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Abstract

Layered multifunctional ceramic composites on the base of Si3N4 and TiN have been prepared by tape casting. The reaction
conditions for in situ preparation of b-SiAlON + TiN composite were optimised and dense Si3N4/(b-SiAlON + TiN) layered

materials were prepared by hot pressing. The bending strength and fracture toughness of layered materials measured in the direc-
tion perpendicular to the layer alignment were remarkably higher (1184 MPa and 9.75 MPa m1/2) in comparison to the ``mono-
lithic'' b-SiAlON + TiN composite (647 MPa and 4.71 MPa m1/2). High anisotropy was achieved for the electrical resistance of the
layered materials in parallel (6.10ÿ2 
 cm) and perpendicular (5�1011 
 cm) direction to the layer alignment. # 2000 Elsevier

Science Ltd. All rights reserved.
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1. Introduction

Design of ceramic composites with layered structure
has recently gained increasing attention because layered
ceramic materials show decreased sensitivity to defects
and they display a balanced combination of engineering
properties.1,2 The mechanical properties of layered
materials are dependent on the stress status of indivi-
dual layers. The character of residual stresses, i.e. com-
pressive or tensile, are a consequence of di�erent
physical constants of individual layers, e.g. thermal
expansion coe�cient and Young's modulus. Addition-
ally, the stress status of certain layer can be modi®ed by
the layer thickness, sinterability of the powder and used
sintering method.3±5 Layered ceramic materials pay for
the increased quality by loosing isotropy of their
mechanical and physical properties. However, several
structural applications require anisotropic properties;
for instance, di�erent thermal or electrical conductivity
in parallel and perpendicular direction to the layers.
Bearing the above in mind, the preparation of Si3N4/

(b-SiAlON + TiN) layered composites with anisotropic

properties was carried out. All the components of this
composite are potential candidates for special engineer-
ing applications, such as cutting tools, structural parts
of combustion engines, etc. Their advantageous proper-
ties are combined in this case through layered design:
Si3N4 layers with high strength and (b-SiAlON + TiN)
layers with higher hardness and low thermal con-
ductivity. Moreover, the b-SiAlON (Si6-zAlzOzN8-z,
where 0<z <4.2) matrix has a good oxidation resis-
tance,6 and the dispersed TiN comparable higher elec-
trical conductivity. Remarkable anisotropy in electrical
conductivity is expected, because Si3N4 is an insulator
with extremely high electrical resistivity 1013 
 cm, while
TiN is an electroconductive material with electrical
resistivity of 3.3�10ÿ5 
 cm.7 Addition of 20±40 vol%
TiN in Si3N4 matrix could result in good electrical
conductivity.8±12

Si3N4/TiN electroconductive composites have been
fabricated by sintering or hot-pressing of TiN and Si3N4

powder mixture with di�erent sintering additives,7,8,13±
15 by nitridation of Si powder compact containing TiN
particles9 or by direct nitridation of silicon and tita-
nium, using SHS process.16 From the economical point
of view an interesting route is the preparation of TiN by
in situ reduction of TiO2 in the Si3N4 matrix.17,18 The
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electrical properties of this composite were better in
comparison to materials with direct addition of the
same amount of TiN particles due to the good, net-
work-like distribution of ®ne TiN particles. By direct
nitridation of Si + TiO2 powder mixture and sub-
sequent hot-pressing of sintering additives containing
sample Si2N2O/TiN composite has also been pre-
pared.11 Oxidation resistant electroconductive SiAlON/
TiN ceramic composites were prepared either by the
addition of TiN particles to SiAlON powder mixture,19

or by direct nitridation of Si + Al + TiO2 powder
mixture.20

As can be seen from the brief review, high attention is
devoted to the preparation of Si3N4/TiN based compo-
sites by di�erent routes. Except of particulate compo-
sites also laminated ceramics of the same phase
composition are investigated. Improved damage resis-
tant Si3N4/TiN trilayer composites have been already
reported.21,22

Present paper deals with the optimisation of reaction
conditions for the in situ preparation of b-SiAlON/TiN
composite with the aim to get a fully dense composite.
The ambition of the paper is to design the Si3N4/b-SiA-
lON+TiN) layered composite with enhanced mechan-
ical properties and modi®ed electrical and thermal
properties. The role of the residual stresses with respect
to the mechanical properties will be also discussed.

2. Experimental procedure

Two kinds of ceramic sheets on the base of Si3N4 and
b-SiAlON/TiN composite were prepared by tape cast-
ing. The sheets are designated as SN and SNT, respec-
tively. The starting powder mixture of SN sheets
consisted of commercial a-Si3N4 powder (E-10, Ube
Industries, Japan), 5 wt% Y2O3 (27 m2/g, Hokko
Chem., Japan) and 2 wt% Al2O3 (173 m2/g, Hokko
Chem., Japan) sintering additives. The powders were
ball-milled in Si3N4 pot for 2 h. Toluene and n-butanol,
4:1 in volume ratio was the solvent, which contained 3
wt% dispersant (Diamine RRT, Kao Chemicals,
Japan). After ball milling 9 wt% Polyvinyl-butiral resin
(BM-S grade, Sekisui Chemicals, Japan) and 2.25 wt%
dioctyl adipate plasticizer (Wako Pure Chemical Indus-
tries, Japan) were added. Into two SN batches also 2 or
5 vol% b-Si3N4 seeds (produced in our lab.23) were
dispersed. The suspension was homogenised for 35 h in
Nylon pot with light balls to avoid the breaking of
elongated seeds. Green sheets were formed from the
slurries by tape casting with ®nal thickness of 100±110
mm. The Si3N4 tapes are abbreviated as SN0 (without
seeds), SN2 (2 vol% seeds) and SN5 (5 vol% seeds).
The SNT sheets were prepared by the same processing

and consisted of a-Si3N4, Al2O3, AlN (type F,
Tokuyama Co., Japan) and TiO2 (<5 mm, Wako Pure

Chemical Industries, Japan). The composition was
adjusted to have 10 and 20 vol% TiN in the ®nal pro-
duct after the following reactions:

3 TiO2 � 4 AlN � 3 TiN� 2 Al2O3 � 1

2
N2 �1�

�6ÿ z� Si3N4�z �Al2O3 �AlN� � 3 Si6ÿzAlzOzN8ÿz

�2�
which can be summarised as:

4�6ÿ z� Si3N4 � 6z TiO2 � 12z AlN

� 12 Si6ÿzAlzOzN8ÿz � 6z TiN� zN2 �3�

While TiN remains as an inert phase in the product,
Al2O3 from reaction (l) is incorporated to the b-SiAlON
according to reaction (Eq. 2). The theoretical value of z
is about 1.7 and 3.9 in the formula Si6-zAlzOzN8-z. It
should be mentioned that the summarised reaction (Eq.
3) consists of two steps, because reaction (Eq. 1) pro-
ceeds in the temperature range of 1300±1500�C, while
reaction (Eq. 2) above this temperature, depending on
the impurity (mainly SiO2) content.
The SNT tapes were covered from one side with BN

spots by screen coating. The BN slurry contained 13
wt% Y2O3 and Al2O3 as sintering additives. The dia-
meter of BN spots was 250 mm and the distance among
them about 150 mm (Fig. 1)
The ceramic sheets were stacked after punching to each

other by warm pressing at 120�C for 20 min. Two kinds
of layer sequences were produced, where two (L2hk) or
four (L4hk) di�erent layers were alternated and are
depicted in Fig. 2a and b with the proposed crack pro-
pagation. The h variable in the sample designation shows

Fig. 1. Screen-coated BN spots on the SNT green sheet. The diameter

of BN spots is 250 mm.
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the heat treatment (see below) and k expresses the TiN
content in tens of vol%. The main sample character-
istics are listed in Table 1. The binder was removed
from the green samples under N2 +5% H2 ¯ow at
600�C for 3 hours and subsequently at 450�C for 3
hours under dry air. Because of slight delamination
during annealing, the samples were CIP-ed at 250 MPa
pressure. Samples were sintered in a hot pressing gra-
phite resistance furnace. Up to 1370�C the same heat-
ing-rate 10�C/min was used for all samples. From this
temperature three di�erent heat treatment schedules (A,
B and C) were used to ®nd out the optimum reaction
conditions for in situ preparation of TiN:

A. holding time at 1370�C for 1 h under vacuum
B. 2�C/min up to 1500�C under vacuum
C. 2�C/min up to 1600�C under vacuum

Mechanical load was not applied in this stage. After
vacuum heat treatment in all cases nitrogen gas was
introduced and continuously increasing mechanical load
was applied. The ®nal hot pressing conditions at 1820�C
for 3 h were 0.4 MPa nitrogen atmosphere and 30 MPa
load-pressure.
Bulk densities were measured by the Archimedes

method in water. The composition of b-SiAlON was
determined by X-ray di�raction. The di�raction pat-
terns were collected on the powdered samples with pri-
mary beam monochromatized CoKa1 radiation using a
STOE Stadi P transmission di�ractometer con®gured
with a linear position sensitive detector. The micro-
structure was characterised by Scanning Electron
Microscopy (SEM) on polished and plasma etched
(CF4+10% O2) surfaces. Three-point ¯exural strength
measurements were carried out on 3�4�36 mm samples
with a span of 30 mm, and a cross-head speed of 0.5
mm/min at room temperature. The fracture toughness
was measured by single-edge-V-notched beam (SEVNB)
method with a V notch root radius of 18 mm. The ther-
mal conductivity was measured by laser ¯ash method
using a thermal constant analyser (TC-3000, Shinku-
Riko, Japan) on circular specimens 2 mm thick and
sputter-coated with gold ®lm to prevent direct transmis-
sion of the laser. Carbon layer was deposited on both
sides of specimens to enhance the absorption of the laser
beam. The electrical conductivity was measured by
direct contact measurement method.

3. Results and Discussion

3.1. Reaction conditions

The density measurements and SEM observations
showed remaining porosity (about 3±5%) in samples
sintered under reaction conditions A, while the samples
sintered under conditions B and C were fully dense. The
pores were not eliminated in the former samples,
because the load was applied before reaction (Eq. 1) was
completely ®nished. Removal of gaseous reaction pro-
duct (N2) at higher temperatures was more di�cult due
to the partly closed porosity of outer shell and conse-
quently in the sintered body relatively large localised
pores with diameter up to 50 mm were found. Samples
prepared under conditions B and C had a similar
microstructure and due to better economic e�ciency,
reaction schedule B was selected for the sintering of all
samples which were used for mechanical tests, except
the L4A1 sample. This layered sample was sintered
under condition A to ®nd out the in¯uence of remaining

Fig. 2. Schematic of layer sequences and proposed crack propagation:

(a) L2hk samples with two alternating layers, (b) L4hk samples with

four alternating layers. SN0= Si3N4 without seeds, SN2= Si3N4 +2

vol% seeds, SN5= Si3N4 +5 vol% seeds, SNT = b-SiAlON+ TiN.

Table 1

Sample characteristics

Sample Structure Layersa Heat treatment TiN (vol%)

MB1 Monolithic 1 B 10

L2B1 Layered 2 B 10

L4A1 Layered 4 A 10

L4B1 Layered 4 B 10

L4B2 Layered 4 B 20

a Number of layers in layer units, which are repeated several times.
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porosity on strength and also the ¯aw tolerance of
layered sample.

3.2. Microstructure and mechanical properties

The side view of sintered, polished and plasma etched
L2B1 and L4B1 samples with layered structure is shown
in Fig. 3. The dark grey layers are Si3N4 and the light
one (b-SiAlON + TiN) composites. The L2B1 sample
consists of alternating (b-SiAlON+TiN) and Si3N4

layers (Figs. 2a and 3a). The structure of L4B1 layered
sample is more complex (Fig. 3b) and it is built from
three di�erent Si3N4 layers with increasing seed content,
i.e. 0, 2 and 5 vol% towards the (b-SiAlON+TiN) layer,
as it is schematically shown in Fig. 2b. The aim of this
design was to get gradually increasing compressive
internal stresses in the layers after sintering. In our pre-
vious work it was shown that the strength of layered
composite can be expressed by the equation:24

� �
Xn
i�1

Vi�i �
Xnÿ1
j�1

��j �4�

where si is the strength of monoliths which the layered
composite consists of, Vi is their volume fraction
(
Pn

i�1Vi � 1) and ��j is the di�erence in stress status of
adjacent layers. The di�erence of internal stresses in
symmetrical three layered composite is de®ned by the
following equation:3

�� � E1E2 �2 ÿ �1� � d2 � 2d1� ��T

1ÿ v1� �E2d2 � 2 1ÿ v
2

ÿ �
E1d1

�5�

where v is the Poisson's ratio, E the Young's modulus, d
the layer thickness, �T � Tj ÿ To, the di�erence
between temperature of rigid joints formation between
the layers (Tj) and room temperature (To), �1 and �2
parameters include the coe�cients of thermal expansion
(CTE) and shrinkage of adjacent layers. Eq. (5) and our
previous results of model experiments25 were the base
for the design of layered material (Fig. 2b). If the con-
tribution of layer interface between two layers to the
total strength should be positive, also the sign of ��
must be positive, i.e. the next layer is under compres-
sion. In case the layered composite consists of 40±60
layers, in practice it is di�cult to ful®l the condition to
have gradually increasing residual stresses across the
whole sample. This condition was partly ful®lled in
layered L4hk samples, although only for the layer unit,
as is depicted in Fig. 2b. The last layer in the layer unit
containing TiN (SNT layer) was under tension due to
the higher CTE of TiN (9.4�10ÿ6 Kÿ1) in comparison
to Si3N4 (3.2�10ÿ6 Kÿ1). This layer sequence was repe-
ated several times across the sample.
According to Eq. (5), in case the particular layers

consist of two di�erent materials, e.g. Si3N4 and TiN,
the residual stress will be higher in comparison to layers
which di�ers only in microstructure of the same mate-
rial, e.g. Si3N4. In the former case all the parameters (�,
E, v, d) can be varied, while in the later one E and v are
the same and only the layer thickness d and parameter
�i can be changed. In this work also d was kept almost
constant for the Si3N4 layers and only the in¯uence of �i
was studied. As it was mentioned, this parameter
includes the CTE and shrinkage of layer. It is well
known that the shrinkage of material prepared from ®ne
powder is higher in comparison to coarser one due to
the lower green density. Layers containing higher
amount of seed particles were coarser (SN2, SN5 in Fig.
4) and the shrinkage decreased with increasing seed
content. Also the alignment of small elongated grains
grown on the b-Si3N4 nuclei present in the starting a-
Si3N4 powder (about 3%) in the layer with ®ne micro-
structure is lower in comparison to the layers with big
elongated grains grown on the seed particles (2 or 5

Fig. 3. SEM micrographs of polished and plasma etched surface of

layered (a) L2B1 and (b) L4B1 samples.
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vol%, respectively). The big elongated particles
improved the alignment of small rod-like grains during
hot pressing. The residual stress due to di�erent shrink-
age and oriented microstructure of adjacent layers
composed of the same material (i.e. Si3N4) can be high
enough to de¯ect the propagating crack22 and the pre-
sence of di�erent material inclusions is not necessary.24

Taking into account the thermal expansion anisotropy
of b-Si3N4 in a and c direction, where �a=3.3�10ÿ6
Kÿ1 and �c=3.8�10ÿ6 Kÿ1,26 the stress status of adja-
cent Si3N4 layers can be partly in¯uenced also by the
amount of elongated Si3N4 particles, if they are pre-
ferentially oriented. This condition was ful®lled in the
layered samples, because the ceramic green sheets were
prepared by tape casting, what markedly increased the
alignment of b-Si3N4 seed particles. Moreover, the
samples were sintered by hot pressing and this technique
itself introduced some residual stress anisotropy into the
samples. The conservation of the stress anisotropy in
the hot pressed samples can be explained by the oriented
growth of the b-Si3N4 grains under pressure. Not only
the seed particles, but also the longer in situ grown b-
Si3N4 grains are oriented with the c-axis under an angle
>45� to the applied pressure. If the majority of grains is
aligned nearly perpendicular to the hot pressing direc-
tion, like it is in the seeded Si3N4 layers, the compressive
stresses in this direction will occur. The crack de¯ection
on the layer interface between layers with 5 vol% seeds
and (b-SiAlON + TiN) layer is shown in Fig. 5 Com-
paring about 20 cracks crossing di�erent layer interfaces
the crack de¯ections were more remarkable at this inter-
face. The reason for this is that the residual stress was
higher in adjacent Si3N4 and (b-SiAlON + TiN) layers
in comparison to Si3N4 layers with di�erent seed content.
Si3N4 layers are under compression in a neighbourhood

Fig. 4. SEM micrographs of individual plasma etched layers: (a) b-
SiAlON + TiN, (b) Si3N4 +5 vol% seeds, (c) Si3N4 +2 vol% seeds,

(d) Si3N4 without seeds. Fig. 5. Crack de¯ection at the layer interface.
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of TiN containing layers due to the higher CTE of TiN.
The composite (b-SiAlON + TiN) layers are under
tension. To avoid the cracking of this layer due to the
large stress di�erences, the TiN content was adjusted to
10 and 20 vol%, because in our previous results with
�25 vol% TiN spontaneous cracking of the outer layer
in normal direction to the interface was observed.22

Moreover, in recent case the (b-SiAlON + TiN) layer
was also covered with BN spots from one side, what
allowed a limited slip on layer interface and partial
release of tensile stresses. The diameter of BN spots was
250 mm and their distance from each other 150 mm,
which resulted in a total area of 26% BN on the ceramic
sheet. The consequence was a stress anisotropy on both
sides of (b-SiAlON + TiN) layer. The compressive
stress in the Si3N4 layer strongly bonded to (b-SiAlON
+ TiN) layer was higher in comparison to the Si3N4

layer from another side, which was detached by BN
spots. These layer sequences and the weak BN spots
itself had a positive in¯uence on crack de¯ection at the
layer interfaces. The BN spots remarkably de¯ected or
entrapped the propagating crack, as it is shown in Figs.
6a and b and increased the fracture toughness of layered
composite.
The fracture toughness of layered L4B1 material was

markedly higher (9.75 MPa m1/2) in comparison to
``monolithic'' b-SiAlON + TiN sample, MB1 (4.71
MPa m1/2) (Fig. 7). Because the TiN particles are pre-
sent in both materials and so the crack de¯ection due to
their presence is similar, the high increase of fracture
toughness can be explained by the laminated structure
and the reasonable thermal expansion mismatch
between Si3N4 and SiAlON + TiN layers. The layer
sequence with increasing amount of elongated b-Si3N4

seed particles, which induced gradual increase of com-
pressive stress in the adjacent layers in this direction,
and the elongated b-Si3N4 grains itself also contributed
to the remarkable increase (107%) of fracture tough-
ness. The fracture toughness is raised to some extent
also by the thermal expansion mismatch stress between
the grain boundary glass and Si3N4 or b-SiAlON grains.
The three point bending strength of sintered samples

is shown in Fig. 8. Although, the monolithic MB1 sam-
ple was relatively weak (647 MPa), the strength of
layered composites was much higher due to the presence
of Si3N4 layers. The in¯uence of reaction conditions on
the ®nal bending strength of layered materials is
demonstrated on samples L4A1 and L4B1 in Fig. 8.
Both samples have the same composition and layer
sequence, but sample L4A1 has a lower strength due to
the remaining porosity. The pores were not eliminated
successfully in this sample due to the evolution of gas-
eous nitrogen [reaction Eq. (1)] during sintering. How-
ever, the good strength of L4A1 sample (1028 MPa)
con®rms the ¯aw tolerance of layered composite. This
sample contained pores up to 50 mm in diameter,

however the critical ¯aw size calculated by the Gri�th
equation is only about 12 mm. The other samples,
including the bulk MB1 sample with remarkably lower
strength, were prepared under optimized conditions and
were free of pores.

Fig. 6. Infuence of BN spots on the crack propagation: (a) crack

de¯ection, (b) entrapped crack.

Fig. 7. Fracture toughness of monolithic and layered samples deter-

mined by SEVNB method.

352 Z. LencÏeÂsÏ et al. / Journal of the European Ceramic Society 20 (2000) 347±355



The in¯uence of layer sequence on strength is
demonstrated on samples L2B1 and L4B1. However,
there is no big di�erence in absolute values and the
strength of both samples is more than 1150 MPa, the
higher strength of L4B1 sample is most probably due to
the higher volume fraction of Si3N4. The ratio of SN to
SNT layers was 3:1 in L4B1 sample, while for the L2B1
sample it was only 1:1.
Samples L4B1 and L4B2 demonstrate the in¯uence of

TiN content. The strength of L4B2 sample with 20vol%
TiN is lower in comparison to L4B1 sample (10% TiN);
however, usually, for the particle reinforced Si3N4/TiN
composites with increasing TiN content (<40%) also
the strength increases.10 Because remaining porosity
was not observed in these samples, the di�erence should
be due to the higher tensile stress in the L4B2 sample
(20% TiN) in comparison to L4B1 sample (10% TiN).
Comparing all samples, the L4B1 layered material has

the highest strength and fracture toughness. In the case
of mechanical properties it can be concluded that for the
presented layer composition both the B heat treatment
schedule and 10 vol% TiN are close to the optimum
value.

3.3. Physical properties

The measured thermal conductivity and electrical
resistivity of monolithic MB1 sample and layered L4B1,
L4B2 with 10 and 20% TiN, respectively are listed in
Tables 2 and 3. The tabulated values of monolithic
materials are shown in Table 4 for a comparison.
As many properties, also the thermal and electrical

conductivity are dependent on the composition of the
material. For b-SiAlONs both properties are decreasing
with increasing z value.27,28 The chemical composition
of b-SiAlON was measured on powdered MB1 sample
with the help of X-ray unit cell determination. The
calculated z values of b-SiAlON on the base of unit
cell dimensions are z=1.63 and 3.81, which are in
good agreement with the theoretical z=1.71 and 3.90

respectively, calculated from the starting composition.
The published thermal conductivities of b-SiAlONs
with close composition are 5.03 Wmÿ1 Kÿ1 (z =1.44)
and 4.46 Wmÿ1 Kÿ1 (z=4.04),28 which suggest that this
component is responsible for low thermal conductivity
of bulk SiAlON+10 vol% TiN sample (MB1, Table 2).
The theoretical estimation of thermal conductivity of
layered composite is di�cult due to the big scatter of
published data for both TiN and Si3N4 (Table 4).
Anisotropic thermal conductivity was obtained for

the layered material due to the lower thermal con-
ductivity of (b-SiALON + TiN) layer in comparison to
Si3N4 with elongated seed particles. The biggest aniso-
tropy was obtained for the L4B2 sample. Although,
generally for these layered samples in the case of ther-
mal conductivity the di�erences in parallel and perpen-
dicular direction are not so remarkable, because of
smaller di�erences in this property for the monolithic
materials (Table 4). It should be mentioned that the
used material design o�ers to produce also Si3N4 based
materials with high thermal conductivity (>60 Wmÿ1

Kÿ1), but they must be prepared with special care

Fig. 8. Three-point bending strength of monolithic and layered samples.

Table 2

Thermal conductivity � of monolithic (MB1) and layered samples

(L4B1,2)a

Sample �x �y

(W/mK) (W/mK)

MB1 11.4 11.0

L4B1 19.5 10.7

L4B2 18.6 9.8

a Indices x and y indicate the parallel and perpendicular direction

to the larger alignment.

Table 3

Electrical resistivity a of monolithic (MB1) and layered samples

(L4B1,2)a

Sample ax (
 cm) ay (
 cm)

MB1 5�106 5�106
L4B1 8�107 2�1012
L4B2 6�10ÿ2 5�1011

Table 4

Tabulated values of electrical resistivity a and thermal conductivity �
of ceramic materials

Sample a �

(
 cm) (W/mK)

Si3N4 1013 20±150

TiN 3�10ÿ5 24±50

b-SiAlON 107 2±6
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(low content of oxide sintering additives, highly oriented
coarse microstructure, etc.29,30), what was not the goal
of this study. Lower thermal conductivity of L4B2
sample in comparison to L4B1 sample is most probably
due to the higher internal stresses, which can generate
more dislocations in the grains, and higher z value of b-
SiAlON. As it was mentioned, the higher the z value,
the lower the thermal conductivity; however, the di�er-
ences are small (1±2 Wmÿ1Kÿ1) and so it should not
have remarkable in¯uence. On the other hand, accord-
ing to the higher volume content of TiN in L4B2 sample
its thermal conductivity should be higher. These results
indicate that the in¯uence of residual stresses and the
higher z value of the b-SiAlON are dominant over the
increased TiN content.
Strong anisotropy in electrical conductivity was mea-

sured for the layered L4B2 sample with 20 vol% TiN in
parallel (x) and perpendicular (y) direction to the layers.
In parallel direction the electroconductive TiN increased
the conductivity. However, though the TiN content was
only 20 vol% in the (b-SiAlON + TiN) layer, good
electrical conductivity was obtained for this layer due to
the network-like distribution of TiN. The critical volu-
metric fraction calculated on the base of percolation
theory for conductance is 20.9 vol%,31 if the particles
dispersed in the insulating matrix are connected. This
may also suggest that the in situ formed TiN particles
are in contact. The electrical conductivity of layered
material was much lower in perpendicular direction to
the layers, because the Si3N4 interlayers are insulators.

4. Conclusions

The reaction conditions for in situ preparation of b-
SiAlON + TiN composite were optimized and pore-
free ceramic material was prepared. Consequently dense
Si3N4/(b-SiALON + TiN) layered composites were
prepared under the same reaction conditions by hot
pressing. The bending strength and fracture toughness
of layered materials were remarkably higher (by 82 and
107%, respectively) in comparison to the conventional
b-SiAlON + TiN composite. Anisotropic electrical and
thermal properties were obtained for the layered mate-
rials, as it was designed and expected. The experimental
results con®rmed that the layered material design is
suitable for the preparation of multifunctional ceramic
materials.
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