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Abstract

A micro-thermal analysis technique was applied to investigate advanced silicon nitride materials,

which exhibit high thermal conductivity. Local thermal properties in the microstructure were evalu-

ated, and the grain boundaries were observed to have lower thermal conductance than the Si3N4

grains. It was found that thermal conductance both in the grains and boundaries was lowered by the

addition of the sintering aid Al2O3, which is soluble in Si3N4 grains. This indicates that high thermal

conductivity in silicon nitride ceramics is achieved both by grain growth, leading to a reduction in

boundary density, and by eliminating soluble elements in silicon nitride grains.
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Introduction

High thermal conductance in solid materials works to reduce thermal stress by ho-

mogenizing the temperature distribution. This characteristic is very important for the

application of silicon nitride ceramics to mechanical and electrical components used

at high temperature [1–10]. Since most ceramics, including silicon nitride, are electri-

cal insulators and their heat transfer is governed by the phonon mode, imperfections

present in the lattice greatly influence thermal conductivity. Generally, the sintering

process for producing denser silicon nitride ceramics induces various imperfections

into the material, leading to lower thermal conductivity ranging from 20 to

70 W m–1 K–1 [11–16]. In recent years, however, very high thermal conductivity of up

to 162 W m–1 K–1 has been achieved in silicon nitride by controlling the micro-

structure [17]. Since both the thermal conductivity in the grains and that in the bound-

aries determine the overall thermal conductivity of the material, it is important to

evaluate local thermal conductance corresponding to the microstructure. Mi-

cro-thermal analysis (�TA) has been used in recent years for determining the local
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thermal conductance, and some results have been successfully obtained for poly-

meric materials with low thermal conductance [18–21]. The objectives of the present

study were to apply the �TA technique to silicon nitride materials having high ther-

mal conductivity and to evaluate the local thermal properties in the microstructure.

Experimental

Two grades of silicon nitride ceramics (SN–S and SN–A) were used in this investiga-

tion. The SN–S ceramic was prepared from a powder mixture of beta Si3N4 powder,

1 mass% Si3N4 seed crystals, 1 mol% Y2O3 and 1 mol% Nd2O3. The mixed powder

was die-pressed and iso-statically pressed. The powder compact was then sintered at

2473 K for 12 h under 29.4 MPa nitrogen gas to enhance grain growth. The SN-A ce-

ramic was prepared from beta Si3N4 powder mixed with 2 mol% Al2O3 and 2 mol%

Y2O3, and the powder compact was sintered at 2173 K for 8 h under 0.88 MPa nitro-

gen gas. The SN–S material was sintered at a higher temperature than the SN–A ma-

terial to enhance grain growth. Laser flash measurement revealed that the thermal

conductivity of the SN–S ceramic was 146 W m–1 K–1 and was much higher than that

of the SN–A, which was estimated to be around 60 W m–1 K–1. The densities of SN–S

and SN–A were 3.21 and 3.23 Mg m–3, respectively.

Figure 1 shows a schematic diagram of a �TA microscope (�TA 2990, TA Instru-

ments, Inc.) with a micro-differential thermal analysis (�DTA) mode for obtaining spa-

tially resolved thermal properties corresponding to the Si3N4 microstructure. This equip-

ment is based on an atomic force microscope (AFM), in which the normal probe is re-

placed with a wire probe with a resistive heater at the tip. In the measurement, the tip acts

as a localized heater when an electric current passes through the wire, and it also works as

a thermal sensor by monitoring the electric resistance of the probe. This wire tip is heated

and kept at higher temperature than the specimen, so that heat can flow from the tip

through the specimen when the former contacts the latter. Therefore, the thermal conduc-
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Fig. 1 Schematic diagram of a �TA microscope



tance distribution is obtained by mapping the supply power to the measuring tip at a con-

stant temperature. Local thermal conductance, on other hand, is evaluated with the �DTA

mode. In this measurement, a reference tip is kept in the air and held at the same tempera-

ture as the measuring tip that contacts the specimen. The differential supply power be-

tween the measuring tip in contact with the specimen and the reference tip in the air is

calculated when the tip temperature increases from room temperature to several hundred

Kelvin. In this experiment, the specimen was kept at room temperature and the spatial

resolution for this method was approximately 1 micrometer. Morphology of the Si3N4

microstructure was observed using a tapping mode AFM. Specimens for AFM observa-

tion and �TA measurement were prepared by mechanical polishing followed by plasma

etching with CF4 gas.

Results

Figure 2 shows AFM microstructure images of the SN–S and SN–A specimens. It is

clear that the SN–S specimen consists of large Si3N4 grains up to several tens of mi-

crometers in diameter while the grain size of the SN–A specimen is several microme-

ters. Thus, heat can penetrate through the SN-S specimen with less possibility of en-

countering grain boundaries than in the SN–A specimen, and this agrees with the

higher thermal conductivity exhibited by the SN–S ceramic. These AFM images are

also consistent with scanning electron microscope observations.

Figure 3 shows thermal conductance distribution images of the SN–S and SN–A

specimens. The images of the SN–S specimen are obviously consistent with the AFM

microstructure images in Fig. 2a and reveal that the grain boundaries possess lower

thermal conductance than the Si3N4 grains. As shown in Fig. 3a, b and c for tip tem-

peratures of 373, 473, and 573 K, the difference in supply power of the measuring tip

between the grains and the boundaries increases with an increase in the measuring tip

temperature. Figure 3d shows the thermal conductance distribution of the SN–A

specimen. It is clear that many small grains possess high thermal conductance. How-

ever, the grain boundaries between the small grains are unclear in comparison with

the images in Figs 3a–c due to the limited spatial resolution of approximately one mi-
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Fig. 2 AFM topographic images: a – SN–S specimen and b – SN–A specimen



crometer. Nevertheless, some small dark areas with low conductance are observed,

and these areas are thought to correspond to the multigrain junction boundaries

among several small grains [16, 22].

Figure 4 shows �DTA profiles obtained at the Si3N4 grains and grain boundaries

of the SN–S and SN–A specimens. The boundary in the SN-A specimen corresponds

to the small dark area seen in Fig. 3d. The profiles indicate the differential supply

power between the measuring and reference tips as a function of the tip temperature,

which ranges from 350 to 550 K. It is observed that the supply power for both the

grains and boundaries of the SN–S specimen is higher than that of the SN–A speci-

men and increases more abruptly with an increase in the tip temperature. Thus, it is

concluded that the grains and boundaries in the SN–S specimen have higher thermal

conductance than those in the SN–A specimen.

Discussion

Oxide additives for sintering Si3N4 have been reported to form two types of sili-

cate-based amorphous phase: a two-grain junction boundary and a multigrain junc-

tion boundary [16, 22]. The former boundary is a thin film formed between two Si3N4

grains, and its thickness is approximately 1 nm in any given material. The latter

boundary is surrounded by three or more Si3N4 grains, and its size ranges from 0.1 to

1 �m. It might be difficult to determine the local thermal conductance at the boundary

J. Therm. Anal. Cal., 69, 2002

1034 YE et al.: SILICON NITRIDES

Fig. 3 Thermal conductance distributions determined by �TA: a–c – the SN–S speci-
men at tip temperatures of 373, 473, and 573 K, respectively, and d – the SN–A
specimen at a tip temperature of 373 K. The dark area indicated by the arrow is
a multigrain junction boundary



accurately due to the limited spatial resolution of the �TA microscope of just 1 �m. In

this investigation, boundaries with lower thermal conductance than the grains are2

clearly observed in Fig. 3. The measured boundary area is around 1–2 �m in width,

which is much greater than the real thickness of the grain boundaries. This indicates

that local thermal conductance around the boundaries is measured as the value of the

boundaries, and that the measured difference in thermal conductance between the

amorphous boundary phase and the Si3N4 grains is much smaller than the actual dif-

ference. It also suggests that further work is required for determining the local ther-

mal properties at the grain boundaries of silicon nitrides in detail. Actually, in this

study, clear �TA images were obtained in spite of the small measured difference in

thermal conductance between the boundaries and the grains.

Al ions are known to dissolve in Si3N4 materials to form a solid solution,

so-called sialon, expressed by the formula Si6–zAlzOz N8–z (z=0–4). The �DTA pro-

files shown in Fig. 4 reveal that the thermal conductance values are low both in the

Si3N4 grains and boundaries of the SN–A specimen, in comparison with those of the

SN–S specimen. This suggests that Al and O ions dissolve not only into the Si3N4

grains but also into the grain boundaries, which could account for the lower thermal

conductance of the SN–A specimen.

Conclusions

Grain boundaries in silicon nitride were confirmed to possess considerably lower thermal

conductance than the grains, and the addition of Al2O3 to silicon nitride as a sintering aid

reduced the thermal conductivity of silicon nitride. Therefore, thermal conductivity in sil-

icon nitride ceramics is enhanced by grain growth that reduces the boundary density and

by eliminating foreign soluble elements, such as Al and O ions, in silicon nitride grains.

* * *
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Fig. 4 Comparison of �DTA profiles obtained at the Si3N4 grains and grain boundaries
of the SN–S and SN–A specimens. The differential supply power �P is plotted
as a function of the tip temperature TTip
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