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Abstract

A new multilayer composite (MLC) with a super-
plastic layer, a hard layer and a weak interface was
proposed in this paper. The hard layer can provide
the MLC high temperature strength, the super-plas-
tic layer can deform plastically at high temperatures
and disperse the applied stress and stop the advance
of the crack, and the weak interface can de¯ect the
propagating crack at room temperature. Such MLC
was prepared by tape casting in the Al2O3/TiC/
MoSi2+Mo2B5 system in the present work. In this
system Al2O3 was as the hard layer, MoSi2+Mo2B5

was as the super-plastic layer and TiC was as the
weak interface. The microstructures and the stress-
displacement behaviors of the MLCs were investi-
gated. It was found that such design is e�ective on
the increase of fracture energy both at room tem-
perature and at high temperatures, and the strength
at high temperatures could be remained in a rela-
tively high level. # 1999 Elsevier Science Limited.
All rights reserved
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1 Introduction

There are two main problems for structural cera-
mics: (1) reliability; and (2) cost. Many researchers
have been studying these two problems con-
tinuously and great progress has been achieved.
The low reliability of ceramics comes from the
catastrophic fracture behavior under applied stress.

The reason of catastrophic fracture is for lack of
energy absorbing mechanisms in the failure process
of ceramics. Therefore composite ceramics has
been widely studied in the last 20 years. Generally,
composite ceramics can be divided into particulate
composite, whisker composites; ®ber composites
and multilayer composites (MLCs). Additionally,
some new kinds of composite ceramics have been
developed in recent years, such as functionally
gradient materials (FGM) and ®brous monolithic
ceramics with weak inter-phases.1 It has been
demonstrated that, in contrast to particulate or
whisker composites, ®ber composites or MLCs
with weak interfaces can sustain stresses after onset
of fracture. This means that ®ber composites and
MLCs with weak interfaces are ¯aw tolerant and
reliable for structural applications.
Clegg et al.2 developed a simple way to make

tough multilayer SiC with graphite interface layers.
The apparent fracture toughness and fracture work
of this material increased more than fourfold and a
hundredfold respectively. In the last 10 years, the
MLCs have been attracting many researchers. One
of the popular process used for manufacturing
MLCs is tape casting. The studied systems including
SiC/graphite, Si3N4/BN,3,4 Si3N4 (dense)/Si3N4 (por-
ous),5 SiC/(glass+®ber),6 Al2O3/(Al2O3+4vol%
ZrO2),

7,8 Al2O3/®ber-reinforced epoxy composite,9

MoSi2/(MoSi2+Al2O3(pl)),
10 MoSi2/SiC

11 and so on.
The main feature for the MLCs is that there is a
weak interphase between the `matrix' layers. This
weak interphase could be low strength material
such as graphite, boron nitride, porous materials,
or plastic materials such as ®ber reinforced epoxy,
In addition, the mechanical properties of a MLC
can be controlled by adjusting the bonding
strength of the interphase with the `matrix' layers
such in Si3N4/BN system,4 in which some Si3N4

was added into BN to adjust the interphase
strength. The modeling of the fracture behavior of
the MLCs were also investigated in these years.12,13
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In previous work, the authors proposed a novel
design to produce high temperature MLCs.14 The
main point of this idea is that a super-plastic
material at high temperatures is used as the inter-
phase (called super-plastic layer or soft layer) and
the `matrix' (called hard layer) is relatively with
good high temperature mechanical properties. This
super-plastic layer can act as the dispersing element
of applied stress and make the MLC ¯aw tolerant.
Such multilayer structure is something like that of
mollusk shell,15,16 in which the `hard' phase is
CaCO3 or Ca5(PO4)3OH, the `soft' phase is a pro-
teinaceous substance. The ®rst selected materials
system was Al2O3/MoSi2, in which MoSi2 was as
the soft layer and Al2O3 as the hard layer. For
improving the high temperature plasticity of
MoSi2, 20wt% of Mo2B5

17,18 was added to this
layer. However, on the other hand, there is little
toughening e�ect at room temperature because of
the strong bonding between Al2O3 and MoSi2+
Mo2B5 layers. In this work, for improving the
room temperature fracture behavior of this MLC,
TiC was used as the interphase material for getting
a relatively weak interface. Moreover, TiC will
become ductile at above 800�C and also maybe
have a good role for the high temperature fracture
behavior of this MLC. This paper reports the
microstructures and fracture behaviors of Al2O3/
TiC/MoSi2+Mo2B5 MLC prepared by hot press-
ing at di�erent temperatures.

2 Experimental Procedure

The raw powders were Al2O3 (particle size 0.2�m),
MoSi2 (particle size 6�m) and Mo2B5 (particle size
1�m, Japan New Metal Co. Ltd). The ¯ow chart
for the preparation of the MLCs is shown in Fig. 1.
The slurry formulation is listed in Table 1. Casting
was conducted at 50 cm minÿ1 with the doctor
blade machine DP-150 manufactured by Sayama
Riken Co., Japan. The tape was 160mm wide and
the thickness could be easily adjusted by four
measuring gauges. TiC interphase was made by
brushing a TiC suspending liquid onto the upper
surface of the dried tape. The burning out tem-
perature for organic components in the cast tapes
was determined by thermogravimetric analysis

(TG). The phase compositions of the specimens
were analyzed by X-ray di�raction (XRD) method.
The hot press temperatures were 1400, 1500 and
1600�C and the corresponding specimens were
marked as MC14, MC15 and MC16, respectively.
The bending stress±displacement curves at room
temperature were measured by three-point bending
method on bars of 2�4�12mm with a span of
10mm and a crosshead speed of 0.05mm minÿ1.
The bending stress±displacement curves at high
temperatures of 1300 and 1400�C were measured
by three-point bending method on bars of
1.4�3.5�12mm with a span of 10mm and a
crosshead speed of 0.07mm minÿ1. Scanning elec-
tronic microscope (SEM) was used to observe the
microstructures of the manufactured specimens.

3 Results and Discussion

3.1 Fractured at room temperature
In all SEM pictures the dark layer is Al2O3 and the
light layer is MoSi2+Mo2B5. Figure 2 shows the

Fig. 1. Flow chart for the preparation of Al2O3/TiC/
MoSi2+Mo2B5 MLC.

Table 1. Slurry formulation for tape casting Al2O3 and MoSi2+Mo2B5

Constituent Function For Al2O3(vol%) For MoSi2+Mo2B5(vol%)

Al2O3 or MoSi2+Mo2B5 Ceramic powder 21.4 25
MEK Solvent 38.4 35
2-propanol Solvent 27.3 25
Dibutyl Plasticizer 5.6 6.5
Polyvinyl butyral Binder 6.8 8
Fish oil De¯occulant 0.5 0.5
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micrographs of the side surfaces of specimens
MC15 and MC16. It can be seen that there was
large crack de¯ection in the specimen MC15, but
there was small crack de¯ection for MC16 speci-
men. In MC15, the crack de¯ected out of the main
stress plane along the weak TiC interface which was
vertical to the applied stress. Then the de¯ected

crack would de¯ect to the main stress plane after
certain propagation along the weak TiC interface.
In this process either Al2O3 layer or MoSi2+Mo2B5

layer would be broken as shown in Fig. 2(c). For the
specimenMC14, the interface bonding strength was
too weak to keep the layers together to become a
whole block. Figure 3 shows the micrograph of one
debris of the specimen MC14.
The microstructures of the TiC interfaces are

shown in Fig. 4 for the specimens MC14 and
MC15. It can be seen that in the MC14 specimen
the sintering of TiC interface looks not to take
place, and so resulted in the weak interface in this
specimen. For MC15 the sintering of TiC had
already taken place, but the bonding strength was
still not very high, that is, it was a porous TiC
interface with moderate bonding strength. When
the hot pressing temperature reached 1600�C, the
TiC interface was sintered to a dense layer and
resulted in a strong bonding as shown in Fig. 5.
Figure 5 shows the side surfaces of MC15 and
MC16. In these photos the microstructures of the
MoSi2+Mo2B5 layers can also be seen. In the
MoSi2+Mo2B5 layers, the white range is MoSi2

Fig. 2. Micrographs of the side surfaces of specimens MC15 and MC16: (a) MC15 specimen; (b) MC16 specimen; (c) higher mag-
ni®cation of MC15 showing the crack de¯ection.

Fig. 3. Micrograph of one debris of the specimen MC14.
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and the gray range is Mo2B5. The grain size of
MoSi2 and Mo2B5 became coarse with the hot
pressing temperature increasing from 1500 to
1600�C, but either was less than 2�m. On the
other hand, the grain size of Al2O3 was 2�3�m for
MC16.14

Figure 6 shows the bending stress±displacement
curves of MC15 and MC16 specimens fractured at
room temperature. For MC15 the large crack de¯ec-
tion showed in Fig. 2(a) was re¯ected in this curve.
However for MC16, because of the strong bonding
interface and almost no crack de¯ection, the bending
stress±displacement curve is nearly a linear line.

3.2 Fractured at high temperatures
The side surface of MC15 fractured at 1300�C is
shown in Fig. 7. This photo shows that the weak
TiC interface still play the role in crack de¯ection
at 1300�C. Furthermore, when higher magni®ca-
tion was used to observe the tensile part (the upper
surface in Fig. 7) of the side surface of the frac-
tured specimen, many cracks which were vertical to
the layers could be found in the Al2O3 layers as
shown in Fig. 8. In MoSi2+Mo2B5 layers there
was not such a crack. This phenomenon was abso-

lutely di�erent from that which appeared in speci-
men fractured at room temperature as shown in
Fig. 2(c). It was considered that at 1300�C the
MoSi2+Mo2B5 layers have already become super-
plastic. Before the main crack propagating through
certain Al2O3 layer, the MoSi2+Mo2B5 layers near

Fig. 4. Microstructures of the TiC interfaces of the specimens
MC14 and MC15 (a) MC14 specimen; (b) MC15 specimen.

Fig. 5. The side surfaces of MC15 and MC16 specimens
showing the microstructures of the TiC interfaces (a) MC15;

(b) MC16.

Fig. 6. Bending stress±displacement curves of MC15 and
MC16 specimens fractured at room temperature.
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this Al2O3 layer would slide and disperse the
applied stress in this Al2O3 layer. When the applied
stress reached to some limit, many new cracks in
this Al2O3 layer would occur. The propagation of
these cracks would be stopped by the near
MoSi2+Mo2B5 layer as shown in Fig. 8(b) and (c)
because of that the super-plastic MoSi2+Mo2B5

layer could deform plastically and absorb the crack
propagating energy or `absorb' the crack itself as
shown in Fig. 8(d).
Figure 9 is the bending stress±displacement

curves of MC15 fractured at 1300 and 1400�C. It
can be seen that the fracture energy increased

Fig. 7. Side surface of MC15 fractured at 1300�C.

Fig. 8. Microstructures of cracks in Al2O3 layers fractured at 1300�C: (a) low magni®cation showing many cracks in Al2O3 layers;
(b) higher magni®cation showing the distribution structure of the cracks; (c) higher magni®cation showing `crack connecting' by
super-plastic MoSi2+Mo2B5 layer; (d) higher magni®cation showing `absorbing' of crack by super-plastic MoSi2+Mo2B5 layer.

Fig. 9. Bending stress±displacement curves of MC15 fractured
at 1300 and 1400�C.
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obviously (about 10 times of the value at room
temperature according to the area under the bend-
ing stress±displacement curves) as well as that most
of the strength of the material could maintain at
these temperatures.

4 Summary

A new multilayer composite (MLC) of Al2O3/TiC/
MoSi2+Mo2B5 with a super-plastic layer
(MoSi2+Mo2B5), a hard layer (Al2O3) and a weak
TiC interface was proposed in this work. The
super-plastic layer can deform plastically at high
temperature and disperse the applied stress, and
then stop the crack growth. The weak TiC inter-
face can de¯ect the propagating crack at room
temperature. This kind of Al2O3/TiC/MoSi2+
Mo2B5 MLC were prepared by tape casting. The
microstructures and the stress±displacement behaviors
of this MLC were investigated. It was found that
such design for multilayer composites was e�ective
on the increase of fracture energy both at room
temperature and at high temperatures. Further
work is needed on the selection of the material
systems of the super-plastic layer, the hard layer
and the weak interface. The microstructure design
including the optimization of the thickness of each
layer and the bonding strength control of the weak
interface is also needed to investigate deeply.
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