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Abstract

Porous laminar materials and alternate laminates of silicon carbide dense and porous layers have been elaborated by tape casting and liquic
phase sintering processing. Porosity was introduced by incorporation of pore forming agents (corn starch or graphite platelets) in the slurry.
Homogeneous distributions of porosity have been obtained for both monolithic and composite laminates. The microstructure of the SiC matrix
was equiaxed and was not affected by the porosity. The por®ityependence of Young’s modulus)( modulus of rupturedr), toughness

(K1c) and fracture energyd;c) was found to be well described on the entire range of porosity by relations of thefgdm- P)x proposed

by Wagh et al. from a model that takes into account the tortuosity of the porosity. In the case of our material®.7, mq, = mg,. =

mg + 0.5andng,. = me + 1. All the ex-corn starch composites behaved in a brittle manner, even those having weak interlayers with a
porosity content higher than the critical value of about 0.4 predicted by the model developed by Blanks et al. A non-purely brittle behaviour
started to be obtained with ex-graphite laminar composites in which the pores are elongated and oriented parallel to the interfaces.

© 2004 Published by Elsevier Ltd.
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1. Introduction As a necessary condition for the interfacial material is

that it must be chemically compatible with the material of

Among the strategies developed to improve the flaw tol- the strong layers, Clegg and co-workers studied ceramic

erance of non-transforming ceramics, the designing of lami- laminates with alternating dense and porous layers made
nar structures with weak interfaces or interphases promotingof silicon carbidé or alumina® This approach has also the
crack deflection mechanisms have proved to be a successfuadvantage of avoiding the building up of any internal stresses
way to increase fracture energy. The weak interfaces mostdue to difference in thermal expansion coefficients which
commonly used are either grapHiter boron nitride?3 For can be the source of delamination during coofing.
instance, in the case of graphite interfaces, Clegg et al. have According to theoretical analysis by He and Hutchinson
obtained an apparent toughness and a fracture energy reef the kinking of a crack out of an interfad8 crack deflec-
spectively 5 and 200 times higher than the typical values of tion is to occur when the ratio between the fracture energy
monolithic «-SiC! However, since graphite and boron ni- of the homogeneous weak interpha€g, and the fracture
tride have a low oxidation resistance and cannot be used atenergy of the strong layegs, is lower than 0.57. However,
high temperature in oxidising atmosphere without a protec- in the case of dense-porous laminates, the porous layer is
tive barrier, other systems have been investigated, speciallyinhomogeneous, and the fracture energy to be considered is
with oxidation resistant weak interphases such as monézite, that of the ligament of matter between the crack and the pore
fluorophlogopité or MoSi + M02B5.° ahead of it,Gjg’. Than the criterion for crack deflection

in the weak interphase becom€gy/Gs < 0.57. Though

these ligaments of matter are made of the same material as
T . the dense layers, and might be expected to have the same
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growing crack comes sufficiently close to a microcreoir Taplel

a porel? the stress intensity factor at the tip of the crack is Characteristic parameters of the two PFAS used

increased and then, the apparent fracture energy of the liga- PFA

ment is reduced. This reduction varies with the relative den- cs GP

sity, and for a cubic array of spherical pores, Blanks €t al. , .

derived a minimum level of porosity equal to 37% to ensure g.hem'c.al nature Coin starch Graphite platelet
imension dsp = 14pm 8pum x 8um x 3um

crack deflection, in good agreement with their experimental aspect ratio 1.2 267
results for silicon carbide. Assuming that the fracture energy
of the dense ligament is related to that of the porous layer,

Gp, by the relation: cosity and the rheological behaviour of the slurry and com-
Gp plement one another to produce handleable ceramic tapes.
Giig = 1_p (1) The optimum concentrations for the binder and the plasti-
cizer were determined to be 8wt.% for both additives on
whereP is the volume fraction of porosity, Davis et&ex- the base of the ceramic powder. The third step corresponds
pressed the criterion for continued crack deflection in terms to the incorporation, into the suspension, of the pore form-
of easily measurable variables: ing agent (PFA): corn starch (Roquette-France) or graphite
Gp platelets (Union Carbide-US)Téble 7). The PFA volume
Gs <0571-P) (2) fraction, referred to the sum of the ceramic volume and PFA

volume, was 45 and 50% for graphite platelets and varied

The experimental results obtained by Clegg’s group with from 5 to 55% for corn starch. We were unable to fabricate
either alumina or silicon carbide were consistent with re- sound parts when larger PFA volume fraction were incor-
lation (2), crack deflection being observed when the ratio porated. A mixing time of 3.5h leads to an uniform distri-
Gp/Gg falls under the line 0.57(+ P), that occurs for a  bution of the PFA. Finally the slurry was de-aired at a low
volume fraction of porosity of 0.37. rotation speed during 24 h.

The aim of the work presented in this paper was to deter-  Then the slurries were tape cast onto a M§léim using
mine the porosity dependence of the mechanical propertiesa moving double blade device on a laboratory tape casting
of a SiC material densified by liquid phase sintering on a bench (EImeceram-France). The tapes had smooth surfaces
wide range of porosity, and to compare the mechanical be-and uniform thicknesses, which could be varied between
haviour of dense-porous laminates to that obtained by Blanks100 and 15@.m. Sheets were punched in the green tapes
et al! for silicon carbide densified by solid state sintering. and stacked on each other using two types of stacking se-

guence: (i) stacking of identical layers to obtain monolithic
dense or porous specimens, and (ii) alternate stacking of

2. Processing and materials microstructure PFA free and PFA containing layers to obtain symmetrical
dense/porous laminar composites. The outer layers were al-
2.1. Processing ways dense layers. The number of tapes was chosen to lead

to a final thickness of about 3—4 mm after sintering. The

The materials were made by stacking layers obtained by thickness of the layers was varied by stacking several tapes
tape casting and co-sintering. The ceramic powder mustof the same nature. This led to different architectures that al-
have a narrow particle size distribution and a rather low lowed to study the influence of the dense to porous thickness
mean diametedso was 1um for the startingx-SiC powder ratio.
(Sika Tech FCP13, Norton-Norway) and the specific sur-  After stacking, the specimens were pressed under 60 MPa
face area (BET) was 13%fy. The densification aids (5wt.% at 65°C. The burnout of organics was performed by heat-
of the total ceramic content) for the liquid phase sinter- ing very slowly (6°C/h) up to 550C in air. Sintering was
ing of SiC were %03 (Rhone-Poulenc-France) and>8lz conducted in a graphite furnace (VAS, France) under ar-
(CR15 Bakowski-France) in a ratio corresponding to the gon at atmospheric pressure during 1 h at 1950The rel-
YAG—AI,03 eutectic composition (40 wt.% XD3—60 wt.% ative density of the PFA free monolithic specimens was
Al20g). 98%.

The first step of the elaboration of the suspensions for
tape-casting consists in the dispersion of the ceramic pow-2.2. Microstructure
ders in a solvent containing a dispersant. This was performed
by planetary milling with alumina balls during 4 h in the A detailed description of the sintered microstructures of
MEK-ethanol azeotrope containing 0.6 wt.% of a phosphate the monolithic and laminated SiC materials have been al-
ester (CP213, Cerampilot-France). Then, an acrylic binder ready published® So, only the main results will be briefly
(Degalaf? LP51/01, Réhm and Haas-US) and a phtalate reported here.
plasticizer (DPB, Prolabo-France) were added to the suspen- The microstructures were homogeneous, and in the case
sion and mixed during 16 h. They allow to optimise the vis- of the laminar composites, the layers were parallel with an
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Fig. 2. Optical micrographs showing the morphology of the porosity. (a)
Monolithic laminate, (b) laminar composite.

Fig. 1. SEM micrographs; grain microstructure revealed by plasma etching. . .
(a) Dense SiC, (b) porous SiC obtained by the incorporation of 45vol.% tween _the porous m0n0||th3_ and the corresponding porous
corn starch. layers in the laminates remained low, that allowed the prop-

erties of the porous layers to be obtained from tests on their

) ) ) monolithic counterparts without introducing a noticeable
uniform thickness. The thickness was aboufun@ for the error.

dense layers, 80—90m for the ex-corn starch porous layers
and 20-3Qum for the porous layers where graphite platelets
were used. No migration of pores from porous to dense lay-
ers was observed. Dense layers and skeletons in the porous
layers were constituted by the same homogeneous, fine and
equiaxed microstructure with a mean equivalent diameter
of about 1.25um (Fig. 1). The pore characteristics were
the same in the porous layers of the laminates and in their
monolithic counterpartsHig. 2). Whereas the pores intro-
duced by corn starch had a low aspect ratio, those coming
from graphite platelets were elongated and mostly oriented
parallel to the interfaces-(g. 3). The porosity of the mono-
liths reached a maximum and levelled off for corn starch
amounts higher than 40%. When the porous layers were
co-sintered with dense layers, the amount of final porosity
followed the law established by Slamovich and Latfdger
thermodynamically stable pores shrinking the same amount
as the matrixKig. 4). The lower shrinkage of the dense lay-
ers introduced tensile internal stresses in the highest porousig. 3. optical micrograph showing the morphology of the porosity re-
layers. However, the difference in volumetric shrinkage be- sulting from the incorporation of 50vol.% of graphite platelets.
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Fig. 4. Volume fraction of porosity after sintering vs. PFA content. Mono- Square root of the notch radius (u )

lithic laminates: (O) corn starch; laminar composites®] corn starch, Fig. 5. Dependence of toughness measured by the SENB-S method on
(A) graphite platelets. The dotted line corresponds to the equation from e square root of the notch radius for dense monolithic laminates. The

Slamovich and Lang¥! The solid line corresponds to the critical porosity doted curve corresponds Ey. (5)with ¥ = 1.12 andda = 10um.
for crack deflection according to Ref8,8.

ness K], is related to the measured toughness by the rela-

) tion:
3. Experimental procedures

da
K1 = K$ENBtanh( 2v,/ — 5
Young’s modulusE, was calculated from the measure- =~ ¢~ 1€ r ®)

ment of the velocity of longitudinaly, and shearVs, _ _ _ _ _
ultrasonic waves using a pulse echo overlap technique inWhereY is a geometric correction factor asd is the size
the approximation of an homogeneous isotropic infinite of the small defect at the nOtCh'tlp, under the influence of

medium® the stress interaction field of the notch.
In order to assess if it was possible to usg. (5) for
, | 3V2—4vi the correction of our experimental data, the toughness of
E=rVs| Va2 (3) SiC dense monolith was measured for three different root
LS radii (100, 300 and 100@m) and fitted byEq. (5) In the
wherep is the density. case of this dense, fine grained material, the defect at the
The modulus of rupturegr, was measured in 3-point notch-tip was assumed to result from machining, i.e., an edge
bending at a cross-head speed of 0.2 mm/min. crack configuration = 1.12) and machining scratches,

The experimental method for the toughness determina-9a, of 10um were adopted® Fig. 5 shows that a good
tion must be applicable to highly porous materials, that agreementwas obtained, giving an extrapolated value-at
eliminates indentation based methods. So, the single edge? of 3.82 MPan¥2, which falls nicely in the values between
notch beam-saw cut method (SENB-S) was selected. An-3 and 4 MPa 2 usually obtained fox-SiC with this kind
other reason for this choice was that, analysing the resultsof microstructure. In the case of the porous monoliths, the
of an European round robin test, Damani et®ahave con- crack defects at the notch-tip were assumed to have also an
cluded that this method seemed to deliver the most repro-edge crack configuration and their size was taken equal to
ducible results. The toughness was calculated from the mea-10pum or to the mean average Eédiameter of the porosity
surement of the modulus of rupture in 3-point bending and When it was greater than 10n.8

the depth of the initial notchg, according to the following The fracture energy was calculated from the measure-
equationt’ ments of the toughness and Young’s modulus from the re-
. lation:
SENB __ [an K2
Kic™= GR‘/E_X(; |:A’ (E) } @ Gic= % (6)
1=

wherew is the height of the sample a are coefficients

given by: Ag = 1.9+ 0.0075L/w; A1 = —3.39+ 0.08L/w; 4. Mechanical properties

Ap =154—-0.2179./w; A3 = —26.24+0.1825./w; A4 =

26.38 — 0.145L/w with L being the span. The experimental data for dense and porous monoliths are
However, this method leads to an overestimated value of reported inFig. 6. Seven specimens were used for the de-

the toughness when the notch root valyes larger than a  termination of the modulus of rupture and of the toughness.

critical value of the order of a few microns. Damani et@l. The data were fitted by a (& P)" form, since Blanks

suggested and verified experimentally that the true tough-et al” have obtained for SiC a good description of Young’s
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Fig. 6. Dependence on porosity of the mechanical properties of monolithic laminates{RF#). (a) Young's modulus; (b) modulus of rupture; (c)
toughness; (d) fracture energy. The solid lines correspond to the best fit with Wagh's equations.

modulus withEp = Eo(1— P)2. Such an equation was also Wagh et al. this value of 2 is characteristic of ceramics
densified without additives or applied pressure. However,

for materials hot-pressed or densified using sintering aids

established by Wagh et &.for a model derived from an

previous analytical one developed by Wong et%in ef-

forts to explain charge and mass transport through the ran-leading to an intergranular glassy phasg; takes value

dom pore structure of rocks. The assumed ceramic structuregreater than 2.

is a three-dimensional, intertwined, continuous network of
material chains and open-pore channels. This assumption idaws with different exponents connected together by:
based on the fact that it is possible to fabricate ceramics W|th

a very high porosity, as high as 93%and that open pores
exist even at very low porosity (6%). This is consistent with

are interconnected by small channtls.

square method, are reportedTable 2

2 obtained experimentally by Blanks et’aAccording to

Table 2

Fitting parameters for the mechanical properties using Wagh’s model

Property Extrapolated m Correlation
atP =0 factor

E (GPa) 407+ 7 2.68+ 0.08 0.995

or (MPa) 590+ 15 3.18 0.98

Kic (MPani/?) 4.34+ 0.09 3.18 0.99

Gic (I/m?) 46.4+ 2.0 3.68 0.96

phology.

Wagh et aP? derived, for the fracture properties, power

Moy = mg,c = me +0.5andmg,. =meg +1

The results from fits done with the exponents put at their
the mainly open nature of the porosity in the present mate- theoretical values are reported Tlable 2 The correlation
rials where the pores introduced by the pore forming agentsfactors are fairly good.

The model developed by Wagh et'&?? that takes into
The fitting parameters obtained using a classical meanaccount the tortuosity of the porosity, describes the whole
set of our experimental data of the mechanical properties
The meg parameter (2.68), is greater than the value of over the entire porosity range (from = 0% to P = 42%)
and appears to be well adapted to the present porosity mor-

5. Fracture behaviour

5.1. Experimental results

The fracture behaviour of the laminar composite (LC)
was studied in 3-point bending for unnotched and notched
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Table 3
Laminar composites
Pore forming agent PFA content (vol.%) Porosity (vol.%) Laminar composite seqéences
Corn starch 55 47 (49) 1/1-2/1-1/2
50 43.5 (40§ 1/1-2/2-3/1-2/1-1/2
45 40 1/1
34 28 11
25 21 1/1
Graphite platelets 50 41 1/1-2/1-1/2

a For a given sequence, the numbers refer to the number of tapes stacked to make one layer and indicate the relative thickness of the dense/poro
layers. The first number concerns the dense layers, the second one the porous oSest{see2.2.

b The values into brackets correspond to the porous monoliths whereas the others are the values in the porous interlayers of the composites.

samples. The cross-head displacement rate was varied fronmens where the porous layers have a porosity equal to 40,
0.5 to 0.004 mm/min to test a possible effect of the solici- 43.5 and 47%.
tation rate. The role of the pore morphology was illustrated  However, in the case of CSLC, whatever the porosity
by comparing the behaviour of composites obtained using level, the cross-head speed or the architecture, the rupture
corn starch (CSLC) and graphite platelets (GPLC) as pore was catastrophic with no increase in the work of fracture.
forming agent. The different materials and architectures are SEM micrographs of the side surfaces are showhiin 9.
listed inTable 3 For porosity levels up to 30%, the surface of rupture is flat
Typical load—deflection curves for CSLC and GPLC are and is not affected by the alternation of dense/porous layers.
reported inFig. 7. For all the materials, the load remains For larger porosity levels, whereas the crack propagates per-
linear up to the peak load, at which point a crack initiates pendicularly through the dense layers, its direction changes
at some surface defects and grows quickly in the through progressively in the porous layers, but, the lengths of de-

thickness direction. flection are extremely short, of the order of 10 or less,
According to Clegg’s groufg crack deflection should be  except for the architecture with a dense to porous thickness
observed when relation 2 is fulfilled, i.e., wh&p/Gg(1— P) ratio of 3 where deflections of 3@m are observed. Then,

becomes lower than 0.57, and extensive deflection must oc-the crack kinks out of the porous interphase when it reaches
cur when this ratio is lower than 0.4, that corresponds to the porous/dense interface without inducing delamination.
porosity higher than 37 and 44%, respectively (see Fig. 8in In the case of GPLC, where the pores are elongated and
Ref.7). Using the parameters from Wagh's modE&lfle 2, lie roughly parallel to the interfaces, the occurrence of a sec-
the corresponding values of porosity for the present materi- ondary load peak (see curves BFiyg. 7) indicates that the
als are 19 and 33%, respectively. Then, frbig. 8 where penetrating crack was effectively arrested, that allowed the
Gp/Gs(1 — P), calculated from the experimental data re- measured load to rise again until a new crack formed. The de-
ported in Section 4 is plotted versus the porosity of the flection in curve B1 corresponds to the cross-head displace-
porous layers, it should be the case at least for the speci-ment whereas the deflection in curve B2 corresponds to the
displacement of the outer tensile surface (see the schematic
illustration inFig. 7). The difference between the deflection

140

B1

1.8
1.6 1
14
1.2

Load (N)

0.8

Gp/Gs(1-P)

0 0.1 0.2 0.3 0.4 0.5 0 T T : .
Deflection (mm) 0 10 20 30 40 50
Porosity (vol%)

Fig. 7. Typical load—displacement curves in 3-point bend test of laminar

composites. A: CSLC (sequence 12,= 43.5%); B: GPLC (sequence Fig. 8. Gp/Gs(1— P) vs. porosity of the porous layers (corn starch). The
1/1, P = 41%). The deflection for B1 corresponds to the cross-head solid line corresponds t&p/Gs(1 — P) = 0.57 (Eq. (2). The shadowed
displacement; that for B2 corresponds to the displacement of the outer band divides the graph in an upper region where crack does not deflect
tensile layer (see explanation at the endSefction 5.1 and a lower region where crack did deflect according to Blanks &t al.
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Fig. 10. SEM micrograph of typical surface of fracture showing that
the rupture is intergranular. Monolithic laminate, PEACS, porosity=
15vol.%.

inates studied by Vandeperre and Van Der Bfestin also
shed light on our results. These authors have fabricated, by
electrophoretic deposition, laminar composites with alter-
nating layers of densg-SiC andB-SiC containing different
amounts of graphite (21, 34, 52 and 76 vol.% C, respectively
labelled types B, C, D and E). The mechanical behaviour,
tested in 3-point bending, showed no crack deflection for the
two lowest graphite contents (types B and C) but only slight
deviation from the straight-through path. In the case of the
composite with layers containing 52 vol.% of graphite, some
Fig. 9. SEM micrographs of side surfaces of representative broken laminar specimens did not show a completely brittle failure but ex-
composites (CSLC). (af = 47 vol.%, sequence 1/2; () = 435vol.%, hibited a load—deflection curve similar to that observed for
sequence 3/1. Thqugh the crack changes_ direction, it kinks out of the the GPLC specimens of the present work. Crack deflection
porous interlayer giving no useful toughening. ) . . .
occurred reliably only for type E material (i.e., the highest
graphite content). The fracture energy of CSLC is compared

. . ) with that of the materials studied by Vandeperre and Van
in the two curves reflects the opening of a crack in a plane o, Biest in Fig. 11 The fracture energy of their type D

perpendicular to the applied load and corresponds 10 @ de-jyariavers (52vol.% C) is the same as that of our highest
lamination. porous CSLC samples and the behaviour of the correspond-

5.2. Discussion

35
Contrary to was expected, deflection was not observed ‘E 30 -
for specimens that meet relation 2. As the only obvious = 25 1
difference between our samples and those of Blanks &t al. Eﬁ
is that Blanks’ ones were densified by solid state sintering 2 207
whereas ours are densified by liquid phase sintering, the lack ; 15 1
of crack deflection in our specimens might be linked to the 2 10 -
presence of an intergranular amorphous phase. An argument § 5
that might support this hypothesis is the fact that, whereas in = o

solid state sintered SiC crack propagation is transgraftilar,

the propagation in the present case is intergranéiiay. (L0

that suggests an influence of the intergranular amorphous SiC content (vol%)

films on the meChamcal_ behaviour. . Fig. 11. Fracture energy of porous SiC laye@®)(in CSLC as a function
However, the comparison of the behaviour of the present of the volume fraction of SiC compared to that of Sigraphite interfaces

laminar composites with those of the SiC/SiC—graphite lam- (A) in SiC/SiC—graphite laminar composités.

0 10 20 30 40 50 60 70 80 90
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ing laminar composites mimics either that of CSLC or that cant delaminations were observed. However, the behaviour
of GPLC. of the present composites has been shown to be consis-
Let us now compare our materials with laminar com- tentwith the behaviour observed for SiC/SiC—graptignd
posites in the SN, system (i.e., materials densified by SisN4/SisNs—BN® composites. Our opinion is that poros-
liquid phase sintering through the addition of 6vol.% of ity levels higher than the critical value proposed by Blanks
yttria) that were studied by Kovar et &lFive grades of et al/ are needed for crack deflection to occur reliably in
weak layers were obtained from mixtures okI$j and dense/porous laminar composites.
hexagonal BN: 20, 50, 75, 90 and 100vol.% of boron ni-
tride. The load—deflection curves showed brittle failure up
to 50vol.% BN. For this last BN content the delamina-
tions are reported to be extremely short, less thanul0 References
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