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Thermal Conductivity of B-Si;N,: 11, Effect of
Rare-Earth (RE = La, Nd, Gd, Y, Yb, and Sc) Oxide Additives
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B-SisN, ceramics sintered with a series of rare-earth (RE=
La, Nd, Gd, Y, Yb and Sc) oxide additives were fabricated by
hot pressing and subsequent annealing. Their microstructures,
lattice oxygen contents, and thermal conductivities were eval-
uated. Mean grain size increased, while lattice oxygen content
decreased, and hence, thermal conductivity increased with
decreasing ionic radius of the rare-earth element. In all cases,
a marked change was observed in the order of ionic radius
from La to Nd to Gd, and a little change was observed below
them. Rare-earth oxide additives significantly influenced the
thermal conductivity of B-SigN,, unlike in the case of AIN.

I. Introduction

@E of our previous works (Part Hinvestigated the effects of
arious microstructural factors (grain size, thickness of the
grain boundary film, and alignment of elongated grains) of
B-Si;N, ceramics on thermal conductivity. Theoretically and
experimentally, it was demonstrated that mere grain growth could
not improve thermal conductivity, because of the unique faceting
nature of this material. Another work (Partdljeported that the
lattice oxygen content controlled the thermal conductivity of
B-SigN, ceramics just as in the case of AIN ceramics. The
relationship between the microstructure, grain-boundary phase
lattice oxygen content, and thermal conductivity®Si;N, that
was sintered at various,0,/SiO, additive ratios was clarified. It

was suggested that there was an optimum amount of sintering

additive depending on the amount of oxygen impurity in thdNSi
raw powder. Although grain growth improves thermal conductiv-

ity at the expense of strength, decreasing the lattice oxygen content I

with less grain growth has an advantage with this material—high

strength. Because sintering additives play key roles in densifica-

tion, phase transformation, microstructural control, and oxygen
removal of S{N, ceramics, a search for the most suitable sintering
additive is crucial for this purpose.

Rare-earth oxides (RB3) have been widely investigated as
sintering additives for §N,.>~*2 Rare-earth elements including
Sc, Y, and lanthanides (Ln) have a common ionic valeaie+ 3,
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and are known to be the most electropositive elements. Thus, it h:
been suggested that they are suitable sintering additives ft
Si;N,. 13 Because lanthanide elements continuously decreas
their ionic radii r with increasing atomic number, known as
lanthanide contraction, their cationic field strengths® also
continuously change with their atomic number. This causes sut
stantial variations in the various properties of Ln-Si-(Al)-O-N
glasse¥*8that are the grain boundary phase ofNsj ceramics
sintered with rare-earth oxide additives, and thus, can also affe
various properties of §N, ceramics themselves. It has been
observed that the mean aspect ratio at the end of the pha
transformation is proportional to the ionic radius of rare-earth
elements?® Recently, we observed that rare-earth elements hav
an influence not only during phase transformation but also during
Ostwald ripening?° This work clearly showed that rare-earth oxide
additives significantly affect the grain growth behavior ofM\gj
during and after phase transformation, which influences the
purification kinetics of the3-Si;N, crystal lattice that proceed via
a solution—reprecipitation mechanism through the liquid phase
Furthermore, the variation of the grain boundary phase due t
different rare-earth oxide additives can change the thermodynan
ics, and hence the lattice oxygen contenBe®izN,. Although a
series of rare-earth oxide additives did not show any significan
difference or trend for the thermal conductivity of AR jt might

'do so forB-Si;N, for the reasons mentioned above. The purpose o

this work is to investigate the effect of various rare-earth oxide
additives on the thermal conductivity @-Si;N, ceramics from
two points of view, microstructure and lattice oxygen.

Experimental Procedure

Commerciala-SigN, powder (SN-EO5, specific surface area
46 nt/g, oxygen content 0.84 wt%; UBE Industries, Ltd., Japan)
was mixed with REO; powders (RE= La, Nd, Gd, Y, Yb, and
Sc; purity >99.9%, specific surface areas 3-5 nf/g; Nihon
Yttrium Co. Ltd., Tokyo, Japan) in a resin-coated ball-mill for 3 h
using methanol as a mixing medium. The molar ratios of the
mixtures were fixed at §N,:RE,O, = 20:1. Each slurry was dried
using a rotary evaporator at 60°C, subsequently dried at 110°C fc
2 h, and passed through a 60-mesh nylon sieve; 30 g of each mixt
powder was charged into a 30 mdn high-purity graphite dye
(Toyotanso Co., Japan) coated with high-purity boron nitride
powder (GP grade, Denki Kagaku Kogyo Co., Japan), and hot
pressed at 1800°C f@ h under a pressure of 40 MPa in a flowing
nitrogen atmosphere. These conditions resulted in sintered bodi
with more than 99% of theoretical density. The hot-pressec
sintered bodies were subsequently annealed at 1850°C for 4 al
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crucible (N1 grade, Denki Kagaku Kogyo Co., Japan) with a
powder bed consisting of a mixture of ;8i, (UBE SN-E10

grade):BN (GP gradey 7:3. It should be noted that hot pressing
and annealing were conducted in a furnace with graphite heatin
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elements that had never been used for materials containing lll. Results
aluminum. By combining this with the use of a resin-coated (1) Grain Boundary Phase Identification
ball-mill and a high-purity graphite dye, extreme care was taken to
avoid any possible contamination. Phase identification of the
sintered bodies was performed by X-ray diffraction (XRD).
Specimen densities were determined by the Archimedes method.
Disk specimens for measuring thermal diffusivity (10 nbimK
2 mm thick) were prepared parallel and perpendicular to the
hot-pressed surfaces from all of the sintered samples as illustrate
in Fig. 1. These are called the “para” and “perp” specimens
respectively. The samples were finished using gui% diamond
wheel. Thermal diffusivity was measured by the laser-flash
method (TC-3000, ULVAC, Japan) after coating both sides of the
specimens with a 600 A thick layer of gold and subsequently with
a black carbon layer. Thermal conductivity was calculated
according to the equation

The REO4/SIO, molar ratio considering oxygen content of the
raw a-Si;N, powder is about 1.36. According to the results
obtained in the previous papgthis ratio gives the grain boundary
phases of ¥N,Si, ;0,5 (N-apatite) and ¥Si;O;N, (melilite) and
the lowest lattice oxygen content when,Q; was used as a

intering additive. It was concluded that the grain boundary phas
dictated the thermal conductivity @-Si;N,. Thus, it is particu
' larly important to know what kinds of phases are formed for
different rare-earth oxide additives. Table | summarizes the resul
of XRD phase identification of samples annealed for 4 and 16 h
Only a sample sintered with L@, at 1850°C fo 4 h contained a
significant amount of the-phase (about 44%). None of the other
samples contained the-phase. All of the rare-earth oxide addi-
tives showed a large and broad peak that is characteristic of tt
amorphous grain boundary phase. In addition to it, a variety o
k=pCpa @) crystalline phases were observed for different rare-earth oxid
additives even though the same molar ratio was used for a
wherep, C,, and « are the density, the specific heat, and the additives. For S®©;, only S¢SiO; (RE0;Si0, = 1:1) was
thermal diffusivity, respectively. A constant value of specific heat, identified. For LgOs, both La,gN,Si; 20, (RE;O4:SIiO, = 10:9)
0.7 J/(gK), was used in this work, because it was reported that the and LaSiO; (RE,O4:SiO, = 1:1) were identified. For NgD5, both
specific heat of densg-Si;N, ceramics was almost constant. Nd,Si;O;N, (RE,O4:SIiO, = 1:0) and NdSi;O;, (RE,05:SIO, =
After the thermal diffusivities were measureed, all disk specimens 2:3) were identified. For YO, and GO, both REN,Si;,0,¢
were polished using ajLm diamond slurry, plasma-etched in CF  (RE;O05:SiO, = 10:9) and RESIi;O;N, (RE,04:SiO, = 1:0) were
gas, coated with a 200 A thick layer of gold, and observed by the identified. For YO, only Yb,Si,N,O, (RE,05:SiO, = 4:1) was
scanning electron microscope (SEM) (JSM-6340F, JEOL, Japan).identified. Considering the RID4/SiO, molar ratio of the powder
Mean grain sizes were determined from SEM photographs using compact, all of_these phases are confirmed to be possible referrir
the linear intercept method. to the phase diagrams of 8i,~Si0,-RE,O; systems™

The lattice oxygen content of the dense sintergil Sbody was
analyzed using a method developed in the previous papet.g
sample of each sintered body was ground in a WC ball-mill for 10 (2) Microstructure and Thermal Conductivity

min, dispersed in 50 mL of methanol, passed through a 500 mesh  figyre 2 shows SEM photographs of polished and etches
(25 pm) sieve, and dried at 60°C. Each powder was treated with syrfaces of samples annealed for 16 h. All photographs are for th
50% HF at 60°C for 3 h, and then 50%%0, at 120°Cfor2hto  «para” specimens so that elongatgeyrains tend to lie along the
remove the grain boundary phase and possible fluoride com-pjane of the SEM observation. Evidently, grain size markedly
pounds, respectively. After being washed three times with distilled jncreases in the inverse order of the ionic radius of rare-eart
water, each powder was dried at 110°C for 12 h, and passedoxides from La to Nd to Gd, and a little change was observec
through a 100 mesh (150m) nylon sieve. A commercial hot gas  pelow them.
extraction analyzer (TC-436, LECO Co., St Joseph, MI) was used  Table Il summarizes ionic radii of rare-earth atoms, densities
for oxygen and nitrogen determinations. About 20 mg of each grain sizes, thermal diffusivities, and thermal conductivities of the
dried powder sample was weighed into a graphite crucible (10 mm “para” and “perp” specimens for all sintered samples. From Fig. 1
¢ X 16 mm), and about 200 mg of graphite powder (No. 501-073, it is easy to understand that measured thermal conductivities a
LECO Co., St Joseph, MI) was added to the sample to acceleratethe values perpendicular to the planes observed by SEM, ar
the carbothermal reduction of the oxide phases. A crucible was hence, mean grain sizes of the “para”’ and “perp” specimen
heated up to 2500°C in 5 min in a flowing Ar atmosphere. The correspond to the thermal conductivities of the “perp” and “para”
release of oxygen and nitrogen as a function of temperature, andspecimens, respectively. The differences in mean grain size b
total concentrations of oxygen and nitrogen, were recorded. A total tween the “para” and “perp” specimens are quite small, probably
of three measurements were performed for all samples. because of the method for determining grain sizes. What the line
intercept method determines is very close to grain width due to th
rodlike grain shape of3-Si;N,. Thermal conductivities of the
“para” specimens are always smaller than those of the “perp
specimens. This is because of the alignment of elongatgchins
due to the hot-pressing as pointed out in the previous paper.
From Table Il, it is evident that the grain growth behavior and
thermal conductivity of-Si;N, ceramics closely relate to the
ionic radii of rare-earth atoms. Figure 3 shows the relationshiy
between the ionic radii of rare-earth additives and mean grain size
of the “para” and “perp” specimens. Mean grain size steeply
increases with decreasing ionic radius in the order La, Nd, and G¢
and reaches almost a constant value. Figure 4 shows the relatic
ship between the ionic radii of rare-earth elements and therms
conductivities of3-Si;N, sintered bodies. It reveals the same trend
"perp” as mean grain size. According to Eq. (1), thermal conductivity is
S : a function of density, and thus, a heavier rare-earth atom shoul
pecimen . X > S
give a higher thermal conductivity value. To eliminate the effect of
density, the relationship between ionic radii of rare-earth atom:
and thermal diffusivities of3-SizN, sintered bodies is plotted in
Fig. 1. lllustration showing how the disk specimens (10 rbnx 2 mm) Fig. 5. Itis observed that thermal diffusivity consistently decrease:
were taken from the sintered samples. with increasing ionic radius.
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Table I. XRD Phase ldentification Result

Additive Annealing time (h) Phase (intensity)
La,O5 4 B-SizN, (s), a-SisNy (S), LapgN,Si; 2045 (M), L&,SIOs (W)
16 B-SizN, (vs), LaygN,Si; 2048 (M), La,SIOs (W)
Nd,O4 4 B-SizN, (vs), Nd,Si;O;N, (W), Nd,Siz0; 5 (W)
16 B-SisN, (vs), Nd,Si;O;N, (w), Nd,Si;O;, (W)
Gd,04 4 B-SizN, (vs), GAoN4SIi 0,45 (M), GASI;OsN, (VW)
16 B-SizN, (vs), GAoN4Sii 045 (M), GALSI;OsN, (W)
Y205 4 B-SizNy, (vS), Y20N,4Si; 2045 (M), Y2SI:05N, (W)
16 B-SizN, (vS), YooN,Sii 2045 (M), Y2Sis05N, (W)
Yb,O,4 4 B-SizN, (vs), Yb,Si,N,O; (s)
16 B-SisN, (vs), Yh,Si,N,O; (s)
Sc,04 4 B-SizN, (vs), SGSIOs (vw)
16 B-SigN, (vs), SGSIOs (vw)

Tvs = very strong, s= strong, m= middle, w= weak, vw= very weak.

Since both mean grain sizes and thermal diffusivitie®-&fi;N , the case of Yb. The reason for this exception will be discusse
sintered with various rare-earth oxide additives possess approxi-below.
mately the same trend against ionic radii, a correlation between
them is expected. Figure 6 compares the grain size-thermal

diffusivity relationship obtained in this work with the previous IV.  Discussion
data for 5 wt% %O, hot-pressed SN,." It is observed that all of ) o
the data points scatter along the lines of the previous data. (1) Effect of Microstructure on Thermal Conductivity

As reported in Part 1, grain size significantly influences the
] thermal conductivity of3-Si;N, ceramics through the effect that it
(3) Lattice Oxygen Content changes the number of grain boundary films per unit length. Thus
Table 1l also shows the lattice oxygen contentseBi;N, the larger the mean grain size, the higher the thermal conductivity
sintered with different rare-earth oxide additives determined by the Hence, at this stage, we can explain the difference in therm:
hot gas extraction method. Figure 7 shows the relationship conductivity simply by the difference in the mean grain size of
between ionic radii of rare-earth oxide additives and lattice oxygen B-Si;N, sintered with various rare-earth oxide additives.
contents of 3-Si;N,. Since a sample sintered with J@; at It is well known that the phase transformation and Ostwald
1850°C fa 4 h contains a significant amount of thephase that ripening of SEN, proceed via solution—reprecipitation in the liquid
contains about 0.83 wt% oxygen, its data are excluded from this phase that is formed at high temperature by the reaction betwee
figure. It is found that the oxygen content in tBeSi;N, crystal sintering additives, SN,, and SiQ derived from the oxygen
lattice decreases with decreasing ionic radius from La to Nd to Gd, impurity of the raw powder. The kinetics of these processes ar
and reaches almost a constant value below them. Figure 8 showsndeed affected by the viscosity and wetting behavior of the liquic
the relationship between the lattice oxygen content and thermal phase. However, as reported elsewt@rthe interfacial reaction
diffusivity of B-SisN, sintered with various rare-earth oxide rate between the prismatic facet of tBeSi;N, crystal and the
additives, demonstrating a good inverse correlation. The lattice liquid phase is the most influential in this material. It was found
oxygen content decreases with increasing annealing time except inthat grain growth ofB-Si;N, shifts from interfacial-reaction-
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Table Il. lonic Radii of Rare-Earth Elements, Densities, Grain Sizes, Thermal Diffusivities, and Thermal Conductivities of the
“para” and “perp” Specimens, and Lattice Oxygen Contents for All Sintered Samples
Thermal
o Thermalzdiffusivity conductivity
lonic radius Annealing Density Grain size m) (ms) (Wi(mK))
Additive A) time (h) (glcnt) para perp para perp para perp Lattice oxygen (%)
La,O4 1.06 4 3.351 N/A N/A 0.1200 0.1349 28.1 31.6 0.2790.0371
16 3.327 1.38 1.27 0.2195 0.2787 51.1 64.9 0.11630055
Nd,O4 1.00 4 3.396 1.24 0.85 0.2698 0.3434 64.1 81.6 0.09420045
16 3.379 2.39 2.06 0.3054 0.4141 72.2 97.9 0.09230134
Gd, 0,4 0.94 4 3.421 4.14 3.78 0.3288 0.4204 78.7 100.7 0.07@60024
16 3.420 4.74 4.00 0.3408 0.4465 81.6 106.9 0.06920126
Y04 0.89 4 3.252 4.58 4.16 0.3641 0.4597 82.9 104.6 0.07@60013
16 3.277 4.79 4.25 0.3607 0.4612 82.7 105.8 0.06320018
Yb,O4 0.86 4 3.462 3.85 3.73 0.3554 0.4744 86.1 115.0 0.06160022
16 3.442 3.94 3.64 0.3678 0.4759 88.6 114.7 0.08020065
Sc,04 0.73 4 3.231 3.61 3.46 0.3754 0.4457 84.9 100.8 0.08®10038
16 3.198 4.57 4.44 0.4001 0.4749 89.6 106.3 0.0¥&0035
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Fig. 3. Relationship between the ionic radii of rare-earth additives and Fig. 4. ~Relationship between the ionic radii of rare-earth additives and
mean grain sizes of the “para” and “perp” specimeng@i;N,, sintered thermal conductivities of the “para” and “perp” specimenspobisN,
bodies. sintered bodies.

controlled to diffusion-controlled as the ionic radius of the rare-
earth element decreases, and later that the activation energy for th
interfacial reaction linearly decreases with decreasing ionic
radius®* This is the reason why the phase transformation rate of a
sample sintered with L®,, the largest among the rare-earth ions, )
is extremely slow, and why mean grain size fiean grain width) ~ (2) Effect of the Lattice Oxygen Content on Thermal
increases with decreasing ionic radius of the rare-earth ions. Conductivity

The reason why the mean grain sizes of samples sintered with  Figure 8 indicates that the lattice oxygen controls the therma
Yb,O5 and SgO, are somewhat smaller than,&;, even though conductivity (diffusivity) of SgN, ceramics, although Fig. 6
their grain growth is expected to be more diffusion-controlled, can apparently shows the dependency of thermal conductivity (diffus
be attributed to their higher viscosity of the liquid phase due to sivity) on mean grain size. As of now, we cannot conclude which
their higher cationic field strength. Thus, the rare-earth elements factor is dominant. However, these two factors are not contradic
with middle ionic radii like Y and Gd give the largest mean grain tory, because the larger the ionic radius of the rare-earth elemer
size. The reason why the mean grain size of a sample sintered withthe finer the mean grain size, and the larger the lattice oxyge
Yb,O, did not increase during 16 h of annealing is unknown. One content becomes, both of which decrease the thermal conductivif
reason might be the pronounced crystallization of,SiEN,O-, (diffusivity) of B-Si;N, sintered body. The microstructures of
which has a melting point as high as 187¢*nd thus, decreases  B-Si;N, sintered with different rare-earth oxide additives are
the amount of the liquid phase at the current annealing temperaturevastly different, which may not allow us to use the many
of 1850°C. Another reason might be the pronounced vaporization assumptions that were the basis for analysis via the modifie
that occurred in a sample sintered with @& It showed a weight Wiener model Thus, in this work, we do not make further efforts
loss as high as about 8% during annealing at 1850°C for 16 h, to eliminate the microstructural effect to extract the effect of the
while the others only showed weight losses of less than 3%. This lattice oxygen as was performed in the previous paper.
also might be the reason why the lattice oxygen content of a  The reason why the lattice oxygen content decreases with
sample sintered with YJ©, increased during annealing for 16 h, decrease in the ionic radius of the rare-earth element can &

while all of the others decreased. Since we do not know what kin
of species was vaporized, further conclusions are not possible |
the present work.
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further implication was that the CN was independent of ionic radii,
explained simply by the change of the cationic field strength. As and cationic field strength solely controlled many properties of
the cationic field strength increases with decreasing ionic radius, glasses, because rare-earth cations are the network modifiers tf
rare-earth cations attract more oxygen anions, preventing theexist out of silicate chain¥
dissolution of oxygen atoms into ti®Si;N, crystal lattice. The In the previous paper (Part f)the phases that appeared after
coordination numbers (CNs) of rare-earth ions in the RE-Si-(Al)- cooling, and hence, thermodynamics, successfully explained tf
O-N liquid phase are not known exactly, and CNs higher than 6 change of the lattice oxygen content. Basically, it was assume
were reported for rare-earth catiolfsThus, the application of that the liquid phase at the annealing temperature was in equilit
Pauling’s ionic radius (based on a CN of 6) would be too simplistic rium with the phases observed by XRD. It was suggested that th
(and could be wrong). However, there have been a number of activity of SiQ,, ag;o,, in the liquid phase is the lowest when both
works that have shown good correlations between many propertiesY ,oN,Si; ;0,5 and Y,Si;N,O45 phases coexist as the grain bound
(density, glass transition temperature, thermal expansion coeffi- ary phase of3-Si;N, ceramics sintered with Y05, which guaran
cient, and so on) of RE-Si-(Al)-O-N glasses and ionic radii of tees the highest thermal conductivity for this system. This require
rare-earth ions based on Paulitig*®Ramestet al. found a linear that the Y,O,/SiO, ratio be more than 10/9. Although the amount
variation in these properties with respect to ionic radius, suggest- of RE,O; was adjusted to make the RE,/SiO, ratio more than
ing that the structures of Ln-Si-Al-O-N glasses are not signifi- 10/9 in this work, the phases appearing were found to be differer
cantly changed by rare-earth substitution, or in other words, the from those observed for the,©, system. The differences in the
overall glass structure remains the same and the property changephases due to different rare-earth oxide additives would partly b
appear to depend solely on the modifier cationic field strength. A the cause for the progressive decrease of the lattice oxyge
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