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Abstract
Al2O3/Ti3SiC2 multilayer materials with high mechanical properties in terms of bending strength and work of fracture have been prepared by in

situ hot-pressing at 1600 8C for 4 h. In order to further improving the mechanical properties, SiC whiskers were added to Al2O3 layers as the 2nd-

level toughening agent. With the content of SiC whisker increasing, the bending strength and work of fracture showed a similar trend of increasing

firstly and then decreasing. Hence, the optimal mechanical properties of 688 MPa for bending strength and 2583 J/m2 for work of fracture were

obtained when the added content of SiC whisker was 20 wt%. These excellent properties should be attributed to 1st-level toughening mechanism

(multilayer structural toughening), 2nd-level toughening mechanism (whisker toughening), and the synergy effect between them. Hence, adding

SiC whiskers was an effective approach to improving the mechanical properties.
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1. Introduction

Ceramics are brittle and sometimes they fail catastrophically.

This limits their applications in engineering. In order to overcome

the problem, studying of toughening becomes a very important

research area in ceramics, especially structural ceramics. As a

result, many toughening methods had been devised, researched

andused inceramics, suchaswhisker toughening[1–3], long-and

short-fiber toughening [4,5], dispersed rigid particle toughening

[6], ZrO2 phase transformation toughening [7,8], andsoon.These

toughening methods were all effective for some ceramics,

hereinto whiskers were used very widely.

Otherwise, multilayer structural toughening was proved as

an effective toughening mechanism [9–12]. Since the SiC/C

multilayer ceramics was first developed by Clegg et al. [9], this

toughening approach has been used in many systems, such as
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Si3N4/BN [10,11], SiC/C [9,12], Al2O3/ZrO2 [13], etc. and

several 10-folds of fracture toughness and several 100-folds of

work of fracture were achieved compared to the monolithic

ceramics. Al2O3/Ti3SiC2 multilayer ceramics is a typical

multilayer material, which possess good mechanical properties

of 659 MPa for bending strength and 2159 J/m2 for work of

fracture [14].

In recent years, synergy mechanism between two or more

toughening methods was reported [15]. By this toughening

mechanism, the toughness effect was usually larger than the

additional effect brought by the individual toughening

mechanisms. The all fore-mentioned toughening mechanisms

could be used in synergy toughening design of ceramics by

appropriate methods.

In this paper, the SiC whiskers as 2nd-level toughening agent

were added into Al2O3 layers in Al2O3/Ti3SiC2 multilayer

ceramics. The 2nd-level toughening mechanism in the multi-

layer ceramics, the synergy effect between the multilevel

toughening mechanisms and the fractural behavior of the whole

materials will be described in this paper.
d.
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2. Experimental procedure

2.1. Materials and preparation

The Al2O3/Ti3SiC2 multilayer ceramics were prepared

by in situ hot-pressing method according to a procedure

described elsewhere [14]. The raw materials of Ti3SiC2 layers

were Ti, SiC and activated carbon powders. Otherwise, the

Al2O3 layers were sintered from Al2O3 powders with MgO as

sintering aid and SiC whiskers as mechanical property

adjusting agent.

The flow chart for the preparation of the multilayer materials

is shown in Fig. 1. Firstly, powders of Al2O3 (99.5% pure, Jixin

Ceramic Co., China) with 0.3 wt% MgO (99.9% pure) and

given certain quantities of SiC whiskers for the Al2O3 layer and

powders of Ti (99.9% pure), SiC (99.9% pure) and activated

carbon with the atomic ratio of 3:1:1 for the Ti3SiC2 layer were

milled for 24 h in alcohol medium, respectively. Secondly, the

green tapes of Al2O3 and Ti-SiC-C with thickness of about

200 mm both were manufactured by rolling after adding PVA,

glycerol and liquid paffix into the raw powders. Then these

green tapes were dried in air and punched into rounds

(Ø 50 mm). They were packed into a graphite die by turns of

Al2O3 tapes and the Ti3SiC2 raw powders tapes. The green body

underwent a conventional binder burnout through heating in

flowing air. Finally, the multilayer ceramic was hot pressed at

1600 8C for 4 h in Ar atmosphere with a pressure of about

20 MPa.

2.2. Tests and characterization

The specimens were sliced into test bars with the

dimensions of 4 mm � 3 mm � 36 mm for bending strength

and 4 mm � 6 mm � 30 mm for fracture toughness and the

fracture work. Three-point bending test was carried out at room

temperature with a span of 30 mm and a crosshead rate of

0.5 mm/min. The work of fracture and fracture toughness were

determined by the single-edge-notch-beam method (SENB) at

room temperature with a span of 24 mm and a crosshead rate of

0.05 mm/min. All the tests were performed on A-2000

Shimadzu universal materials testing machine. The loads

were applied perpendicular to the plane of laminates. The

microstructure of the materials was observed by SEM

(CSM900).
Fig. 1. Flow chart for the preparation of Al2O3/Ti3SiC2 multilayer materials

with SiC whiskers.
3. Results and discussion

3.1. Mechanical properties

The mechanical properties of the Al2O3/Ti3SiC2 multilayer

ceramics, including bending strength and work of fracture, are

shown in Table 1 and Fig. 2. With increasing the content of SiC

whisker, the bending strength of the materials slightly increased

firstly, and then decreased when the content of SiC whisker

exceeded 20 vol%. A similar trend was found for the work of

fracture expected for the improved extent. Therefore, when

whisker content was about 20 vol% (W20), the optimal

mechanical properties of 688 MPa for bending strength and

2583 J/m2 for work of fracture were obtained. Compared to the

multilayer without whisker (W0), the gain in of strength and

work of fracture for materials W20 were about 4.4 and 19.6%,

respectively.

Otherwise, it was found that when whisker content was

larger than 30 vol%, the specimens were broken after sintering

and cooling, which looked likely because of the residual

stresses (as described in the following section in detail).

3.2. Residual stresses analysis

For multilayer ceramics, especially with ‘strong’-interface,

the mechanical properties were reported to be influenced

effectively by residual stress states [13], which was produced

due to the thermal expansion mismatch between the interphase-

layer and matrix-layer during cooling. The residual stresses

would lead to cracking and three primary crack morphologies

would be observed: transverse, longitudinal and debonding

cracks if the residual stresses are large enough or the material

loaded. For multilayer materials, the transverse and debonding

cracks are favorable to improve the toughness.

The residual stresses states in Al2O3/Ti3SiC2 multilayer

ceramics without SiCW were already analyzed in our previous

paper [16]. When SiC whiskers were added into Al2O3 layers,

the residual stresses states were also changed. The residual

stresses were calculated in the present work by the same

method, the parameters adopted in the calculation method are

listed in Table 2. The sintering temperature was 1600 8C, and

the thermal expansion coefficients of the Al2O3, Ti3SiC2, TiC

and SiC whisker were assumed to be constant from room

temperature to sintering temperature. The thickness of Al2O3

layer and Ti3SiC2 layer were both about 100 mm. For the two

layers both containing two components, these mechanical

parameters of each layer all need to be calculated by the rule of
Table 1

The mechanical properties of the Al2O3/Ti3SiC2 multilayer ceramics with SiCW

Samples SiCW%

(vol%)

Bending strength

(MPa)

Work of fracture

(J/m2)

W0 0 659.53 � 47.3 2159 � 153

W10 10 674.38 � 25.6 2341 � 146

W15 15 683.59 � 34.1 2507 � 143

W20 20 688.44 � 35.2 2583 � 142

W25 25 534.87 � 68.2 2326 � 135
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Fig. 2. Mechanical properties of the multilayer ceramics with SiC whiskers.

Table 3

Residual stresses of the Al2O3/Ti3SiC2 multilayer ceramics with SiCW

Samples EA

(GPa)

ET

(GPa)

nA nT aA

(�10�6/8C)

aT

(�10�6/8C)

sR
a

(MPa)

W0 390.0 321 0.300 0.2 8.800 8.47 �121.2

W10 409.0 321 0.290 0.2 8.370 8.47 37.8

W15 418.5 321 0.285 0.2 8.155 8.47 120.0

W20 428.0 321 0.280 0.2 7.940 8.47 203.1

W25 437.5 321 0.275 0.2 7.725 8.47 287.3

W30 447.0 321 0.270 0.2 7.510 8.47 372.3

a The residual compressive stresses in Al2O3 layer.
mixture. And the calculated results containing the mechanical

parameters and residual stresses of each layer are shown in

Table 3. With the content of whisker increasing, the residual

stresses in Al2O3 layer changed from tensile to compressive.

The residual compressive stresses could strengthen the Al2O3

layer, thereby the fracture behavior and the toughening

mechanisms of the multilayer ceramics were also changed,

as described in Section 3.3.

Otherwise, it is apparent from in Table 3 that when the

content of SiC whisker reaches 30 vol%, the residual tensile

stress in Ti3SiC2 layers is up to 372 MPa. According to the

papers about Ti3SiC2 bulk ceramic [17,18], the bending

strength was reported to be only about 260–320 MPa which was

well-known higher than its tensile strength. Hence, the

multilayer ceramics with 30 vol% or more SiCW would be

broken by the residual stresses during sintering and following

cooling procedures.

3.3. Toughening mechanisms and synergy effect

The high toughness of multilayer ceramics should be

attributed to different kinds of toughening mechanisms. In the

Al2O3/Ti3SiC2 multilayer ceramics with SiC whiskers, these

toughening mechanisms could be: multilayered structural

toughening, whisker toughening and synergy effect by here-

inbefore two mechanisms.

The toughening mechanisms induced by multilayered

structure, defined as 1st-level toughening mechanisms in

this paper, have been investigated in recent years [9–14],

they include crack deflection mechanism, bridging mechanism

of interlocking layers, frictional sliding mechanism, and so

on.
Table 2

The mechanical parameters of Al2O3, Ti3SiC2, TiC and SiC whisker

Materials

Al2O3 Ti3SiC2 TiC SiCW

E (GPa) 390 320 322 580

n 0.30 0.20 0.20 0.20

CTE (10�6/8C)a 8.8 9.2 7.74 4.5

a Assumed to be constant from room temperature to sintering temperature.
The toughening mechanisms induced by whisker in the

multilayer ceramics, namely 2nd-level toughening mechan-

isms, are similar to the toughening mechanisms in whisker

reinforced ceramic composites and have been studied ripely,

they include crack deflection mechanism, crack bending

mechanism, whisker pull-out mechanism, bridging mechanism,

micro-crack mechanism, and so on [1–5]. Fig. 3 shows the

microstructure of Al2O3 layer in the multilayer ceramics. The

whiskers are observed homogeneously distributed and aligned

directionally in two directions. The 2D texture of whiskers

should be formed in the rolling procedure for green tape

preparation, and this was very useful to the whisker toughening

mechanisms. Otherwise, the pull-out mechanism selected as a

representative one is shown in Fig. 4.

As we know, the toughening effects of the multilayered

structural toughening mechanisms depend strongly on the crack

propagation path and the mechanical properties of the matrix-

layer and interphase-layer [10]. When the SiC whiskers are

added into Al2O3 layers, the microstructure and mechanical

properties of the Al2O3 layer is changed at first. The change of

mechanical properties of Al2O3 layer can influence the location

of crack deflection and crack propagated path. In other words, it

influences the 1st-level mechanisms. Otherwise, with the

addition of SiC whiskers the residual stresses are changed as

already analyzed above. From Table 2, the layers carry the

residual compressive stress when whiskers are added. It makes

the Al2O3 layers difficult to fracture, and the crack is enforced
Fig. 3. Fracture surface of the Al2O3/Ti3SiC2 multilayer ceramics with 20 vol%

SiC whiskers.
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Fig. 4. Pull-out behavior of SiC whisker in Al2O3 layers.
to propagating along the interface instead of through Al2O3

layer, in other words, the resistance of longitudinal crack is

improved and the crack path is prolonged. On the other hand,

some whiskers insert adjacent Ti3SiC2 layers ineluctably. Some

of the whiskers possibly act as a bridge between layers, and they

can bridge the transverse crack propagating in the interface,

improving the propagating resistance of transverse crack. The

changes of the toughening mechanisms described above are

different from the individual toughening mechanisms by

multilayered structure or whisker toughening. Hence, there

is a synergy effect between the 1st-level and 2nd-level

toughening mechanisms.

According to the toughness data of the multilayer ceramics

shown in Table 1, the greatly improvement of work of fracture

reflects the interaction of the whisker toughening mechanisms,

multilayer structural toughening mechanisms and their synergy

effect.

4. Conclusions

By adding SiC whiskers into Al2O3 layers, the mechanical

properties of multilayered ceramics is obviously improved, the

optimal mechanical properties being obtained for 20 vol%

SiCW addition. Hence, the 2nd-level toughening by whiskers is

an effective method to multilayer ceramics.The synergy effect

between whisker toughening and multilayer structural tough-

ening was induced in the multilayer ceramics with SiC

whiskers, and the improvement of toughness was attributed to

the interaction between whisker toughening, multilayer

structural toughening and synergy effect.
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