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Strength of b-sialon/Si3N4 layered composites
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The strength of layered composites consisting of b-sialon and Si
3
N

4
layers, which were

prepared by hot pressing, was investigated. The strength increased as the thickness of the

sialon (outer layer) decreased, and reached almost the same level of Si
3
N

4
(inner layer) when

the sialon thickness was 250—300 lm. No specific fracture morphologies were recognized

around the interface of sialon and Si
3
N

4
. The aluminium concentration changed sharply

around the interface, while the yttrium tended to diffuse deeper than aluminium. This

tendency was remarkable in the samples hot-pressed at higher temperature (1900 °C). The

existence of compressive residual stress in the surface sialon layer was revealed and the

residual stress increased as the sialon thickness decreased down to 250—300 lm. The

increase of strength with the decrease of sialon thickness was discussed based on the

mechanical calculations in which the residual stress was considered. This calculation

approximately agreed with the results of the samples hot-pressed at lower temperature

(1800 °C). However, the strength of the samples hot-pressed at 1900 °C was much higher than

the prediction in the thin range of the sialon thickness. The deep diffusion of yttrium into the

sialon layers was thought to be one of the causes of this unpredictable effect.
1. Introduction
High-temperature materials are essential to increase
the energy conversion efficiency of heat engines (e.g.
gas turbines), by raising the operating temperature. In
these applications, materials with both high strength
and high oxidation resistance are required.

Si
3
N

4
ceramics are known to have high strength

and good fracture toughness, while the good oxida-
tion resistance of sialon ceramics is greatly superior to
that of silicon nitride [1—3]. These properties are at-
tributable to the microstructural differences, i.e. grain
shape and secondary grain-boundaries. To obtain cer-
amics with high strength and good oxidation resist-
ance, we attempted to fabricate layered composites
consisting of sialon and Si

3
N

4
, i.e. the surface layer

was b-sialon to protect Si
3
N

4
from oxidation. Ther-

mal mismatches of these ceramics were estimated to be
small, because these two ceramics are chemically very
close, as sialon is formed by the aluminium solid-
solution into Si

3
N

4
[4, 5].

In recent years, ceramic layered composites have
been studied. The fabrication of multilayered com-
posites of Al

2
O

3
/ZrO

2
[6, 7] and Al

2
O

3
/TiO

2
[8]

were tried by slip casting. Functionally gradient com-
posites of Al

2
O

3
/YTZP [9] and Al

2
O

3
/Al

2
TiO

5
[10]

were obtained by sequential slip casting. There has
also been some research into the fracture behaviour
and toughening mechanisms of multilayer composites
[11—14]. In addition, research into the strength of
ceramic layered composites has been reported
[15—18]. Particularly, composites with compressive
surface residual stress showed higher strength than
0022—2461 ( 1998 Chapman & Hall
those with no residual stress. To realize the compres-
sive residual stress in the surface layer, three-layer
composites of (Al

2
O

3
#ZrO

2
(unstabilized))/(Al

2
O

3
#ZrO

2
(stabilized)) [15—17] and (SiC#AlN(10%))/

(SiC#AlN(50%)) [18] have been investigated.
However, there have been few reports on sialon/

Si
3
N

4
layered composites. In these layered com-

posites, strength behaviour is thought to be the most
important issue, because the surface sialon, which has
lower strength at room temperature and in a lower
temperature range than Si

3
N

4
, may govern the

strength of the composites. In this work, therefore, the
focus was on the strength of the layered composites,
and the oxidation behaviour was left for further in-
vestigations. To simplify the experiments, two-layer
composites of sialon and Si

3
N

4
were studied.

2. Experimental procedure
b-sialon/Si

3
N

4
layered composites were fabricated by

hot-pressing. The starting powders were prepared by
ball-mill mixing a commercial-grade Si

3
N

4
powder

(E-10, Ube Industry Co. Ltd., Tokyo, Japan) with
10 wt% Al

2
O

3
for the b-sialon layer and with 2 wt%

Al
2
O

3
and 5 wt% Y

2
O

3
for the Si

3
N

4
layer. Because

the starting composition of the sialon was only Si
3
N

4
and Al

2
O

3
, the oxygen content slightly exceeded the

exact sialon composition. However, b-sialon was de-
tected as a single phase by X-ray diffraction and good
strength (about 600 MPa) was already confirmed
[19—21]. The composition of sintering aids for Si

3
N

4
was a typical one for high-strength Si

3
N

4
[22, 23]. The
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Figure 1 Bending strength measurement of the layered composites.

ball-mill mixing was performed for 24 h using n-bu-
tanol as a liquid medium. After drying, the powders
were cold-pressed at a pressure of 60 MPa to shape
the two-layered green compacts. Hot-pressing was
done in a carbon die at temperatures of 1800 or
1900 °C and at a pressure of 40 MPa for 60 min. The
hot-pressing atmosphere was 0.1 MPa N

2
for 1800 °C

hot-pressing and 0.7 MPa N
2
for 1900 °C hot-pressing

to suppress the decomposition of Si
3
N

4
. Monolithic

b-sialon and Si
3
N

4
were fabricated under the same

conditions for comparison. Consolidation was con-
firmed by density measurement using the Archimedes
method with water immersion. The densities of the
monolithic and composite specimens were determined
to be more than 99% of full density for both 1800 and
1900 °C hot-pressing.

Specimens for bending strength measurement were
cut from the hot-pressed samples so that the stress
direction was perpendicular to the hot-pressing direc-
tion. The size of the specimen was 4 mm]3 mm]
40 mm. The specimen thickness was kept constant
(3 mm) but the thickness of the sialon layer was
changed from 300 lm to 1200 lm. The specimens were
set as shown in Fig. 1 in order to impose the tensile
stress on the sialon side. The bending strength
measurements were conducted by three-point bending
at the span of 30 mm and at the cross-head speed of
0.5 mmmin~1. Fracture toughness was measured by
four-point bending on single-notched specimens with
the same dimensions as the strength-test bar for only
the monolithic samples. The notch width and depth
were 0.5 mm and 0.75 mm, respectively. The span and
the loading conditions were the same as for the
strength test.

Microstructures of the composites were character-
ized by scanning electron microscopy (SEM) for frac-
tured surfaces and composition profiles of aluminium
and yttrium were measured by electron probe micro-
analysis (EPMA) for polished surfaces. Crystalline
phases were analysed by X-ray diffraction measure-
ment using CuKa radiation.

Residual stress in the sialon layers was measured by
the sin2w method [24] using the X-ray diffraction
peak of the (3 2 3) plane for the samples hot-pressed at
1800 °C. Young’s modulus and Poisson’s ratio of the
monolithic sialon and Si

3
N

4
used for the residual

stress calculations were determined by the pulse-echo
method [25] using a supersonic wave. The thermal
expansion coefficient was measured by laser inter-
ferometry [26].
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TABLE I Properties of monolithic sialon and Si
3
N

4

Specimen HP temp. E a r
&

K
IC

(°C) (GPa) (10~6 °C~1) (MPa) (MPam1@2)

Sialon 1800 270 3.03 600 3.9
1900 — — 590 2.4

Si
3
N

4
1800 315 3.18 1010 8.3
1900 — — 890 8.0

E, Young’s modulus; a, thermal expansion coefficient; r
+
, fracture

strength; K
IC

, fracture toughness

Figure 2 Strength of the layered composites as a function of sialon-
layer thickness. Hot-pressing temperature: (L) 1800 °C, (d) 1900 °C.

3. Results and discussion
3.1. Mechanical properties
Young’s modulus, thermal expansion coefficient,
bending strength, and fracture toughness of the mono-
lithic Si

3
N

4
and sialon are listed in Table I, which

shows that the mechanical properties of Si
3
N

4
were

greater than those of sialon. Except for the 1800 °C
sialon, which had almost the same level of fracture
strength as 1900 °C sialon, 1800 °C samples showed
higher strength and toughness than 1900 °C samples.

The relation between the bending strength and the
thickness of sialon layer is shown in Fig. 2. The thick-
ness was measured from the fracture surface observa-
tion of every test piece to avoid the scattering of the
thickness due to the machining. The bending strength
was almost constant with decreasing thickness from
1300 lm to approximately 500 lm, and then increased
as the thickness decreased further. The strength reached
almost the same level as Si

3
N

4
(inner layer) when the

sialon thickness was 200—300 lm.

3.2. Microstructural characterization
Crystalline phases of b-sialon and b-Si

3
N

4
were detec-

ted by X-ray diffraction in the sialon layer and Si
3
N

4
layer, respectively. No other phases were detected.
This means the Si

3
N

4
layer had an amorphous grain-

boundary phase due to the sintering additives.
Fig. 3 shows the fracture surface of the specimen

with a sialon layer of 700 lm hot-pressed at 1800 °C.



Fig. 3a is a low-magnification image and the region
marked ‘‘1’’ is enlarged and shown as the micrograph
marked ‘‘1’’ in Fig. 3b which shows microstructural
changes from the surface sialon to the inner region of
Si

3
N

4
. In this figure, no specific fracture morphologies

were recognized, and general aspects of miller, mist,
and hackle were observed [27]. It is thought from this
observation that the interfaces of sialon and Si

3
N

4
were tightly bonded.

Composition of rectangular regions (about 0.5 mm]
2.0 mm) of the cross-sections of the specimens from
the sialon surface to the Si

3
N

4
layer were analysed by

EPMA. Typical results of aluminium and yttrium
profiles are shown in Fig. 4 as line profiles of the
average counts in the regions from the surface to the
inner part of Si

3
N

4
. In this figure, the aluminium

concentration changed sharply in the interface re-
gions, while the yttrium tended to diffuse deeper than
aluminium. This tendency was remarkable in the sam-
ples hot-pressed at 1900 °C. The aluminium content
was higher in the sialon layer than in the Si

3
N

4
layer,

because the sialon grains contained aluminium as the
solid solution. On the other hand, the yttrium content
was higher in the Si

3
N

4
layer because yttrium came

from the sintering additives and existed in the grain-
boundary phase. Yttrium seemed to be easier to move
through grain boundaries than aluminium.

3.3. Residual stress and discussion
of strength

To discuss the strength behaviour of the layered com-
posites, stresses generated in the composite, schemati-
cally shown in Fig. 5, were considered in terms of
mechanics. The layered composite consist of two
layers, 1 and 2, with thickness h

1
and h

2
, and Young’s

modulus E
1

and E
2
. The subscripts 1 and 2, indicate

each layer. The interface of the layers was assumed to
be tightly bonded. When the three-point bending load,
P, is imposed on the layered composite with a span of
S, because layer 2 is the tension side (shown in Fig. 5),
the stresses (r

1
and r

2
) generated at the bottom of

each layer, i.e. the maximum stresses for each layer, are
given by [28]

r
1

"
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1
(z

0
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2
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2
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where M is bending moment which is shown by

M "

1

4
PS (3)
Figure 3 Scanning electron micrographs of the fracture surface for the sample hot-pressed at 1800 °C.
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Figure 4 Composition profiles of yttrium and aluminium for the
sample hot-pressed at 1800 °C.

Figure 5 Schematic drawing of a layered composite for strength
calculation.

z
0

shows the position of the neutral plane on which
there is no stress. It is shown by

z
0

"
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(h

1
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1
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2
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2
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2

2
(4)

I
1

and I
2

are moments of inertia of area which are
calculated from

I
1

"

b

3
[(h

1
#h

2
!z

0
)3!(h

2
!z

0
)3] (5)

I
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"

b

3
[(h

2
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)3#z3

0
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Regarding layer 1 as Si
3
N

4
and layer 2 as b-sialon, the

bending strength of the layered composites was cal-
culated from Equation 2 assuming that the composites
would fracture when r

2
reached the strength of the

monolithic sialon (600 MPa). The thickness of the
composite and the span used in this calculation were
the same as those in the experiment (3 and 30 mm,
respectively). The calculated strength was plotted as
426
Figure 6 Calculated strengths of layered composites hot-pressed at
1800 °C. (——) Calculated (residual stress), ( - - - - ) calculated, (L)
experimental, (j) calculated (measured residual stress).

TABLE II Residual stress in the sialon layer: r
R
, residual stress;

compression stress is shown by negative values

Thickness r
R

(measured) r
R

(calculated)
(lm) (MPa) (MPa)

250 !70.1 !71.7
300 !77.9 !66.3
500 !44.6 !45.5

1000 !3.0 !2.9

a function of the sialon-layer thickness, h
2
, which

is shown as the dotted line in Fig. 6. The calcula-
ted strength increased slightly with decreasing
sialon-layer thickness, but the experimental strength
increased more than this calculated result. Then,
residual stress was considered in the calculation.

The residual stress in the sialon layer was measured
by the X-ray method and calculated [29] from the
thermal expansion coefficient, Young’s modulus
(shown in Table I), Poisson’s ratios (0.27 for both
sialon and Si

3
N

4
), thickness of the sialon layer (total

thickness was 3 mm), and a temperature difference of
1780 °C (the hot-pressing temperature was 1800 °C).
The result of the residual stress measurement is shown
in Table II and calculated results corresponding to the
measured results are also listed for comparison. This
revealed that the existence of compressive residual
stress in the surface sialon layer and the calculated
values agreed fairly well with the measured values.
The compressive stress increased as the sialon thick-
ness decreased down to 250—300 lm corresponding to
the strength change with the sialon thickness.

Considering the residual stress, the strength of the
layered composite was calculated again, that is, the
composite would fracture when the value of r

2
minus

the residual stress reached the strength of the mono-
lithic sialon. The other assumptions were the same as
for the previous calculation. The result of this calcu-
lation is shown in Fig. 6 as the solid line, which is
derived from the calculated residual stress, and the
closed squares, which are derived from the measured
residual stress. In this figure, experimental data of the



composites hot-pressed at 1800 °C are also plotted for
comparison.

This calculation agreed with the experimental re-
sults. Therefore, the main cause of the increase in
strength in the thin range of the sialon layer is thought
to be the compressive residual stress in the sialon
layer. However, the strength of the composites hot-
pressed at 1900 °C is much higher than that at 1800 °C
in the 250—300 lm range of sialon thickness. This
unexpected effect is estimated to be attributable to the
other reasons, because the elastic constants and the
thermal expansion coefficient of 1900 °C sialon are not
thought to differ markedly from those of 1800 °C
sialon. One of the reasons is thought to be the deep
diffusion of yttrium into the sialon layer, because
a small amount of Y

2
O

3
addition into sialon raises the

room-temperature strength [30]. In viewing Fig. 4, the
yttrium concentrations in the sialon layer at
250—300 lm from the interface were much higher in
the 1900 °C sample than in the 1800 °C sample.

4. Conclusions
1. The fracture strength was almost constant with

decreasing thickness from 1300 lm to approximately
500 lm, and then increased as the thickness decreased
further. The strength of the samples hot-pressed at
1900 °C reached the same level as Si

3
N

4
(inner layer)

when the sialon thickness was 250—300 lm.
2. No specific fracture morphologies were recog-

nized around the interface between sialon and Si
3
N

4
.

3. Aluminium concentration changed sharply
around the interface, while the yttrium tended to dif-
fuse deeper than aluminium. This tendency was re-
markable in the samples hot-pressed at 1900 °C.

4. The existence of compressive residual stress in
the sialon layer was revealed and the compressive
residual stress increased as the sialon thickness de-
creased down to 250—300 lm.

5. The increase in strength with decrease in sialon
thickness in the samples hot-pressed at 1800 °C ap-
proximately agreed with the prediction based on the
mechanical calculations in which the residual stress
was considered. However, the strength of the samples
hot-pressed at 1900 °C was much higher than the
prediction in the 250—300 lm range of the sialon
thickness.
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