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Abstract—The relationship between the mechanical properties of three-layer composites which
consist of surface N4 layers and an inner SiC-whisker-reinforced!$j layer and the surface
residual compressive stress was investigated. It was found that the mechanical properties, such as
Vickers hardness, fracture toughness, and bending strength decreased with the thickness of the surface
SigNy4 layers. On the other hand, the surface residual stress was measured and calculated by the finite
element method (FEM). It was found that the surface compressive residual stress decreased with
the thickness of the surface layers and also increased with the content of SiC whiskers. Based on
comparison of the behaviors of the mechanical properties and surface compressive stress of layered
composites to the surface layer thickness, it was thought that the improvements in the mechanical
properties of the layered composites were caused by the surface compressive stress resulting from
mismatch in the thermal expansion.

Keywords SigNy; SiC; whisker; composite; residual stress.

1. INTRODUCTION

Layered composites have been studied extensively in recent years because of their
unique properties. Improvement of fracture strength by surface compressive stress is
one of the characteristic features of the layered composites [1—7]. The incorporation
of residual stresses in (ADs + ZrO,(unstabilized))/ (AdO3z + ZrO,(stabilized))
three-layer composites [2—6] leads to strength improvements of 375 MPa at room
temperature and 200 MPa at 780 as compared with the monolithic materials.
Another feature is non-linear fracture behavior similar to that of the long-fiber
composites [8—17]. A SiC-whisker/sbi, multilayered composite shows a fracture
energy of more than 3000 J7nj16], which is about twenty times that of monolithic
SizNy.

Still another feature is a synergistic effect by which conflicting properties are
realized at the same time. SialondlSj layered composite [17] and rare-earth
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silicate/ SiC layered composites are expected to achieve oxidation resistance with-
out reducing strength [18, 19]. In the same manner, covering SiC-whisker-
reinforced SiN4 with monolithic SgN4 is thought to be effective in improving
oxidation properties without reducing mechanical properties, because the oxida-
tion properties of monolithic 9N, are superior to those of SiC-whisker-reinforced
SizsN4 [20].

Therefore, in this study, we fabricated three-layer composites in which the surface
layers were monolithic gN4 and the inner layer was SiC-whisker-reinforcegN\gi
composite, and investigated the relationship between mechanical properties and
surface compressive stress due to the mismatch of the thermal expansion between
SizN4 and SiC-whisker-reinforced 4. In particular, fracture strength values
were measured, and also calculated by using the flitch beam model.

2. EXPERIMENTAL
2.1. Sample preparation

The starting powders were prepared by ball-mill mixing a commercial-grafi Si
powder (0.5um, SN-E10, Ube Industries, Ltd., Japan) with 5 wt%O¥ (0.1 m,
99.9%, Shin-Etsu Chemical Co., Ltd., Japan) and 5 wit% M@AI(0.1 xm,
Kojundo Chemicals Co., Ltd., Japan), as sintering additives, and SiC whiskers
(TWS-400, Tokai Carbon Co., Ltd., Japan). The composition of the sintering
additives was a typical one for high-strengthigj [21]. The SiC whisker contents
were 0 (monolithic SiN,4), 10, and 20 wt%. The ball-mill mixing was performed
for 16 h usingz-butanol as a liquid medium. After drying and filtration with a nylon
sieve with an aperture size of 5Q00m, the powder mixtures were cold-pressed
at 25 MPa to obtain green bodies for monolayers. The green bodies for layered
composites were obtained by filling monolithic, composite, and monolithic powders
sequentially into a steel die followed by cold-pressing at 25 MPa. Finally, the green
bodies were hot-pressed in a carbon die at a temperature of C40@er 30 MPa

for 1 hin 0.1 MPa N. The total thickness of the layered composites was 3 mm, in
spite of the surface layer thickness of 200, 500, and 1000

2.2. Evaluation

In order to evaluate the physical properties of the monolayers, the following
measurements were performed. Densities were measured by Archimedes’ method
with distilled water as a medium. Young’s modulus was measured by the ultrasonic
pulse method. The thermal expansion coefficient was measured by using an
optical coherent meter between room temperature and°CLOthermal expansion
coefficients were obtained in the direction perpendicular to the hot-pressed axis.

On the other hand, in order to evaluate the mechanical properties of the layered
composites, hot-pressed billets were machined to rectangular bars. The size of
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the bars was 3 4 x 40 mm. Vickers hardness was measured by using a micro
Vickers hardness tester (AVK-C2, Akashi Co., Ltd., Japan) at 30 kg for 15 s.
Fracture toughness was measured by the indentation fracture (IF) method (JIS-
Z8401). Before forming the indentor trace, samples were finely polished to an Ra
roughness of 0..um. An optical microscope (SMZ-V, Nikon Co., Ltd., Japan)
was used to examine the crack length. Bending strength was evaluated by a 3-
point bending test with a 30-mm span in accordance with JIS-1601 by means of a
testing machine (Type 1361, Instron, Ltd., England). Microstructures of fracture
surfaces were observed with a scanning electron microscope (T330 JEOL, Japan).
Furthermore, surface residual stress was measured by using an X-ray diffraction
machine (RINT 1500, Rigaku Co., Ltd., Japan) using thé girmethod and also
calculated by the finite element method (FEM).

3. RESULTS AND DISCUSSION
3.1. Physical properties of monolayers

Table 1 shows the physical properties, such as density, Young's modulus, and
thermal expansion coefficient, of the monolayers used in this study. Since the
density of each monolayer was greater than 3.2 §/dtnwas found that each
monolayer was fully densified by hot-pressing at 1°®0Gor 1 h. Furthermore,

it appeared that Young’s modulus and the thermal expansion coefficient increased
with the SiC whisker content. The layered composites had an inner layer of SiC-
whisker-reinforced N4 composite with a greater coefficient of thermal expansion
than the two outer surface $8l; monolithic layers. Therefore, the outer surface
layer was compressed in the direction parallel to the interface after the hot-pressed
body was cooled to room temperature.

3.2. Microstructure of layered composite

Figure 1 shows an external view of the layered composite in which the thickness
of the surface layers was 2@0n. It was found that the three layers with uniform
thickness were stacked after hot-pressing. In this optical micrograph, §Neg Si
layer looks white and the layer containing SiC whisker looks gray. When a SiC
whisker moves to the surface from an inner layer, the color near the interface

Table 1.
Physical properties of monolayers

Density (g/cn'?() Young’s modulus Thermal expansion

(GPa) coefficient (19)
SigNg 322 303 3.39
SigNg + 10 wt% SiC whisker 324 320 3.58

SigNg + 20 wt% S SiC whisker 324 334 3.74




Downloaded by [Siauliu University Library] at 07:17 17 February 2013

40 M. Katoet al.

Figure 2. Scanning electron micrograph of the fracture surface around the interface of the layered
composite.

changes gradually from white to gray. However, clear interfaces between the
surface and inner layers were observed. Therefore, it was thought that there was
little movement of SiC whiskers through the interface. Figure 2 shows a scanning
electron micrograph of the fracture surface around the interface for the layered
composite. It was found that no clear interface was observed, and bothsithe Si
monolithic and SiC-whisker-reinforceds8i, composite layers were tightly joined.

This seemed to be because the morphology gN§Sielongated grain and SiC
whisker was nearly the same.
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3.3. Surface residual compressive stress

Figure 3 shows the surface residual compressive stress of the layered composite.
The closed circles and the open circles indicate the measured values for samples
in which the inner layer whisker content is 10 and 20 wt%, respectively. On the
other hand, the solid and dashed lines indicate the calculated values for the samples
in which the inner layer whisker content is 10 and 20 wt%, respectively. It was
found that the measured residual stresses agreed well with the calculated values and
decreased with the thickness of the surface layer.

Surface residual compressive stress is influenced by the ratio of surface layer
thickness and inner layer thickness. Therefore, if the total thickness is more than
3 mm without changing the surface layer thickness, surface residual compressive
stress becomes larger. Furthermore, if the surface layer is smaller than the critical
thickness, some cracks are generated at the interface of the layered composite after
sintering and surface residual compressive stress is thought to become smaller.

3.4. Mechanical properties of layered composite

In the indentation test, the influence of the inner layer was thought to be very
small because the crack length was smaller than the surface thickness. Therefore,
the obtained values were regarded as those of the surfgkk Biyers. Figures

4 and 5 show the Vickers hardness and fracture toughness of layered composites
as a function of the thickness of the surface layer. It was found that both the
Vickers hardness and fracture toughness of the layered composites decreased with
the thickness of the surface layer.

In order to discuss the strength of the layered composites, stresses generated in the
composite, shown schematically in Fig. 6, were considered in terms of mechanics.
The layered composite consists of three layers, with thicknesges,, and g
and Young's modulus valuek,, E,, and B, the subscripts 1, 2, and 3 indicating

150
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Figure 3. Surface residual stress of layered composites as a function of thickness of the surface layer.
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Figure 4. Vickers hardness of layered composites as a function of thickness of the surface layer.
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Figure 5. Fracture toughness of layered composites as a function of thickness of the surface layer.

the respective layers. In this flitch beam model, it is assumed that the interface of
the layers is tightly bonded and the shear stress is not considered. In this layered

composite, surface layers 1 and 3 argN\gj with the same thickness, and layer 2
is SiC-whisker-reinforced @N4. When the three-point bending lodtis applied

to the layered composite with a span$fbecause layer 1 is on the tension side

(shown in Fig. 6), the stress generated at the surface, i.e. the maximum stresses

for layer 1, is given by

B PSEn
 4QQE1lL + Eolp)’

o1

(1)
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Figure 6. Schematic drawing of a layered composite for strength calculation.

n is the position of the neutral plane on which there is no tensile or compressive
stress. Itis given by

2h1 + hy
_durhe 2
> @)
I, and I, are moments of inertia of area, which are calculated from
bh1(4h? + 6h1ho + 3h3
I]_ — l( 1 + 12 + 2) ’ (3)
12
bh3
=2 4
2= 15 4)

whereb is the width of the composite.

The bending strength of the layered composites was calculated from equation (1)
assuming that the composites would fracture whenreached the strength of
the monolithic SiN4. 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).

Figures 7 and 8 show the bending strength of layered composites as a function
of the thickness of the surface layer for samples in which the inner layer whisker
content is 10 and 20wt %, respectively. The closed circles indicate the measured
values and the solid lines indicate calculated values based on the flitch beam model.
It was found that the bending strengths were much higher than the calculated ones
and decreased with the surface layer thickness. Moreover, it was found that each
mechanical property was affected by the SiC whisker content of the inner layer,
that is, the higher the SiC whisker content, the higher the Vickers hardness, fracture
toughness, and bending stress. Furthermore, it was found that they showed the same
relationship to the thickness of the surface layer as to the surface residual stress.
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Figure 7. Bending strength of layered composites as a function of thickness of the surface layer (inner
layer whisker content is 10wt%).
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Figure 8. Bending strength of layered composites as a function of thickness of the surface layer (inner
layer whisker content is 20wt%).

3.5. Relationship between mechanical properties and compressive stress

The strength of the layered composite was also calculated again in terms of the
residual stress, that is, assuming that the composite would fracture when the value
of o1 plus the residual stress reached the strength of the monolitkiN,.SiThe
other assumptions were the same as for the previous calculation. The results of
these calculation are also shown in Figs 7 and 8 as dashed lines. It was found that
the values calculated with the residual stress agreed much better with experimental
values than the values calculated without the surface residual stress. Therefore, the
main cause of the increase in strength is thought to be the compressive residual
stress in the surface $Bi, layer.

The surface residual stress also seemed to improve the Vickers hardness and the
fracture toughness of the layered composites, because they were calculated from the
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diagonal length of the indentor trace of and the crack length, which were affected
by surface compressive stress.

Therefore, it was thought that the mechanical properties of the layered composites
were improved by the surface compressive stress due to the mismatch of thermal
expansion between the surfacgMgj layers and the inner SiC-whisker-reinforced
SigNylayer.

4. CONCLUSION

The following conclusions were reached based on the results of this investigation.

(1) The Vickers hardness, fracture toughness, and bending strengtiNaf SiC-
whisker-reinforced $N,4 three-layer composites were higher than those of each
monolayer.

(2) The surface residual compressive stress decreased with the thickness of the
surface layer and also increased with the content of SiC whiskers.

(3) The mechanical properties of the;I8j/ SiC-whisker-reinforced SN, three-
layer composites were improved by the surface compressive stress due to the
mismatch of the thermal expansion coefficient between the surfaidg [8iyers
and the inner SiC-whisker-reinforced;Nilayer.
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