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bstract

ew self-sealed Si3N4/BN-based laminated structures have been produced by a modified slip-casting process in a form of square cross-sections,
arying the number of layers from 3 to 20 and their thickness from 70 to 1000 �m. The composition of Si3N4 layers consists of 7 wt.% Y2O3 (yttria)
nd 3 wt.% Al2O3 (alumina). The BN-based interfaces consist of 90 wt.% BN and 10 wt.% Si3N4 in SN − (BN + SN) laminates and 50 wt.% BN
nd 50 wt.% Al3O3 in SN − (BN + Al2O3) laminates.

Si3N4/BN-based laminates were densified by pressureless sintering at temperatures ranging from 1720 to 1820 ◦C for 1 h under static N2 gas
tmosphere.

The highest density was achieved with samples having 3 Si3N4 layers in SN − (BN + SN) laminates and 5 Si3N4 layers in SN − (BN + Al2O3)
ith an average layer thickness of 260 and 320 �m, respectively. Also, it was found that samples with the highest density exhibit the highest
oung’s modulus of 315 GPa in SN − (BN + SN) laminates and 320 GPa in SN + (BN + Al2O3) laminates.

The microstructure of the (BN + Al2O3) interface consists mainly of YAG phase with BN and Si3N4 as minor phases, while the microstructure

f the (BN + SN) interface consists of BN and Si3N4 as major phases. A much higher level of porosity was observed in (BN + SN) interfaces than
n (BN + Al2O3) interfaces.
rown Copyright © 2007 Published by Elsevier Ltd. All rights reserved.
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. Introduction

Silicon nitride (Si4N4) is one of the most promising ceramic
aterials for structural application because of its good mechan-

cal properties over a wide temperature range, good wear and
orrosive resistance, low density and good thermal shock resis-
ance. However, in spite of good properties, mentioned above,
ow reliability of this ceramic is considered to be the major
imiting factor for wider use as a structural material.

One way of preventing catastrophic failure of monolithic
eramic’s component is to design a structure with dense and
trong layers (e.g. Si3N4, SiC, Al2O3, ZrO2, etc.) separated

y weak or porous layers of the same or different materials
Fig. 1).1

∗ Corresponding author.
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The weak interface serves to deflect the propagating crack
nd lower its stress intensity. Traditionally, the crack deflec-
ion is achieved by incorporating fibers into ceramic matrices.2,3

owever, the fabrication of fiber-reinforced ceramics is expen-
ive and often unsuccessful in achieving required mechanical
roperties.4 Another way of preventing catastrophic failure is
he use of porous or intermittent interlayers, first studied by
tkins,5 then followed by Clegg,6 Zhang and Krstic7 and Tu et

l.8. One of the requirements for achieving high properties of the
aminate is that the interface material must be chemically and
hysically compatible with the lamina, so that they can be both
o-fired and used at an elevated temperature without any unde-
ired reactions and delamination. This delamination, caused by
nternal stresses during sintering, can be prevented by incor-
orating porosity in the interlayers and by creating self-sealed

tructure. Lately, a pre-determined level of interlayer porosity to
nsure crack deflection for the situation where residual stresses
ere not present, has been investigated and reported by Blanks

t al.9 and Davis et al.10. The process of adding Si3N4 fibers to

All rights reserved.
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sity of a sample to its theoretical density. The measured density
ig. 1. Plate-form laminated ceramic with two directions of easy crack propa-
ation.

i3N4 powder to produce porous interlayers has been reported
y Ohji et al.11. However, the major problem associated with
porous interlayer laminate is the difficulty in controlling the

evel of porosity and shape of the pores in the path of the growing
nterfacial crack.

In the last decade, efforts have been directed to developing a
late-form laminated ceramic composite with a weak interface
uch as SiC/graphite,6 which exhibits fracture toughness
s high as 14 MPa m1/2.7 Also, many investigators centered
heir attention on designing and processing plate-form lam-
nated structures such as zirconia/zirconia (ZrO2/ZrO2),12

lumina/monazite (Al2O3/LaPO4),13 silicon nitride/boron
itride (Si3N4/BN),14 �-SiALON/Si3N4,15 Al2O3/SiC,4

l2O3/ZrO2,16 mulite/Al2O3
17 and Al2O3/Al2TiO5.18

So far, the only fabrication techniques for laminates have
een hot-pressing and hot-isostatic pressing. Recently, Wang et
l.19 produced planar laminates with apparent fracture tough-
ess as high as 15.1 MPa m1/2 by controlling composition
nd structure in Si3N4/BN laminates. Even higher fracture
oughness of 28.1 MPa m1/2 was obtained by adding secondary
einforcement such as SiC whiskers to the BN interface. Impres-
ive increases in fracture strength and work of fracture of
600 MPa and ∼8000 J/m2, respectively, have been achieved
y hot-pressing of Si3N4/BN laminates, as reported by Kovar et
l.20.

The major disadvantage of these plate-form laminates is that
hey possess two delamination directions of easy crack propaga-
ion which limit their wide application as structural components
Fig. 2). One possible solution to the intrinsic delamination
roblem associated with the plate-form ceramic laminates is to
mitate natural materials, such as the ring structure of wood trunk
n three-dimensions. In this paper, a new so called self-sealed
tructure decreases the potential delamination directions from
wo to zero when the structure of a laminate changes from a
late-form to a self-sealed rectangular structure (Fig. 2).21,22

Furthermore, self-sealed laminated structures can be effec-
ively produced by employing traditional ceramic processing
echniques such as modified slip casting, which allows varying

he casting time, changing the composition and controlling the
iscosity of the slurries in order to get different numbers of layers
ith different thicknesses.

w

a

ig. 2. New design concept involving transformation from plate-form to the
elf-sealed laminated structure.

This paper reports the results of a novel concept of the self-
ealed Si3N4/BN laminated structure produced by slip-casting
nd pressureless sintering. The research is focused on the new
tructural design of laminates by creating concentric tree trunk
tructures of rectangular cross-section and to examine the effect
f the number of layers and their chemical composition on
oung’s modulus, density and phase compositions of sintered

aminates.

. Experimental procedure

Commercially available, high purity �-Si3N4 powder (UBE
-10) was used as a starting material. Also, commercially avail-
ble sub-micron size Al2O3 powder (A-16, Alcoa Chemical,
auxite, USA) and high-purity sub-micron size Y2O3 powder

99.99%) (Alpha Aesar) were used as sintering additives. Hexag-
nal BN powder produced by Carborundum Company grade
PP-325 was used to create the weak interfaces.
Si3N4 water-based slurry was prepared by mixing 90 wt.%

i3N4, 7 wt.% Y2O3 and 3 wt.% Al2O3 with a solid-to-liquid
atio of 30/70 by volume. BN slurry was prepared by mixing
N and Al2O3, and BN and Si3N4 in a liquid consisting of
thyl alcohol and water with an ethyl alcohol-to-water ratio of
0/70. The BN interface consisted of 90 wt.% BN and 10 wt.%
i3N4 (SN − (BN + SN)) and 50 wt.% BN and 50 wt.% Al2O3
SN − (BN + Al2O3)). Both BN slurries had a solid-to-liquid
atio of 5/95 by volume.

Si3N4/BN-based laminates were slip-cast alternately with
i3N4 layers and BN-based interfaces in plaster of Paris moulds
ith casting chambers of rectangular/square cross-sections of
mm × 8 mm and a length of ∼60 mm (Fig. 3). All laminates
ere fabricated in such a way that the outside layer and core are
i3N4.

Pressureless sintering was carried out using a graphite resis-
ance furnace (Vacuum Industries, Somerville, MA, USA) at
emperatures ranging from 1740 to 1800 ◦C for 1 h under static

2 gas atmosphere.
The densities of sintered Si3N4/BN laminates are given in

erms of relative density, which is the ratio of the measured den-
as determined by the water displacement method.
Phase analysis was conducted on polished samples using

n X-ray diffractometer (Model IGC-5, Rigaku Denki Co.
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Fig. 3. Schematic view of slip-casting process.

td., Japan), with Cu K� radiation and a scanning rate of
◦/min.

The Young’s modulus of the samples was measured using an
mpulse-excitation of vibration technique (Grindo-Sonic MK5,
.W. Lemmens, Inc. St. Louis, MO, USA) according to ASTM
tandards C 1259-94. This method covers a dynamic determina-
ion of the elastic properties of materials at ambient temperature.

. Results and discussion

One of the objectives of this work was to design and fabri-
ate laminated structures possessing no direction of easy crack
ropagation, termed self-sealed laminates. Fig. 4 shows the
ross-sections of the cast rectangular forms. The structure is
roduced by slip-casting and pressureless sintering of alternate
ayers of Si3N4 and BN. As shown in Fig. 4, the structure consists
f homogeneous Si3N4 layers (grey phase) separated by the uni-

orm BN (white phase) interface. No delamination is observed
uring sintering and cooling to room temperature.

In these samples the largest thickness of a Si3N4 layer was
pproximately 1000 �m and the smallest was ∼50 �m. The

m
a
s
T

Fig. 4. SEM micrographs of self-sealed Si3N4/BN lamin
ig. 5. Change of Young’s modulus and relative density for samples containing
0 wt.% Si3N4 in the interface (SN − (BN + SN)).

verage thickness of the BN-based interface was approximately
2–15 �m. Due to the nature of the slip-casting process, the
hickness of the previous Si3N4 layers determines the thick-
ess of the next layer. As the layer thickness becomes larger the
emoval of the water through the wall of the green body becomes
ore difficult and, for a given casting time, the layer thickness

ecomes smaller and smaller.
The effect of the number of layers on sintered density (rela-

ive density) and elastic modulus (Young’s modulus) is presented
n Fig. 5 for laminates whose interface consists of 50 wt.% BN
nd 50 wt.% Al2O3 (SN − (BN + Al2O3)) and in Fig. 6 for lami-
ates whose interface consists of 90 wt.% BN and 10 wt.% Si3N4
SN − (BN + SN)). Both Figs. 5 and 6 show a decrease in rela-
ive density with the number of layers. This decrease in density
s caused by the presence of an increased level of porosity in the
nterfacial layers and is also due to the addition of a lower den-
ity BN component. The highest density is found with samples
ontaining the smallest number of layers and the lowest density
as found with sample containing the largest number of lay-

rs. The effect of the number of layers and porosity on Young’s
odulus is also shown in Figs. 5 and 6. As mentioned before,
n increase in the number of layers decreases the relative den-
ity, which in turn, lowers the Young’s modulus of the structure.
he decrease in density (or increase in porosity) has a strong

ated structures with (a) 6 and (b) 13 Si3N4 layers.
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SN − (BN + SN) laminates (Fig. 7) is caused by the apparent
ig. 6. Change of Young’s modulus and relative density for samples which
ontaining 50 wt.% BN + 50 wt.% Al2O3 the interface (SN − (BN + Al2O3)).

ffect on Young’s modulus in that any small increase in porosity
equivalent to decrease in density) leads to a large decrease in
oung’s modulus.

Besides the porosity, BN is known to have low Young’s modu-
us (33.86 GPa, in the c direction and 85.95 GPa in the a direction
at room temperature)) and this is the main reason for the reduc-
ion of Young’s modulus of the whole system. Fig. 7 shows

he change of Young’s modulus with the number of layers for
wo different interlayer compositions. In one set of samples, the
eak interfacial layer consists of 50 wt.% Al2O3 and 50 wt.%

l
o
l

Fig. 8. Fracture surface of the interfaces (a) in SN − (BN + S
ig. 7. Change of Young’s modulus with the number of Si3N4 lay-
rs for interlayer containing 50 wt.% BN + 50 wt.% Al2O3 designated as
N − (BN + Al2O3) and 10 wt.% Si3N4 in BN designated as SN − (BN + SN).

N and the other consists of 10 wt.% Si3N4 and 90 wt.% BN. It
an be seen from Fig. 7 that the laminated structure with inter-
aces containing 50 wt.% BN and 50 wt.% Al2O3 has a higher
verall Young’s modulus than the laminated structure with an
nterfaces containing 10 wt.% Si3N4 and 90 wt.% BN.

Much larger reduction in Young’s modulus in
evel of porosity in the interfacial layers. Careful examination
f the interfaces in Fig. 8 revealed the presence of a much
arger amount of porosity in layers containing BN and Si3N4.

N) and (b) in SN − (BN + Al2O3) laminated structures.
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ig. 9. X-ray diffraction patterns of SN − (BN + Al2O3) laminates with different
umber of layers sintered at 1760 ◦C.

aminates with interfacial layers containing 10 wt.% Si3N4 in
N appear to be less effective in promoting densification and

esults in a lower relative density and consequently a lower
oung’s modulus.

Figs. 9 and 10 show the X-ray patterns of cross-section
f the Si3N4/BN-based laminates having different numbers
f Si3N4 layers for compositions SN − (BN + Al2O3) and
N − (BN + SN), respectively. According to the X-ray data,

he microstructure of the Si3N4 layers consists of a major �-
i3N4 phase and two minor phases, Y2SiAlO5N (B-phase) and
Y2O35Al2O3 (YAG). It can also be inferred from Figs. 9 and 10
hat the amount of YAG phase increases continuously with the
ncrease in the number of Si3N4 layers from 5 to 13 and 4 to
6. It can also be noticed that the increase in the amount of
AG phase takes place at the expense of B-phase, indicating

hat the Y2SiAlO5N (known as B-phase) decomposes to YAG
nd Si3N4.

It is also noticed that the entire amount of �-Si3N4 phase is
ransformed to �-Si3N4 phase in both compositions. It appears
hat the addition 10 wt.% of oxides (7 wt.% of Y2O3 and 3 wt.%
f Al2O3) provides sufficient amount of liquid phase for com-
lete � to �-Si3N4 phase transformation. The slow cooling rate
f 10 ◦C/min. used in the present experiment was another favor-

ble factor which contributed to complete decomposition of
-phase at temperatures between 1000 and 1100 ◦C. Another

nteresting finding of this work is the increase of YAG phase

Y
t
l

ig. 10. X-ray diffraction patterns of SN − (BN + SN) laminates with different
umber of layers sintered at 1760 ◦C.

ith an increase in the number of Si3N4 layers. It is found that a
ertain amount of Al2O3 present in the interface diffuses into the
i3N4 layers and some Y2O3 (after decomposition of B-phase)
iffuses into BN-based interfacial layers. Finally, both Y2O3 and
l2O3 react with each other to form the YAG phase. An increase

n the number of Si3N4 layers decreases the thickness of the lay-
rs and increases the number of the BN-based interfaces. The
onsequence of this is that the diffusion path for mass transport
ithin the layers at the sintering temperature becomes shorter

llowing easier diffusion and partitioning of Y2O3 and Al2O3
ithin the layers.
The X-ray diffraction patterns (Fig. 11) of the BN-based

nterfaces, when layers were broken/separated along the BN
nterface, show that, in addition to the presence of �-Si3N4
hase, three other phases are present: BN, B-phase and YAG.
gain, the content of the YAG phase increases with an increase
f the number of Si3N4 layers for up to 9 layers. When the
umber of layers is more than 9, the YAG phase becomes
he major phase in the interfaces. This behaviour is consis-
ent with the ability of the Y2O3 component to diffuse from
he Si3N4 layer to the interfacial layer and react with Al2O3.
s pointed out earlier, as the number of layers increases,

heir thickness decreases creating shorter diffusion paths for

2O3 and faster reaction with Al2O3. The result of this is

he larger amount of YAG phase formed in the interfacial
ayer. The decomposition of B-phase can be expressed by the
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ig. 11. X-ray diffraction patterns of BN interface with a different number of
i3N4 layers for SN − (BN + Al2O3) laminated structures sintered at 1760 ◦C.

eaction:

0Y2SiAlO5N → 6Y2O3 + 3Y2O3·5Al2O3 + Y2Si8O6

+ Si2N2O2↑ + 4N2↑ . (1)

n turn, Y2O3 formed by Reaction (1) diffuses into the BN-
ased interface layer and reacts with Al2O3 to form YAG phase
ccording to the reaction:

Y2O3 + 5Al2O3 = 3Y2O3·5Al2O3. (2)

The support for this reaction mechanism is found in Fig. 11
hich shows a continuous decrease of B-phase peak with the

ncrease in the number of Si3N4 layers along with the increase
f the intensity of X-ray peaks generated by the YAG phase.

Quite different X-ray diffraction patterns were produced in
he laminates containing BN + Si3N4 interfacial layers (Fig. 12).
esides Si3N4 phase, only BN phase is detected and its amount

ncreases with an increase of the number of Si3N4 layers.
hen the number of Si3N4 layers exceeds ∼10, the BN phase

ecomes the major phase in the system. Expectedly, no YAG
hase was observed in any of the laminates. Since the inter-

ace in the SN − (BN + SN) laminates consists of 90 wt.% BN
nd 10 wt.% Si3N4 there is no Y2O3 or Al2O3 present to form
AG phase. Although the X-ray diffraction did not detect the
resence of YAG phase it should be emphasized that some

S
a
t
S

ig. 12. X-ray diffraction patterns of BN-based interface with different number
or Si3N4 layers of SN − (BN + SN) laminated structures sintered at 1760 ◦C.

mall undetected amount of YAG may be present in the inter-
ace. The absence of YAG phase makes BN-based interfaces
n SN − (BN + SN) laminated structures more porous than in
N − (BN + Al2O3) laminates. Considering that the BN phase
as a low diffusivity, its sintering will be limited and it is
xpected that a much larger level of porosity will remain in
hese interfacial layers than in the BN + Al2O3 interfacial lay-
rs. Support for this statement is found from the results obtained
rom on Young’s modulus measurement presented in Figs. 5–7
hich show a much larger drop in Young’s modulus for sam-
les with BN + Si3N4 interfacial layers than for samples with
N + Al2O3 interfacial layers. The results are in line with pre-
iction that a sharp reduction in Young’s modulus is associated
ith porosity.
Initial mechanical properties measurements revealed a sig-

ificant increase in apparent fracture toughness compared to
he monolithic counterpart. The measurements also showed
he effect of the Si3N4 layers number on the apparent frac-
ure toughness, fracture strength and work of fracture (Table 1).
he highest apparent fracture toughness of ∼22 MPa m1/2 and

racture strength of 470 MPa, respectively, were found for 7

i3N4 layers in SN − (BN + Al2O3) laminates. Somewhat lower
pparent fracture toughness of 19.5 MPa m1/2 but higher frac-
ure strength of 515 MPa were found for 4 Si3N4 layers in the
N − (BN + SN) laminates.
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Table 1
The effect of the number of Si3N4 layers on mechanical properties of the self-sealed Si3N4/BN laminated structures

Number of Si3N4 layers Materials

SN − (BN + Al2O3) SN − (BN + SN)

Apparent fracture
toughness (MPa m1/2)

Strength
(MPa)

Work of
fracture (kJ/m3)

Apparent fracture
toughness (MPa m1/2)

Strength
(MPa)

Work of
fracture (kJ/m3)

3 – – – 17.2 337 150
4 10.4 100 100 19.5 515 225
5 11.2 290 125 16 412 279
7 22.3 470 200 16.3 375 300
9 16 367 230 13.2 300 320
11 12.8 322 150 13 220 246
13 10 310 140 – – –

Monolithic Si3N4 ∼9.2 ∼790 80

Fig. 13. A crack propagation through the Si3N4 layer and deflection at BN
interface.

Fig. 14. Radial and axial direction of a crack propagation22.
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∼9.2 ∼790 80

In the both laminates, there is an increase in the apparent
racture toughness and strength with number of Si3N4 layers
ollowed by a decrease in the both by further increase in the
ayers numbers. It is believed that this increase of apparent
racture toughness and strength is attributed to the crack interac-
ion (crack deflections) with the BN interphase. After deflection
long the weak BN interphase (Fig. 13), crack propagation
ccurred in both radial and axial directions (Fig. 14). This led to
n increase in apparent fracture toughness and fracture strength.
lso, Table 1 reveals the effects of the number of Si3N4 layers
n the work of fracture. The highest work of fracture of 230 and
20 kJ/m3, respectively, are observed in SN − (BN-Al2O3) and
n SN − (BN + SN) laminates.

. Conclusion

Self-sealed Si3N4/BN-based laminated structures with
quare cross-section having different number of Si3N4 layers
ith different thickness have been fabricated for the first time
sing modified slip-casting method and densified by pressure-
ess sintering process.

Neither delamination nor peeling during sintering or cool-
ng from sintering temperature were observed in either
N − (BN + Al2O3) or SN − (BN + SN) laminated structures.
he highest apparent density of over 3.22 g/cm3 was achieved

n SN − (BN + Al2O3) with 5 Si3N4 layers, and the highest
pparent density of 3.20 g/cm3 was achieved in SN − (BN + SN)
aminates in samples having 3 Si3N4 layers. In both laminates,
N − (BN + Al2O3) and SN − (BN + SN), it was found that the
amples with highest apparent density were also samples with
ighest Young’s modulus with values of over 310 and 315 GPa,
espectively.

The microstructure of Si3N4 layers in both laminates con-
ists of �-Si3N4 phase, YAG phase and smaller amount of
-phase. The microstructure of the BN-based interface in
N − (BN + Al2O3) laminates consists mainly of YAG phase

ith BN and Si3N4 as minor phases. Low level of porosity was
bserved in this interfaces. The microstructure of the BN-based
nterface in SN − (BN + SN) laminates consists of BN and Si3N4
s major phases without the presence of YAG phase. A much
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igher level of porosity was found in these interfaces than in
N + Al2O3 interface. The level of porosity in both BN-based

nterfaces is controlled by the amount of YAG phase present in
he interface. The interface with higher content of YAG phase
ontains lower level porosity, as well as higher Young’s modu-
us.

Due to the crack interaction with BN interface in radial and
xial direction, very high apparent fracture toughness, strength
nd work of fracture are found in these laminates.
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