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Thermal Conductivity of B-Si;N,:
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Calculations based on a simple modified Wiener’s model
for thermal conductivity of a composite material predict
that the thermal conductivity of B-Si;N, decreases quickly
as the grain-boundary film thickness increases within a
range of a few tenths of a nanometer and also that it ini-
tially increases steeply with increased grain size, then
reaches almost constant values. Because of the faceted na-
ture of the B-Si;N, crystal, the “average” grain-boundary
film thickness is much greater than that in equilibrium.
The present study demonstrates both theoretically and ex-
perimentally that grain growth alone cannot improve the
thermal conductivity of B-Si;N,.

I. Introduction

LTHOUGH intensive studies have improved the thermal con-
ductivity of AIN to near the intrinsic value (319 W/(#q))

sintered-Si;N, has exceeded 100 W/(i). Hirao et alt©
fabricated an SN, with a highly anisotropic microstructure
and exhibiting high thermal conductivity—up to 120 and 60
W/(m-K)—by rendering rodlikep-Si;N, seed particles, ar-
ranged unidirectionally via tape casting, into orientations par-
allel and perpendicular, respectively, to the tape-casting direc-
tion after annealing at 1850°C for up to 66 h under a nitrogen
pressure of 1 MPa. Watagt al** further annealed this material
at 2500°C under a nitrogen pressure of 200 MPa, and the
thermal conductivity reached 155 and 52 W/khin the ori-
entations parallel and perpendicular, respectively, to the tape-
casting direction. Hirosaket all?3 achieved high thermal
conductivity, up to 120 W/(rK), by annealingB-Si;N, at
2000°-2200°C fo4 h under high nitrogen pressures (10-100
MPa) to prevent the decomposition of;8j (gas-pressure-
sintering).

In those works, grain growth @-Si;N, promoted by pro-

in the past decade, the poor mechanical properties of the com-longed annealing time or extremely high annealing temperature

pound, in addition to the high production cost, have kept it
from wide commercial use. SiC, another candidate for high
thermal conductivity, is not appropriate for electrical use be-
cause of its electrical conductivity. Electrical industries have
strongly desired an alternative material with high thermal con-
ductivity for electrical-substrate applications, in order to deal
with heat from an ever-increasing number of electrical devices.
Haggerty and Lightfodtpointed out SjN, as a material with
potentially high thermal conductivity (200-320 WAIK)) at
room temperature. The superior mechanical and electrical
properties of SIN, make it an excellent prospective material
for electrical substrates. Improving the thermal conductivity of
SizN, also is crucial for its application in automotive engines,
where good thermal-shock resistance is required. However,
relatively poor thermal-conductivity values, ranging from 20 to
70 W/(mK), have been reported for i, ceramics fabricated
by reaction bonding;® chemical vapor deposition (CVD),
hot-pressing;>¢ and hot-isostatic-pressing methodsHaya-
shi et al® developed am-Si;N, with a high thermal conduc-
tivity of 110-150 W/(mK) through the CVD process, by care-
fully controlling the oxygen content. Unfortunately, this
material exhibited very poor mechanical properties, probably
because of its extremely large grains (in the millimeter range)
and lack of a grain-boundary phase.

Very recently, the thermal conductivity of liquid-phase-
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was the key factor for improving thermal conductivity. Based
on experimental results, Hirosaki all?3 stressed that the
amount of grain-boundary film directly related to grain size
might significantly influence the thermal conductivity of
B-SizN,. Assuming unidirectionally arranged, elongated
B-grains as continuous fibers, Hira al.*° demonstrated that
the relationship between the area fraction of elongated grains
and thermal conductivity accurately follows Wiener's parallel
and serial formulas for the thermal conductivity of a composite
material*#

Although Wiener’s formulas might be applicablefeSizN,
with a bimodal structure consisting of a fine matrix and large
elongated grains, they are not sufficient to describe the thermal
conductivity of3-SizN, without such a unique microstructure.
The formulas contain only the volume fractions of constituents
and cannot treat the grain sizes (width and length), arrangement
of anisotropic grains, and grain-boundary glassy film that all
characterize3-SizN,,.

Buhr and Miiler?s treated the thermal conductivity of AIN
using simple cubic models with thin grain-boundary films and
with or without a continuous network of secondary phases
along the grain edges. Those calculated thermal conductivities
were in good agreement with the above-mentioned measured
values of AIN sintered bodies with two types of microstruc-
tures!® 16 Because the grain shape of AIN was isotropic,
simple cubic models could successfully simulate the thermal
conductivity of this material. Although the grain-boundary film
thickness was taken into account in that model, grain aniso-
tropy was not considered, so that the model is not applicable to
B-SisN, with a highly anisotropic grain shape.

The strong tendency toward faceting of liquid-phase-sintered
Si;N, further complicates the modeling of the thermal conduc-
tivity of B-Si;N,. Even though the distance between two crys-
tals is in equilibrium (typically 1-2 nniy for some of the
crystals, other parts should have much greater distances be-
cause the prismatic planes@®fSi;N, facet when the two elon-
gated grains are not parallel but inclined to each other, as in a
general case.

The purpose of the present work is to model the thermal
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conductivity ofB-Si;N,, taking into account grain sizes (width  phase'® the thermal conductivity of the $N, matrix, k., with
and length), the arrangement of anisotropic grains, and thedispersed glass pockets is expressed as
grain-boundary film thickness, and to provide experimental

data supporting the proposed model. The effects of various 1+9f 1-Q
microstructural factors are discussed in conjunction with the P20+1
unique faceting nature g§-SisN,. Kn = &#Q 4
. 1-1, 20+1
II. Modeling

) ) o ) wherek. andQ are the thermal conductivity of the crystal and
Anisotropy in thermal conductivity is described well by  the thermal-conductivity ratio of thg-Si;N, crystal and the
Wiener's parallel and serial formulas for the thermal conduc- grain-boundary glassy phask,/k, respectively. Although

tivity of a composite material, as follows, thermal-conductivity anisotropy might exist, depending on the
(1) crystallography of the3-Si;N,, we assume in this work that

Parallel arrangement  k, = Vik, +V5k, the thermal conductivity is independent of the crystallography.

1V, V, To take grain sizes (width and length) and grain-boundary
Serial arrangement  —=—+-— 2 film thickness into account, we modify the Wiener’s parallel
k ko k and serial formulas for the thermal conductivity of a compo-

site material. For the para orientation, the thermal conduc-
tivity, Koara Can be expressed by combining the following two
equations.

wherek; andk, are the thermal conductivities of components
1 and 2, respectively, and, andV, the volume fractions of
components 1 and 2, respectively.

Figure 1 shows an idealized two-dimensional microstructure

of B-SizNy, in which the (001) and (100) planes of tBecrys- k= I— K, + o Ky (5a)
tals are perfectly oriented to the directions designatad and I+3d I+3

perp, respectively. Each grain has an equal width (distance 1 w1 5 1

between the two opposite (100) facets) and length (distance - 4 - (5b)
between the two opposite (001) facets)and|, respectively. Koara WHB K, W+3k,

Assume that the grain-boundary film thickne8sjs indepen- . . .

dent of the crystallographic orientations and completely covers FOr the perp orientation, the thermal conductivkye,, can be
the grain surfaces. If the amount of grain-boundary glassy expressed likewise,

phase exceeds that required for complete covering of the N
grains, the rest exists as glass pockets, as shown in Fig. 1. K. = k,+ Ky (6a)
When the volume fraction of the glassy phase equalthe w+3 W+ 3

volume fraction of the glass pockefs, is 1 |1 5 1

w

/+__
x4 ® o 101 10K

(6b)

where k/,, and ki, are the composite thermal conductivities
Using the well-known Maxwell's relationship for the thermal when grains and grain-boundary films are arranged serially
conductivity of composite materials with a dispersed secondary along the para and perp orientations, respectively. Combining

grain boundary film

3 (100)

__SiaNg |(001)

| |

po ]

I
|

|
| | —
o J| Perp
|
|

wl|

glass pockets
Para

Fig. 1. [lllustration of idealized two-dimensional microstructure ®Si;N,; [210] and [001] directions of3-grains are perfectly oriented to

directions designated para and perp, respectively; grain-boundary film thicknés&dependent of crystallographic orientations and completely

covers grain surfaces. If the amount of grain-boundary glassy phase exceeds that required for complete covering of grains, remainder is assumed
to exist as glass pockets.
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Egs. (3)-(6) makes it possible to describe the thermal conduc- Hot press direction
tivity of B-SizN,, taking into account grain sizes (width and
length), the arrangement of anisotropic grains, and the grain-
boundary film thickness.

" "
Ill. Experimental Procedure para

Commercially available submicrometer-siz@esi;N, pow- specimen
der (SN-21FC grade3-phase content 100%, average particle
size 0.55.m, oxygen content 0.47 wt%; Denki Kagaku Kogyo @
Co., Tokyo, Japan) was ultrasonically dispersed into distilled
water containing 1 wt% dispersing agent (A-6114, Toagosei
Co., Ltd., Tokyo, Japan). The resultant slurry was classified by
centrifugal sedimentation at 15¢9@r 5 min, which made par-
ticles >0.5um settle out completely. The supernatant was sepa-
rated from the sediment and consolidated, using a centrifuge at
300Qy for 10 min. The sediment was dispersed in ethanol and planes for SEM
consolidated again, using a centrifuge at 2@ 5 min. This b .
procedure then was repeated, using acetone, after which the observation
samples were dried at 110°Crf@ h and passed through a Y
60-mesh nylon sieve. The resultant powder was designated + }me

"perpll

10mmé .
Specimen

submicrometeg-powder. _ _
The submicrometeB-powder and two commercial-Si;N, Fig. 2. lllustration showing how disk specimens (10mx 2 mm)
powders (SN-E10, specific surface area 9-13gmand SN- were taken from sintered samples; disk surfaces of para and perp

EO05, specific surface area 4-&/g, oxygen content <2.0 wt%;  specimens were oriented perpendicular and parallel, respectively, to
UBE Industries, Ltd., Yamaguchi, Japan) were each mixed hot-pressing direction. Shown are planes for SEM observation and
with 5 wt% Y,O, powder (purity >99.9%, specific surface area planes irradiated by laser beam when thermal properties were mea-
27 n?/g; Hokko Chemical Industry Co., Ltd., Tokyo, Japan) in sured (heat flows in the directions perpendicular to specimen surfaces).
a resin-coated ball mill for 3 h, using methanol as a mixing
medium. Each slurry was dried, using a rotary evaporator, at
60°C, then dried at 110°C f&2 h and passed through a 60- IV. Results
mesh nylon sieve. A measured quantity of each mixed powder
(30 g) was charged into a 30 mm high-purity graphite dye  Figures 3-5 show SEM photographs @Si;N, fabricated
(Toyotanso Co., Osaka, Japan) coated with high-purity BN from the submicrometeB-powder (hot-pressed at 1800°C for
powder (GP grade, Denki Kagaku Kogyo Co.). 30 min) and the SN-E10 and SN-E05 powders (hot-pressed at
The submicrometeB-powder and thex-Si;N, powders 1800°C for 2 h, then annealed at 1850°C for 4 h), respectively.
were hot-pressed at 1800°C for 30 min and 2 h, respectively, In all figures, (a) and (b) designate the para and perp samples,
under a pressure of 40 MPa in a flowing nitrogen atmosphere. respectively.
Those conditions produced sintered bodies with >99% of theo- Figure 3 demonstrates that the submicrometer size of the raw
retical density. The hot-pressegtSi;N, made from the powder was maintained successfully because of the lack of
a-SizN, powders then was annealed at 1850°C for 4 and 16 h, «a—B transformation and a shorter hot-pressing time. Figure 5
under a nitrogen pressure of 1 MPa, in a high-purity BN cru- shows the extremely large grain size of #Si;N,. This size
cible (N1 grade, Denki Kagaku Kogyo Co.) with a mixed pow- probably is attributable to use of the SN-EO05 powder, which
der bed of SiN, (UBE SN-E10) and BN (GP grade, Denka, contains much fewep-nuclei than does the SN-E10.
Tokyo, Japan) in the ratio 7:3. Both hot-pressing and annealing  Figure 4 shows the typical microstructure@fSi;N,, famil-
were conducted in a furnace with graphite heating elementsiar from previous works because UBE SN-E10 commonly is
that had never been used for materials containing aluminum. used as the starting powder for fabricatinghgj sintered bod-
Extreme care was taken to avoid any possible contamination byies. Thep-Si;N, grain size is halfway between those shown in
combining the described treatment with the use of a resin- Figs. 3 and 5. Hence-Si;N, sintered bodies with an ex-
coated ball mill and a high-purity graphite dye. tremely wide range of grain size were successfully obtained.
Phase identification of the sintered body was performed by The difference between photographs (a) and (b) is significant in
X-ray diffractometry (XRD). Disk samples 10 mm in diameter all figures: The elongate@-grains in the (a) photographs lie
and 2 mm thick, for measuring thermal properties (thermal nearly along the hot-pressed surfaces, showing mainly pris-
diffusivity and specific heat) were taken from all of the sintered matic facets. In contrast, fewer elongated grain shapes are ob-
samples, parallel and perpendicular to the hot-pressed surfacesserved in (b), and hexagonal grain shapes are the main feature
and designated the para and perp samples, respectively, as ilin these photographs. As a result, the (a) microstructures are
lustrated in Fig. 2; these samples were finished using a No. 200much more anisotropic than the (b). This difference in micro-
wheel. structure results from the alignment of the rodliReSi;N,
Sample densities were determined by the Archimedes grains during uniaxial pressing.
method. The thermal properties were measured by the laser- Table | shows the mean grain sizes and thermal conductivi-
flash method (Model TC-3000, ULVAC Japan, Ltd., Ka- ties of all the para and perp samples. As shown in Fig. 2, the
nagawa, Japan) after both sides of the samples had been coateaheasured thermal conductivities are the values perpendicular
with a 600 A thickness of gold and then with black carbon to the planes observed by SEM; hence, the mean grain sizes of
layers. The thermal conductivitk, was calculated according the para and perp samples correspond to the thermal conduc-
to the equationk = pC,a, wherep, C,, anda are the density, tivities of the perp and para samples, respectively. The differ-
specific heat, and thermal diffusivity, respectively. After the ences in grain size between the para and the perp samples are
thermal properties had been measured, all of the disk samplegjuite small, probably because of the method used for deter-
were finished, using ium diamond slurry, then plasma-etched mining grain sizes. The figures determined by the linear-
in CF, gas, coated with a 200 A thickness of gold, and ob- intercept method are very close to the grain width, because of
served by scanning electron microscopy (SEM; Model JSM- the rodlike grain shape of th&-Si;N,.
6340F, JEOL, Tokyo, Japan). The mean grain sizes were de- Table | reveals that the thermal conductivity pfSi;N,
termined from SEM photographs, using the linear-intercept increases as grain size increases. The thermal conductivity also
method. demonstrates a significant dependence on sample orientation.
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Fig. 3. SEM photographs d8-Si;N, fabricated from submicrometer  Fig. 4. SEM photographs oB-Si;N, fabricated from SN-E10 hot-
B-powder hot-pressed at 1800°C for 30 min: (a) planes parallel and (b) pressed at 1800°C for 2 h, then annealed at 1850°C for 4 h: (a) planes
planes perpendicular to hot-pressing surface. parallel and (b) planes perpendicular to hot-pressing surface.

The thermal conductivities of the para samples always are intrinsic thermal conductivity, the nature of facetingdirSi;N,
smaller than those of the perp samples. Because the elongatedignificantly differentiates it, as mentioned already in the In-
B-grains lie along the hot-pressed surfaces, as shown in Figs.troduction. Even though the distance between two crystals is in
3-5, the thermal conductivities of the para and perp samplesequilibrium in parts of the crystals, other parts should have
correspond to those of the para and perp orientations shown inmuch greater distances, because the prismatic planes of the
Fig. 1. B-Si;N, facet when the two elongated grains are not parallel
Figure 6 shows the relationship between mean grain size andbut rather inclined to each other, as in a general case.
thermal conductivity for th@-Si;N, samples. When the mean Figure 7, an enlarged SEM photograph of Fig. 4(a), accu-
grain size is plotted using a logarithm scale, a good straight line rately illustrates this concept. The part of the grain boundary
can be drawn for the plots of the experimental data, suggestingindicated by {\) is quite thin and would have the equilibrium
an apparent exponential dependence of thermal conductivity ongrain-boundary thickness. In contrast, the other part, indicated

mean grain size, as follows, by (A), is much wider, because of faceting of the prismatic
planes of theB-Si;N,, and is called here the thick film, in
k=C;In(d)+C, (7) contrast to the thin film in equilibrium. The thick films clearly

. behave differently from the dispersed glassy pockets, a factor
where C, and C, are constants and the mean grain size.  that should significantly affect the thermal conductivity result-
However, this relationship is just phenomenological and has no ing from the filmlike morphology.
theoretical meaning, because the thermal conductivity becomes The model proposed in the present work predicts how grain-
negative and infinite when the line is extrapolated to both sizes, boundary thickness affects the thermal conductivity of
which should never happen. This result suggests that the ap-g_sj.N,. Calculations were performed using the thermal con-
parent linear relationship involves some effects other than mere quctivity values of 180 and 1 W/(rK) for the B-SisN, crystal
grain size. and the grain-boundary glassy phase, respectively. Hitao

al.*% predicted an intrinsic thermal-conductivity value of 180
V. Discussion W/(m-K) by extrapolating the relationship between the area
fraction of elongated grains and the thermal conductivity. This
Table Il summarizes the difference between AIN and value was chosen here for the thermal conductivity of the
B-SisN, from the aspect of thermal conductivity. Although the B-Si;N, crystal because the same additive (5 wt%0Y) was
compounds are quite similar in many points, including the used in the present study.
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Fig. 6. Relationship between mean grain sizes and thermal conduc-
tivities of B-Si;N, sintered bodies. Note: A straight line can be drawn
for plots of experimental data when mean grain sizes are plotted using
a logarithm scale.

typical value in equilibrium. The thermal conductivity de-
creases noticeably, to 63.2 and 124.6 WK for the para and
perp orientations, respectively, wh&n= 10 nm. High aniso-
tropy in thermal conductivity is observed in this second case.
Figure 8 demonstrates that the thermal conductivity of
B-SisN, is affected significantly by the grain-boundary film
thickness, within a range of a few tenths of a nanometer. Figure
8 also shows that thermal-conductivity anisotropy can arise
through the arrangement of anisotrogegrains, which di-
rectly changes the number of thin films per unit thickness. In
: AIN, the homogeneous thickness of the grain-boundary amor-
[Oum ~ phous film, if it exists, is in the range 2—4 Afbecause of the
isotropic nature of the AIN crystal. Because of the thin and
. . . homogeneous film thickness, the thermal conductivity of AIN
Fig. 5. SEM photographs oB-Si;N, fabricated from SN-E05 hot- : : : :
prgessed at 18(;)0°C f?)r 2ph, thgn a3nn4ealed at 1850°C for 4 h: (a) planesIS affected by as I.'ttle as _.5%_10%’ Wh"?h explains Why the
parallel and (b) planes perpendicular to hot-pressing surface. oxygen content dissolved in the AIN lattice has a dominant
influence in AIN ceramics. IB-Si;N, ceramics, however, the
grain-boundary film should significantly influence the thermal
A typical thermal-conductivity value for silicate-based glass conductivity because of the thick film, as shown in Fig. 7. An
is as low as 1 W/(nK).1® Figure 8 shows the effect of grain-  averaged thickness of the thin (in equilibrium) and thick films

boundary thickness on the thermal conductivity BSi;N, would influence the thermal conductivity @-Si;N, on the
when the grain width and length are 1 ang.®, respectively; whole. Figure 8 demonstrates that this effect is enormous.
the grain aspect rati®} = 1/d, is 5; and the volume fraction of Figure 9 shows the effect of grain size on the thermal con-

glassy phase, is 6%. In the case of the grain-boundary film  ductivity of 3-Si;N, whenR = 5 for the-grain andx = 6%.
thickness® = 0 nm, all of the glassy phase exists as disper- The calculations were performed using grain-boundary film
sions, and the thermal conductivity decreases from the intrinsic thickness values of 1, 10, and 50 nm. Figure 9 demonstrates
value, 180 W/(rK), to 164.4 W/(mK). The thermal conduc-  that the thermal conductivities d8-Si;N, initially increase

tivity decreases slightly, to 141.5 and 159.3 W/ for the steeply as grain size increases, up to certain values dependent
para and perp orientations, respectively, wides= 1 nm, a on film thickness, and then remain almost constant. This trend

Table I. Mean Grain Sizes and Thermal Conductivities of Samples Taken Parallel and Perpendicular to Hot-Pressed Surfaces
of Sintered B-Si;N,

Th |
Hot-pressing Annealing Sample Mean grain cond%r(r:Tt]isity
Sample conditions conditions orientation size @m) (WI(m-K))
SubmicrometeB-powder 1800°C, 30 min para 0.335 43.5
perp 0.332 55.4
UBE SN-E10 1800°C, 2 h 1850°C, 4 h para 1.82 66.7
perp 1.79 87.0
1850°C, 16 h para 2.19 72.3
perp 2.17 94.9
UBE SN-EO05 1800°C, 2 h 1850°C, 4 h para 5.37 85.0
perp 5.07 107.7
1850°C, 16 h para 6.30 87.2

perp 5.64 111.1
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Table Il. Comparison of B-Si;N, and AIN Ceramics in Terms of Thermal Conductivity

B-SigN, AIN

Chemistry st* Al®*

lonic radius: 0.26 A lonic radius: 0.39 A

Electronegativity: 1.90 Electronegativity: 1.61
Crystallography HexagonaP6,) Hexagonal (wurtzite)
Melting point 1850°C—decomposition 2000°C—-sublimation
Intrinsic thermal conductivity 200 or 320 W/¢i) " 319 W/(mK)
Secondary phase (thermal conductivity) Mainly amorphats\W/(m:-K)) Mainly crystalline (L0 W/(mK))
Morphology of GBP Thin film Thin film

Glass pocket Grain edge

Dispersion

Oxygen solid solution NA 0.05-0.5 wit%
Highest thermal conductivity reported 155 WH* 260 W/(mK)3

THaggerty and Lightfoot (Ref. 1) predicted that 320 W/kihwould be a more probable valuéReference 115Reference 22.
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0 10 20 30 40 50
Grain boundary film thickness (nm)

Fig. 8. Effect of grain-boundary thickness on thermal conductivity of
B-SisN, ford = 1 um,| = 5 pm (R = 5), andx = 6%.

Fig. 7. Enlargement of SEM photograph in Fig. 3(a): Part of grain Of the volume fraction of glassy phase on the thermal conduc-
boundary indicated byZ) is very thin, with equilibrium grain-  tivity of B-SisN, with R = 1 for the B-grains and grain-
boundary thickness;&) is much wider because of faceting of pris- boundary film thicknesses @& = 1 andd = 10 nm. Calcu-
matic planes of3-Si;N,. lations were performed for 2%, 4%, 6%, 8%, and 10% volume
fractions of glassy phase, typical amounts@e®i;N,,. Increas-
ing the volume fractions of glassy phase from 2% to 10%

suggests that grain growth promoted by excess heat treatmentslecreased the thermal conductivity by only 20 WAh Com-
improves thermal conductivity very little. That fact does not pared to the effect of the grain-boundary film thickness (1
negate the importance of purification promoted by dissolution versus 10 nm), the effect of the glass pockets was insignificant.
and reprecipitation during Ostwald ripening; however, grain This difference suggests that an effort to reduce glass content
growth alone does not significantly improve the thermal con- while sacrificing sinterability has little effect. Again, these re-
ductivity of B-Si;N, once grain size reaches certain critical sults confirm that film thickness is a dominant factor affecting
values (for example[l uwm when the grain-boundary film  the thermal conductivity op-SizN,.
thickness is 1 nm). After improving our understanding of the thermal conduc-

Figure 9 reveals that a more important way of improving tivity of B-Si;N, through the above-mentioned calculations, we
thermal conductivity is to reduce the average grain-boundary analyzed the experimental results for the present work. From
film thickness—that is, to reduce the tendency toward faceting. the amount of ¥O5 additive and oxygen content in the raw
The high toughness of i, ceramics derives from elongated powders, the volume fraction of glassy phase was assumed to
graing® developed because of the faceting naturgd<8i;N, be [6%. The aspect ratio of thg-grains was taken &R = 2
crystals?! so that improving thermal conductivity may conflict ~ for all samples, close to the measured average values. Using the
with improving toughness. However, if grain growth is not thermal-conductivity values f@-Si;N, crystal and glass men-
necessary for improving thermal conductiviB:Si;N, may be tioned previously, calculations were performed to find the best
usable as a substrate material because a coarse grain size drafit to the experimental results.
tically decrease$-Si;N, strengtli and also because increased Figure 11 compares the calculated and experimental results
production costs resulting from excess heat treatments can beand suggests that the grain-boundary film thickness values are
avoided. The anisotropy of thermal conductivity (the difference 7, (119, and[B5 nm for samples fabricated from the submi-
between the para and the perp orientations) does increase wittcrometer powders, the UBE SN-E10, and the SN-EO05, respec-
increased grain-boundary film thickness. tively. These values may vary, depending on the intrinsic ther-

In contrast to the grain-boundary films, the grain-boundary mal-conductivity values assumed for tigeSisN, crystal.
glassy phase that exists as glass pockets has much less of aHowever, the implication that the grain-boundary film thick-
effect on thermal conductivity. Figure 10 illustrates the effect ness increases with increased grain size remains unaltered.
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Fig. 9. Effect of grain size on thermal conductivity 8fSi;N, with
various grain-boundary film thickness values, Roe 5in 3-grain and
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Fig. 10. Effect of volume fraction of glassy phase on thermal con-
ductivity of B-SizN, for R = 1 in B-grain andd = 1 and 10 nm.
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Fig. 11. Effect of grain size on thermal conductivity fSi;N, with
various grain-boundary film thickness values, comparing experimental
data and best-fit calculations fB = 2 in B-grain andk = 6%; best-fit
values of grain-boundary film thickness are 7, 19, and 35 nm for
samples fabricated from submicromefepowder, SN-E10, and SN-
EO5, respectively.

much smaller than those of AIN with a thin grain-boundary
film of homogeneous thickness. The following conclusions can
be drawn from the present work.

(1) The thermal conductivity g8-Si;N, is strongly depen-
dent on the average grain-boundary film thickness, within the
range of a few tenths of a nanometer.

(2) The thermal conductivity g8-Si;N, initially increases
steeply with increased grain size, then reaches almost constant
values above certain critical grain sizes determined by the
grain-boundary thickness and the amount of glassy phase.

(3) Thermal conductivity anisotropy can emerge from an
arrangement of anisotropjg-grains.

(4) The average grain-boundary film thickness increases as
grain size increases.

Overall, the present work has elucidated the relationship
between thermal conductivity and various microstructural fac-
tors in B-Si;N, and has demonstrated that grain growth alone
cannot improve the thermal conductivity @fSi;N, exceeding
certain critical grain sizes.
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