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Thermal conductivity of unidirectionally oriented
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B-silicon nitride whiskers were aligned unidirectionally in silicon nitride sintered with 2 wt%
Al,03 and 6 wt% Y,0s. It was be densified by the Gas Pressure Sintering (GPS) method.
Thermal conductivity of the sintered body with different amount of 8- silicon nitride
whiskers was measured by the direct contact method from 298 K to 373 K. This
unidirectionally oriented g-silicon nitride whiskers grew into the large elongated grains,
and improved also the thermal conductivity. The amount of S-silicon nitride whiskers
changed the microstrcuture, which changed the thermal conductivity. © 2000 Kluwer
Academic Publishers

1. Introduction crystalline CVD-SiN4 was about 25 times greater than
Silicon nitride is one of the leading materials availablethat for amorphous CVD-8N4. The thermal diffusiv-

for gas turbines and other high temperature structuraty of RS-SgN4 was considerably higher because of a
applications because of its superior oxidation, thermatontinuous metal phase of free silicon.

shock resistance, and mechanical strength (high tough- The experiments to increase thermal conductivity of
ness, high strength, excellent creep resistanceN,Si  silicon nitride by modifying the powder and sinter-
is commonly obtained by the addition of a metal oxideing processing have been carrying out since Haggerty
(e.g. MgO, AbOs, and Y,Oz3) as a sintering aid. How- et al. [9] reported that the theoretical value of ther-
ever, its mechanical properties degrade at the high tenmal conductivity in the intrinsic silicon nitride is
peratures above 1473 K because of glassy grain boun@00 Wnt! K—1. Recently it has been reported that the
aries. As for SiN4 ceramics with MgO or ¥Os, the  addition of the rare earth oxide as the sintering additives
grains were a well-developed hexagonal shape. Frorimcreased the thermal conductivity of silicon nitride.
a practical standpoint, the thermal properties (thermaTlhe thermal conductivity as high as 120 WhK~1
expansion coefficient, thermal diffusivity, specific heatcan be obtained if the long heat treatment at high tem-
and thermal conductivity) of silicon nitride are of ex- peratures (2273 K, 3 MPa inJ\yas, 4 hours) are em-
treme importance for the high temperature applicaployed [10]. Similarly to this processing, the addition
tions. The thermal properties of hot pressefdNgi(HP-  of g-silicon nitride whisker improved thermal conduc-
Si3Ny), hot isostatic pressed $8l; (HIP-SkNy), and  tivity of silicon nitride [11].

reaction bonding sintered b, (RS-SgN4) have been In this studyg- silicon nitride whiskers were aligned
investigated by many workers [1-8]. Chemical vaporunidirectionally in silicon nitride sintered with 2 wt%
deposited SiN4 (CVD-SizsN4) which had crystalline  Al,O3; and 6 wt Y,Os. It was be densified by the Gas
phase, amorphous phase, or a mixture of both. HiraPressure Sintering (GPS) method. Thermal conduc-
etal.[1] measured thermal diffusivity and thermal con- tivity of the sintered body with different amount of
ductivity by a laser flash method in the range of 293 tog -silicon nitride whiskers was measured by the direct
1574 K. The structure of CVD-8N4 was crystalline  contact method from 298 K to 373 K. The amount of
oramorphous, depending on the deposition temperaturg-silicon nitride whiskers may change the microstrcu-
and total pressure. At 293 K, the thermal diffusivity for ture, which changes the thermal conductivity.
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2. Experimental procedure croscopy (SEM) of polished and plasma etched sur-
2.1. Sample preparation faces using a commercial plasma etching apparatus
The UBE E-10 silicon nitride powder¢SisNg, aver-  (RF Plasma Barrel Etcher PT 7150, Bio Rad Labo-
age particle size of 200 nm, UBE Industries, Tokyo,ratoric GmbH, Munich, FGR). The etchant gas was
Japan) with 2 wt% AlO; (AKP30 grade, Sumitomo mixture of CR +5 vol% O, adjusted to a total pres-
Chemical Co., Osaka, Japan)) and 6 wtiO¥ (fine  sure of 0.3 mbar. Etching was conducted at 100 W
grade; Herman C. Starck, Berlin, Germany) as sinterfor up to 10 minutes. TEM foil preparation was per-
ing additives were ball milled in methyl-isobutyl ke- formed by standard technique involving grinding, dim-
tone for 24 hours. After 2, 5, and 10 wt%-SisN,  pling, Ar-ion milling to perforation, and subsequent
whisker (SN-WB, 0.1-1.um in diameter, 10-1xm  coating with a thin carbon film to minimize electrical
in length and aspect ratio of 20-100, UBE Industries discharging in the microscope. Microstructural charac-
Yamaguchi, Japan) were added into the above slurryterization of specimen was performed by conventional
the mixtures were ball milled once more for 4 hours.transmission electron microscopy (Model H-8100T,
The composite slurry with binder (21 wt% of polyvinyl Hitachi, Japan). Identification of crystalline secondary
butyral; Aldrich Chemical Co., Milwaukee, U.S. A.), phases formed upon densification was performed by
dispersant (3 wt% of Hypermer KD-1; ICI Chemical both X-ray diffraction (XRD). XRD was performed
Co., Barcelona, Spain), and plasticizer (14 wt% of di-with Cu K, radiation under 25 kV and 35 mA. The scan
butyl phthalate; Aldrich Chemical Co.) was ball milled speed was4min and 2 varied from 10 to 80°. XRD

for 1 hour. The slurry was in vacuum for one hour to getpatterns were obtained from the tape casting plane.
deairing and was poured in the slurry dam of the modi-

fied tape casting machine. Modification of the tape cast2 3. Thermal conductivity measurement

ing was performed by placing two rows of pins which A heater was attached on one end of the silicon ni-
were 0.7 mm apart from each other, in each row at thgride with Ag paste and the other end was thermally
exit of the slurry dam and dividing the flow of slip into grounded to the Cu-block of the sample holder. Strain
215 narrow ones each of which have velocity distribu-gauge of resistance 350 ohmsx 2 mn?, was used
tion curve (215} times as drying, the tape was cutinto for the heater. The schematic diagram for thermal con-
36x 36 mnt size sheets which were about 120 qyctivity measurement is presented in Fig. 1. The re-
in thickness. The sheets were stacked in the unidirecsistance of the heater was monitored throughout the
tional alignment of8-SisN4 whisker. After lamination  range to measure the Joule heating power input to the

at 363 K, under 50 MPa for one hour, the stacked bodgample. Three calibrated T-type thermocouples were
was about 8 mm thick. The specimens were cold iso-

statically pressed under 250 MPa. After then binder was
burnt out at 823 K in air for a week. The debinded spec: T-type
imens were fired at a constant heating rate of 773 K/l Thermocouples
and maintained at different temperatures depending ¢
the amount of8-silicon nitride whiskers (as shown in
Table I) for 4 hours in 3 MPa nitrogen gas.

»
2.2. Evaluation methods
After sintering, bulk density of gas pressure sinterec
specimens was measured by the water immersio
P

method. Microvickers hardness tests were carried ot "

under a load of 9.8 N, and Vickers indentation crack / / I\
lengths were generated by using a load of 196 N. In|_Cu-block
dentation cracks were produced in such a way that th

two cracks were parallel to and normal to the tape cast-

ing direction, respective|yl The mechanical propertieg:igure 1 The schematic diagram for measurement of thermal conduc-
are displayed in Table . tivity. One end of the sample is thermally grounded to the Cu-block.

. . he other end was attached by an electric resistance heater (strain gauge
The microstructure of the Gas Pressure Sintere ith resistance 350 Ohms). Three thermocouples were attached 2—3 mm

materials _With undireCt_riona”y Orient?d and elon'_apart each to measure thermal gradient. Heat loss through the wires is
gated grains was examined by scanning electron miess than 1% of total input power.

Heater

Si5Na/SisNg
composite

TABLE | Testsamples and their mechanical properties

Kic (Mpam/2)

Whisker Sintering Relative Hv
Sample content (wt%) temperature (K) density (%) (KgAhm 1 L
2w 2 2123 97.5 1406 4.8 6.5
5w 5 2148 98.5 1340 45 7.5
1ow 10 2273 97.1 1280 4.2 10.1

/l'and_L :in parallel and perpendicular directions with respect to the tape casting direction.
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Figure 2 SEM micrographs of the etched surfaces ingheSisN4 whisker reinforced $iN4 composites; (A) 2 wt%s - SisN4 whisker and (B) 10 wt%
B - SizN4 whisker addition.

attached on the sample, 2-3 mm apart each to med-hermal conductivity of specimen was measured only
sure the thermal gradient with a temperature resolutiofrom 293 K to 373 K.

<10 mK. The distance between the thermocouples was

measured by a cathetometer within 2f. In Fig. 1,

the junction size of the thermocouple is drawn larger3. Results and discussion

than the real size. The thermocouples were attached 18.1. Microstructure

smallamount of Ag-epoxy. The diameter of the junctionFig. 2 illustrates the etched surfaces of’\&j compos-
including Ag-epoxy is less than 8§0m. The diameter ites added with different amount gfSizN4 whiskers.

of Cu-wire from the heater and the thermocouple wiresThe microstructure around the large elongated grains
0.025 mm. Heatlosses through the wires less than 1% athows small grains surrounded with the glassy grain
the total power input. Thermal conductivity was mea-boundary phases. The elongated grains were aligned
sured in vacuum to avoid the heat loss by convectionunidirectionally, which were parallel to the tape casting
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direction. The higher content gB-Si3N4 whiskers  of grain boundary phases detected in quenched samples
seemed to be relatively easy for unidirectional align-and the formation of $N,O restricted densification be-
ment. Growth of the elongatefl - SisN, grain was low 1873 K. The shrinkage of the sintered body above
suppressed in the parallel orientation to the tape cas2023 K was closely corresponding to the formation of
ing direction because the long axes of the elongated »Si,Oy.
B - SisN4 grain including with whisker were joined to-  The microstructures were observed by scanning elec-
gether. This phenomena is illustrated in Fig. 2b. Thetron microscopy as well as transmission electron mi-
elongated grains of 10 wt%-SisN4 whisker addedinto  croscopy to understand the interfaces among the large
SigN4 composite are relatively more aligned to the sameslongated grains, relatively small grains, and grain
direction. The processing pores were also observedoundary phases.
Porosity may increase significantly when tB«SizNg4 Fig. 4 indicates SEM and TEM morphologies of the
whiskers in the composites are added over 10 wt%. 2 wt% of whisker content in the composite. A disloca-
In this study, the sintering temperatures were changtion line imperfection inside the large elongated grains
ed to govern the porosity as the content®BisNs  which were grown by SN, whisker as a seed, is ob-
whiskers in the composites increased from 2 wt% toserved.
10wt%, whichis displayed in Table |. Relative densities
of both samples are almost same value of 97%, which .
does not indicate the full densification. Hereafter, the3-2- Thermal conductivity .
sintering temperature and sintering holding time should™ig- 5 shows the variation of thermal conductivity of
be combined to improve the density and sinterbility if different whisker content into §N4 composites from
the composite of higher contents fSisN, whisker _298 Kto 373 Kin the parallel dlr_e(_:tlon to thetape_cast—
be fabricated. ing plane. The thermal conductivity decreases with in-
The preferred orientation of the large e|0ngatedcreasing temperature. The temperature dependence of
grains were analyzed by x-ray diffraction. Matrix grains thermal conductivity of the four samples (HP-, HIP-,
of the composite without whiskers may be randomlyRS-, CVD-SiN,) was investigated in the previous
oriented and that some of matrix grains disappeare¥0rks [1-6]. Itwas reported that the thermal conductiv-
during sintering as whiskers were added. Fig. 3 show#y of CVD- SisN4 decreased with increasing tempera-
XRD patterns of the samples after sintering. Patterndure from 58.8 Wi K~* at 293 K to 19.6 Wm* K~
from the tape casting plane show strong peaks for thét 1573 K [1]. The crystalline CVD- gN4 exhibited
(210), (200), (110), (320), (310) and (100) planes. Agthe negative temperature dependence' of thermal con-
shown in Fig. 3, the main planes of grain growth of ductivity, while the amorphous CVD- 8, showed a
the whisker grains are (210) and (200), which are thd?0sitive temperature dependence of therm_al_ conductiv-
same major planes @SisN4 phase. Intensities for the ity. However, the amorphous CVD-3bi4 exhibited the
(101) and (202) peaks decreased as the whisker cotPositive temperature dependence of thermal conduc-
tent increased up to 10 wt%, while (210), (200), andtVIty: , _
(110) peaks became stronger. The XRD spectrum of InFig. 2b, itwas shown that that the higher content of
the 10 wt% whisker composite shows double peak§'_3'3N4_ whiskers illustrated rela_tlvely un_ldlrect|onal
at the angle of 33 (20). These two peaks may be Orientation of the elongated grains growing f_rom the
Y 20N4Si12015 as the grain boundary phase after Sin_vv_hlske_r. The hlghe_r content of whisker prpwdes the
tering at 2273 K. Abe [12] investigated the influence higher interconnection of the elqngated grains. The in-
of additive composition on the grain boundary phasderconnection of the elongatgd SisN4 grain enhanced
of Y,05 and ALOs doped SiN, after quenching the the thermal conductivity in the parallel orientation to the

sintered body. It was suggested that the relative amouri@Pe casting direction because the phonon can be trans-
ferred into the long axes of the elongafedSisN4 grain

even though it includes dislocation at the boundary of

the core/shell structure.
(200) (210) ® Y, N,Si,,0\ ~ Fig. 6 shows the comparison of thermal conductivi-
ties of 10 wt% whisker content sample between in the
parallel direction and in the perpendicular direction. For
HP- SiN4, the observed anisotropy of thermal con-
ductivity was thought to be related to the formation
(110) (320) of elongated grains [8]. Moreover, a strong orienta-

o (21(11)}2 2z l(ooz) tion effect on thermal diffusivity/conductivity can be
o | OO d(?gm) L obtained. The reason for this was that the elongated
l 1pwt% whisker, B-grains exhibited a preferred orientation in such a way

) h l [ that their direction of elongation, which coincided with

5wt% whisker the crystallographic-axis of the hexagong-phase,

J____LJ_L e, k b hok was oriented perpendicular to the hot-pressing. This
, , , 2w1% whisker preferred orientation has been shown to result also
10 20 30 40 50 60 70 80 in a pronounced anisotropy in strength and fracture
20 toughness. Moreover, thermal conductivity of dense
SizsN4isinfluenced by other microstructural parameters
Figure 3 XRD patterns of the $Nay/SisN4 composites. such as the amount of glassy phase and solid solution
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Figure 4 SEM (A) and TEM (B) micrographs (and its high magnification (C)) of core/shell structure for the 28wiStsN4 whisker reinforced
SigN4 composite.

effects. The use of sintering aids changes the physicab the presence of grain boundary phases and a small
properties of hot-presseds8i; markedly. The thermal amount of porosity. The thermal conductivity values
diffusivity/conductivity values of silicon nitride with- of these sintered bodies became smaller in the follow-
out additives were lower than those of the denselying order: SiN4 > SisN4 + MgO > SizNg + Y203 >
chemical vapor deposited silicon nitride as reportedSisN4 + Al,O3. It was thought that the lower thermal
by Hirai et al. [1]. Considering that the chemical va- conductivity of SN, bodies with additives were due to
por deposited silicon nitride was perfectly dense, highthe presence of a glassy phase at the grain boundaries,
pure, and no grain boundary phase, the lower values diecause the thermal conductivity of the glassy phase
the gas pressure sintered specimen apparently were diselower than that of the crystalline b, phase [3].
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temperature. The thermal conductivity increases lin-

100 [ —®— 2 wt% whisker | ] early with increasing the amount of the large elongated
e S whisker grains. Wataret al.[13] reported that thermal conduc-

tivity of silicon nitride at room temperature is not con-

80 . . ] trolled by the grain size, but rather the internal defects

of the grains, such as dislocations and point defects.
60 & T e Y] The reason was that the calculated phonon mean free
path length (about 20 nm) was an order of magnitude
smaller than the smallest grain sizes in the sintered sil-
o oo o o o o ] icon nitride samples. If the phonons are scattered sig-
nificantly by the presence of a grain boundary at room
0 : 1 : : : : : , temperature, the phonon mean free path must equal the
290 300 310 320 330 340 350 360 370 380  magnitude of the grain size. Therefore, the thermal con-
Temperature (K) ductivity in the perpendicular direction should be inde-
pendent on the width as well as the amount of the elon-
gated grains in this composites. The elongated grain
length of 8-silicon nitride influences the thermal con-
ductivity of silicon nitride. Hirosaket al.[14] showed

the influence of grain growth on thermal conductivity of

40f

Thermal conductivity (W/mK)

Figure 5 Temperature dependence of the thermal conductivity in the
parallel direction of SiNaw/SizN4 composites.

- 100 e P ndicular p-silicon nitride with increasing sintering temperature

£ ] ] up to 2473 K. They showed that higher thermal conduc-
A T . . tivities were established by growth of;8l, grains and

& decrease in the amount of two-grain junction. In most
5 80 : cases, oxidation products cause a decrease in thermal
g diffusivity/conductivity which was dependent on the

= Y ] type and penetration depth of the oxidation products.
§ OO0 0—0—0—0—0— Oxygen produces defects insigdeSizN4, but no defects

E 20 ] in B- Si3Ny4. Fig. 4 showed the dislocations inside the

elongated grains in the area of core/shell. These dislo-
cation provide the phonon-imperfection scattering and
degrade the thermal conductivity. These dislocations
are attributed to solid solution with ADs in the elon-

Figure 6 Comparison of thermal conductivity between in the perpendic—g.ated_gramsv and this So“(_j SO|l..It.I0n of2A; into the .
ular direction and in the parallel direction for 10 wise SisNs whisker ~ SigNa in the shell area was identified by EDX analaysis

0 ‘ . ‘ . . . ‘ .
290 300 310 320 330 340 350 360 370 380
Temperature (K)

reinforced SiN4 composite. with TEM, as mentioned in previous work [15]. Slack
and his coworkers hypothesized that the low thermal
100 . ‘ . conductivity of SgN4 [16] and AIN [17] without any

additive has been attributed to impurities. The effect of
|  impurities of thermal conductivity of AIN, in particu-
302.3K larly oxygen, has been investigated experimentally and
explained on the basis of the thermodynamics [18].

80 [

60 [ 301.9K

4. Conclusions
303.9K From the experimental results, the following conclu-
sions are made.

40 |

Thermal conductivity (W/mK)

20 f

1) Thermal conductivity is dependent upon the ori-
0 ' ’ ’ entation of whisker alignments. Thermal conductivity
2w 5w 10w . . . K . . . .
Amount of whisker (wt%) in the; direction to th_e tape casting direction is 1.5_t|mes
that in the perpendicular direction. Interconnection of
Figure 7 Variation of thermal conductivity as a function of the amount the elongated -SisN,4 grains enhances thermal con-
of Silicon nitride whisker. ductivity to the tape casting direction because the long
axes of the elongated - SisN4 grain including with
Addition of Al,O; degrades thermal conductivity. whisker were joined together.
Kuriyama et al. [2] reported that the lower thermal 2) Thermal conductivity of the unidirectionally
conductivities of hot pressed 38l4 - Al,O3 were ex-  aligned SiN4 whisker reinforced SN4 composites in-
plained by the presence of an “X phase” at the graircreased with increasing the amount ofl&j whisker
boundary together with the formation of the solid so-in the composites. Interconnection of the elongated
lution (a compounding having a mullite-like structure; g -SisN4 grains due to the grain growth into the long
SigAl4011N>). axes of the elongated - SisN4 grain including with
Fig. 7 shows the effect of the whisker content in whisker were enhanced with increasing the amount of
silicon nitride on the thermal conductivity at room g - SisN4 whisker in the composites.
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3) The large elongated grains contains the core/shell?
structure, which exhibited the dislocations. These de-

fects degrade the thermal conductivity due to the &
0.

phonon scattering.
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