see Sectios):

of spherical pyrolysable particles of constant diametets.
Higher volume fraction of pores can be obtained using parti-
cles of different size$.

It must be pointed out that, throughout this paper, the term
“dense” is related to the stiffer material. The sintering leads
to aresidual close porosity in the bulk (2.5% in SiC and 6% in
B4C) independent of that obtained by addition of pore form-
ing agents. This residual porosity is formed of pores much
smaller than those resulting from the addition of particles. It

GC

Gef = pen = GE) (18)

The functiong (Eqg. (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)

approach?is also plotted (dotted line) and leads to the same

can be ignored in the present analysis but has to be taken intaconclusion.

account in the measures:

V=V-V (15)

whereV is the actual porosity antly the initial (residual)
one if no pore forming agent is added.

As a consequence of EgEl3) and (14) the deflection
criterion (Eqg.(11)) can be rewritten:

h(V) > H(V) with mw=gG_2d (16)

or

Vv

N
n) ) 17)

k(V) = K(V) with k(V)=g (1— (

The two followingFigs. 5 and @xhibit experimental mea-
sures of the Young’s moduli and the toughness ratios for the
two types of laminates and different additional pore form-

ing agents: corn starch, polyamide and PTFE. Data are taken

from Blanks et al3 Reynaud and co-workets’ and Tariolle
et al’8 In both cases the better matching is obtained using
the surface fraction of pores (E(1.7)) (dashed lines).

5. Deflection at the dense/porous interface

In this case, the so-called next layer is a porous one
and the toughness ratio in E¢@) or Eq. (11) equals 1°

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 ratioKig. 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. Egs.
(16) and(17) or any other). The toughness ratio in Efj1)

’/
7
L
0.8 ’
’/
Gp/Gd .-~
”1
’,’
0.4 &
g
P B S
0‘2 rd = ——_———_——-_——_———_‘_w—
/’ g
| — Ep/Ed
: i 04 0.8 08 1

Fig. 8. The functiorg (Eq. (12)) (solid line) vs. the Young’s moduli ratio
Ep/lEq and the He and Hutchinson appro&dttHH, dotted line) compared
to the toughness rati(’)‘,‘]/Gfj (dashed line) at the porous/dense interface.
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Fig. 9. The functiork (Eq.(16)) (solid line) vs. the volume fraction of pores
and the He and Hutchinson appro¥ttHH, dotted line) compared to the

toughness rati¢/ (V) = Gg/ G (Eq. (13)) (dashed line).

is:
c c
def _ ﬂ
Gﬁen G?J

(19)

03
v
/,/
-
I,’
I”
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0.25/
0.5 P
0141 ameld
2 -
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/”
- Ep/Ed
0 : :
0 0.1 0.2 0.3

Fig. 11. The functiory (Eq. (12)) (solid line) vs. the Young’s moduli ratio
Ep/Ey for different thicknesses ratigy/eq (0.25, 0.5, 1, 2) compared to the
toughness ratiGi;/ Gy (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.

The answers brought by the present analysis and the He

and Hutchinson o€ differ now significantly, the agreement

with the experiments will be discussed below.

The criterion can be also plotted versus the volume fraction
of poreV. ltisillustrated in the two following figures derived

from the single-ig. 8. In the first oneFig. 9), the elastic and
fracture parameters depend linearly on the volume fraction of especially in this section. The porous layers thickness can
pores (Eq(16)), whereas in the seconBif). 10 they depend
linearly on the surface fraction of pores (Ed7)). Clearly
the predicted porosity that causes crack deflection (arrows intwo characteristic lengths, the ratio between the pore diameter
Figs. 9 and 1pis above 40% in both cases. If one does not and the layer thickness must not exceed 0.1.

forget the residual porosity in the sintered parts (8¢p)),
these results are in a good agreement with the experimentsmote crack deflection. IRig. 11(a zoom ofFig. 8in the range
of Reynaud and co-worker§ and Tariollé-° while the He
and Hutchinson approathunderestimates it. Blanks et3l.
found a wide range of values: between 34% and 44%. Below thicknesses ratiey/eq, whereep andeg are respectively the
34% no deflection was observed, above 44% an extensiveporous and dense layer thicknesses. Results are summarized
deflection was obtained (this last value is in agreement with jn Table 1 The model of porosity relies on functiéghdefined

1

\
\
AN
\
0. r
<
\'\
So KW
~
0. S ;
Sas HH
0. VT,
ki ==
M 0.41\ =
0 , ; "
0 0 0 0 0 0

Fig. 10. The functiort (Eq.(17)) (solid line) vs. the surface fraction of pores

and the He and Hutchinson appro&ttHH, dotted line) compared to the

toughness ratio (Eq14)) K(V) = G/ G (dashed line).

7. The influence of the porous layers thickness

Throughoutthis 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,

be diminished provided it does not interfere with the pores
diameter. Typically, at least one decade must separate these

Numerical results show that thin porous layers tend to pro-

0-0.3 forEp/Ey), the functiong (Eq. (12)) is plotted versus
the Young's moduli ratiaEy/Ey for different values of the

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
the relative porous layers thickness is divided by 8.

8. The influence of the Poisson’s ratios

The Poisson’s ratios of the components have been omitted
in the above discussion. The next figure shows that they play

Table 1
Young's moduli ratioEy/Eyq and pore volume fractiofy promoting crack
deflection for various porous/dense layers thickness ragieg

epleg 2 1 0.5 0.25
EplEqg 0.120 0.150 0.175 0.205
% 0.461 0.445 0.432 0.416




D. Leguillon et al. / Journal of the European Ceramic Society 26 (2006) 343-349

03 —
0.2 - ad
v=030 L
/ v=0.16
0.1 o
0 ; ‘
0 0.1 02 0.3

Fig. 12. The functiorg (Eq. (12)) (solid lines) vs. the Young’s moduli ra-

tio Ep/Eq for two different Poisson’s ratio compared to the toughness ratio

G/ Gg (dashed line) at the porous/dense interface.

aminorrole. Itis assumed that both dense and porous ceram-
ics have the same Poisson’s ratio. Two values are compared ™

in Fig. 12 v=0.16 (B,C) (note thatv=0.17 for SiC) and
a realistic value met in many materials- 0.3. Clearly the

deviation in Young'’s moduli ratio causing deflection is weak

(<6%) (Fig. 12. Using the porosity functio® (Eq. (13)), it
leads to about 1% deviation in the pore volume fractioit
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-
worker$~’ did not observe any extensive deflection in SiC

below V = 42% (i.e.V ~ 40%) and Tariolle et a:® found a
significant deflection for a rather high valve= 52% (i.e.

Va46%) in B4C. Itis in a good agreement with the present
model, while the one based on the second He and Hutchin-

son approach! as proposed by Clegg et &1 tends to sig-

nificantly underestimate the experimental values. The other 5

well-known He and Hutchinson approd€imeglects the lam-

inated micro-structure of the material and gives an erroneous

low value of the porosity causing crack deflection.
Finally, emphasis must be put dfigs. 7 and &hat are
in a way intrinsic, porosity does not occur explicitly. They

play the role of ‘master curves’ and can be used whatever
the dependence of the elastic and fracture properties on thels.
porosity. The only assumption is that the Young’s modulus
and the toughness of the porous material follow the same rule.
This may be wrong for small porosity values. But the present
analysis deals only with large values of the porosity that can
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cause crack deflection, for which the assumption seems to be

valid.
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