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bstract

o improve the thermal conductivity of Si3N4 ceramics, elimination of grain-boundary glassy phase by post-sintering heat-treatment was examined.
i3N4 ceramics containing SiO2–MgO–Y2O3-additives were sintered at 2123 K for 2 h under a nitrogen gas pressure of 1.0 MPa. After sintering,

he SiO2 and MgO could be eliminated from the ceramics by vaporization during post-sintering heat-treatment at 2223 K for 8 h under a nitrogen
as pressure of 1.0 MPa. Thermal conductivity of 3 mass% SiO2, 3 mass% MgO and 1 mass% Y2O3-added Si3N4 ceramics increases from 44 to
9 Wm−1 K−1 by the decrease in glassy phase and lattice oxygen after the heat-treatment. Relatively higher fracture toughness (3.8 MPa m1/2)

nd bending strength (675 MPa) with high hardness (19.2 GPa) after the heat-treatment were achieved in this specimen. Effects of heat-treatment
n microstructure and chemical composition were also observed, and compared with those of Y2O3–SiO2-added and Y2O3–Al2O3-added Si3N4

eramics.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

Ceramic substrates are used widely for electrical circuits due
o their high thermal conductivity, high electrical resistivity,
nd high mechanical strength. Alumina substrate is most popu-
ar. Thermal conductivity of polycrystalline alumina is around
5–35 Wm−1 K−1 and up to 40 Wm−1 K−1 for single crystal.1

eryllium oxide (BeO) substrates have been used for high power
lectronic application because of their superior thermal con-
uctivity around 240 Wm−1 K−1. By now, beryllium oxide has
ost its popularity because of the safety controversy. Aluminum
itride (AlN) substrates are replacing the BeO in numerous
pplications. Aluminum nitride substrates are more expensive
han alumina substrates. But they have thermal conductivity of

75–200 Wm−1 K−1 and are toxic free.1

Silicon nitride (Si3N4) ceramic substrates have been inter-
sting for electrical substrate applications, because Si3N4 has

∗ Corresponding author. Tel.: +81 3 5734 3082; fax: +81 3 5734 2859.
E-mail address: thanakorn@nr.titech.ac.jp (T. Wasanapiarnpong).
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igh intrinsic thermal conductivity. Hirosaki et al.2 reported
hat the intrinsic thermal conductivity of single crystal �-Si3N4
s 450 Wm−1 K−1, while the intrinsic thermal conductivity
f single crystal AlN is 320 Wm−1 K−1. Moreover, bending
trength of Si3N4 (600–1500 MPa) is higher than that of AlN
300–350 MPa).3 Akimune et al.4 reported the highest ther-
al conductivity of 162 Wm−1 K−1 for 0.5 mol% Y2O3 and

.5 mol% Nd2O3-added Si3N4 ceramics fabricated by hot iso-
tatic pressing (HIP) at 2473 K. Kitayama et al.5 fabricated
2O3–SiO2-added Si3N4 by hot pressing at 2073 K, 40 MPa,
h. Subsequently, by the heat-treatment at 2123 K for 4 h under
.0 MPa of nitrogen atmosphere, the thermal conductivity of
he ceramic along the hot pressing axis was reported to be
9 Wm−1 K−1.

Hot-isostatic pressing and hot pressing process is not so
uitable for mass production of ceramic substrates. Generally,
elatively large amount of additives are required to obtain dense

i3N4 ceramics, not only pressureless sintering and gas-pressure
intering but also sintering under applied pressure. During sin-
ering, additives react with SiO2 (including surface oxide of a
i3N4 raw powder) to form a liquid phase. Most of liquid phase
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hanged into non-crystalline solid (glassy phase) during cooling
own. The role of liquidus phase is promoting densification of
eramics, leading to higher thermal conductivity due to elimi-
ation of porosity. On the other hand, smaller amount of glassy
hase is promising within the Si3N4 ceramics having almost
ull density. Generally, during sintering stage excess amount of
lassy phase is usually applied for easier densification. Thus,
btained dense Si3N4 usually contains relatively large amount
f additives. Therefore, the sintered Si3N4 ceramics have gen-
rally low thermal conductivity (20–40 Wm−1 K−1) due to the
resence of this glassy phase, which has poor thermal conduc-
ivity (≈1 Wm−1 K−1).3

Hirosaki et al.6 reported that high thermal conductivity was
stablished by growth of Si3N4 grains. However, large grain size
sually leads to poor mechanical properties. The comparison
f thermal conductivity and mechanical properties, affected by
rain growth, have not been reported.

In this study, Si3N4 ceramics were fabricated by gas pres-
ure sintering. Yttrium oxide (Y2O3), silica (SiO2), alumina
Al2O3) and magnesia (MgO) were used for liquid-phase-
nhanced sintering process. Dense materials were sintered by
his process, but their thermal conductivities were not so high
30–40 Wm−1 K−1). Therefore, post-sintering heat-treatment
rocess was performed to reduce excess amount of glassy phase.
uring the heat-treatment, chemical reactions between Si3N4

nd SiO2, Al2O3 or MgO may generate SiO, N2 and Mg-gas
ccording to the following reactions at 2200 K under 1 atm7;

i3N4(s) + 3SiO2(l) → 6SiO(g) + 2N2(g)

�G◦ = −77.748 kJ/mol) (1)

i3N4(s) + Al2O3(s) → 3SiO(g) + 2AlN(s) + N2(g)

�G◦ = +8.651 kJ/mol) (2)

i3N4(s) + 3MgO(s) → 3SiO(g) + 3Mg(g) + 2N2(g)

�G◦ = +20.490 kJ/mol) (3)

In the previous study,8 it is clarified that the reaction
1) was promoted to reduce the amount of glassy phase
n the Y2O3–SiO2-added Si3N4 due to post-sintering heat-
reatment, and thermal conductivity of the ceramic improved
o 84 Wm−1 K−1. In the case of Y2O3–Al2O3-added Si3N4, the
ffect of post-sintering heat-treatment was not so significant.
his indicated that the effect of sintering aids depended not only
mount but also the kind of additives.

In this work, the effects of post-sintering heat-treatment on
xygen content, weight and density change, thermal conduc-
ivity and chemical composition of Si3N4 ceramics containing
ilica, magnesia and yttria have been explored to confirm the
bove-mentioned mechanism, and it is aimed to obtain high
hermal conductivity Si3N4 without HIP or hot-press process.

urthermore, the effects of post-sintering heat-treatment on
echanical properties and microstructure of not only Si3N4 con-

aining silica, magnesia and yttria but also Si3N4 containing
ttria and silica or yttria and alumina specimens were observed

o
e
H
a

ean Ceramic Society 26 (2006) 3467–3475

o clarify the effects of the post-sintering heat-treatment on ther-
al and mechanical properties.

. Experimental procedure

Si3N4 ceramics were prepared from a high-purity �-
i3N4 raw powder (particle size 0.8 �m, oxygen content
.3 mass%; SN-E10 grade, Ube Industries, Japan) with
2O3 (RU, Shin-Etsu Chemical, Japan), SiO2 (KE-P30,
ippon Shokubai, Japan), Al2O3 (TMD, Taimei Chem-

cal, Japan) and MgO (surface area 31.7 m2/g, Iwatani
hemicals, Japan) as sintering aids. Weight ratios of start-

ng composition were Si3N4:Y2O3:SiO2 = 92:5:3 (5Y3S),
i3N4:Y2O3:Al2O3 = 92:5:3 (5Y3A) and Si3N4:SiO2:
gO:Y2O3 = 93:3:3:1 (3S3M1Y). Mixtures were ball-
illed for 24 h in a polyethylene bottle with silicon nitride

alls (SN-12, diameter 5 mm, Nikkato Corporation, Japan) and
thanol (99.5%) as a medium. Slurries were dried in a rotary
vaporator at a temperature of 333 K and the mixed powder
as sieved through a 100-mesh sieve. Approximately 0.5 g
f the dried powder was uniaxially pressed under 20 MPa in
die of 13 mm in diameter. The pellet was then isostatically

old-pressed (CIP) under a pressure of 200 MPa. CIPed
ellets were placed in a BN crucible filled with a powder
ixture of 50 mass% Si3N4 and 50 mass% BN as a packing

owder and placed in a larger carbon crucible. Samples were
intered in a graphite furnace (High-Multi 5000, Fuji Dempa
td., Japan) at 2123 K for 2 h under a nitrogen pressure
f 1.0 MPa.

Post-sintering heat-treatment process to remove grain-
oundary glassy phases was performed by re-firing the sin-
ered bodies at 2073–2223 K for 8 h under a nitrogen pressure
f 1.0 MPa without a packing powder using the same fur-
ace used to sintering. The density of sintered and heat-treated
pecimens was measured by the Archimedes method using
ater.
Sintered and heat-treated specimens were ground in a SiC

ortar and sieved through a 200-mesh sieve for phase identifi-
ation and oxygen/nitrogen content determination. Phase iden-
ification and lattice parameter determination were performed
y X-ray diffractometry (XRD, PW 1700, Philips, Holland).

A commercial hot-gas-extraction analyzer (TC-436, LECO
o.) was used for oxygen and nitrogen concentration analy-

is. About 20 mg of each powder sample was weighed into a
raphite crucible (10 mm inner diameter × 16 mm height), and
bout 50 mg of graphite powder was added to the sample to
ccelerate the carbo-thermal reduction of oxide phases. The cru-
ible was heated up to 2500 K within 400 s in a flowing helium
tmosphere. The total amount of oxygen and nitrogen released
rom the powder as a function of temperature was recorded, and
as corrected using standards. Three measurements were per-

ormed for all samples and the average is used as the measured
alue. Amount of oxygen distributed in Si3N4 lattice (lattice

xygen) was approximated by Gaussian peak separation of the
volution curve during heating after Kitayama et al.9 using the
F-treated powders (46% HF, 3 h at 333 K and 50% H2SO4, 6 h

t 373 K).
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from the surface of specimens.

Fig. 1 shows mass loss occurred during the heat-treatment of
the 3S3M1Y specimen compared with those of 5Y3S, 5Y3A
specimens.8 The mass loss of the 3S3M1Y specimen was
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Specimens for measuring thermal conductivity were fin-
shed using a diamond wheel subsequently by 1 �m diamond
lurry for smooth and parallel surfaces. Thermal conductiv-
ty of the polished specimens was measured at room temper-
ture by laser flash method (LF/TCM, FA 8510B, Rigaku,
apan). After the thermal conductivity measurement, speci-
ens were re-polished using 1 �m diamond slurry, plasma-

tched in CF4/O2 gas, coated with evaporated carbon, and
bserved by a field-emission scanning electron microscope
FE-SEM, S-4800, Hitachi, Japan). Average grain size was
etermined from secondary electron images using the linear-
ntercept method. Back-scattered electron-images were used
or illuminating intergranular glassy phase, and the amount of
rain-boundary phase was estimated using the image analysis
rogram (WinROOF 5.03, Mitani, Japan). The area appear-
ng bright in the back-scattered electron-image was supposed
o contain yttrium, which localized mainly in the intergranu-
ar phase. Five images (19 �m × 25 �m) for each sample were
aken as digital data for analysis. Yttrium, aluminum and magne-
ium contents were measured from polished and carbon-coated
urface of each specimen by WDX (Wave length Dispersive X-
ay spectroscopy, WDX400, Oxford Instruments, USA) using
tandards.

For the bending strength measurement, samples were pre-
ared from approximately 8.5 g of the dried powder, uniax-
ally pressed under 20 MPa in a square die of 35 mm and
ubsequently isostatically cold-pressed under a pressure of
00 MPa. Samples were sintered and post-sintering heat-treated
y the same condition as mentioned above. Rectangular bars
× 4 × 25 mm were cut and ground by 1 �m diamond slurry.
echanical testing was performed using the commercial screw-

riven load frame (Instron, Model 1185, Canton, USA) with
3-point bend fixture. Test conditions were as follows; load-

ng with 20-mm span and a crosshead speed of 0.5 mm/min
n air at room temperature. Young’s modulus was calculated
rom the stress–strain curve of 3-point bending test with
mm strain gage (Kyowa, Japan) attached on the tensile sur-

ace of the specimen. Fracture surfaces were observed by
he FE-SEM.

Vickers hardness was measured using a Vickers hardness
ester at room temperature (Hardness tester AVK-A, Akashi,

apan). The load and loading time were 5 kgf and 15 s, respec-
ively. Fracture toughness was deduced from the diagonal length
nd crack length of Vickers indentations according to JIS
1607.

F
3
p
a

able 1
ulk density, mass loss, oxygen content, lattice parameter, thermal diffusivity and ther
nd after the heat-treated at 2223 K for 8 h (right column)

ormula Bulk density
(g/cm3)

Mass loss
(mass%)

Oxygen content
(mass%)

Lattice param

a (pm)

Y3Sa 3.18/3.27 0.97/8.46 3.05/0.99 760.19/760.1
Y3Aa 3.27/3.23 0.58/8.09 3.17/1.24 760.34/760.3
S3M1Y 3.18/3.16 2.06/13.4 3.23/0.46 760.21/760.0
ccuracy ±0.01 ±0.01 ±0.05 ±0.05

a Reprinted from Ref. 8.
ean Ceramic Society 26 (2006) 3467–3475 3469

. Results and discussion

.1. Thermal properties

Table 1 summarizes the variation of density, mass loss, total
xygen content, lattice parameter, thermal diffusivity, and ther-
al conductivity of the 3S3M1Y specimen after sintering at

123 K for 2 h and after the post-sintering heat-treatment at
223 K for 8 h. The data for the 5Y3S and 5Y3A specimens
eferred from the previous paper are also listed for comparison.8

All specimens could be sintered to higher than 95% of the-
retical density and did not so much change after the heat-
reatment at 2223 K for 8 h. Image analysis conducted on pol-
shed cross sections of these specimens revealed that there was
o porous layer in all heat-treated specimens. It should indicate
hat the mass loss during the heat-treatment occurred through
iffusion of substances from bulk to surface and vaporization
ig. 1. Effect of heat-treatment temperature on mass loss of 5Y3S, 5Y3A and
S3M1Y-added Si3N4 ceramics sintered at 2123 K for 2 h under a nitrogen gas
ressure of 1.0 MPa and subsequently heat-treated at 2073–2223 K for 8 h under
nitrogen gas pressure of 1.0 MPa.

mal conductivity of the Si3N4 ceramics sintered at 2123 K for 2 h (left column)

eter Thermal diffusivity
(cm2/s)

Thermal conductivity
(Wm−1 K−1)

c (pm)

7 290.63/290.71 0.167/0.370 37.1/84.4
3 290.95/291.00 0.127/0.157 29.1/35.1
3 290.89/290.90 0.193/0.400 43.9/89.3

±0.05 ±0.002 ±0.1
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Fig. 2. Relationship between mass loss and oxygen content of 5Y3S, 5Y3A and
3S3M1Y-added Si N ceramics during heat-treatment. Solid line, dashed-line
a
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nd centered-line represent the estimated oxygen content calculated by mass
oss reaction of Eqs (1)–(3), respectively.

lways larger than that of the 5Y3S and 5Y3A specimens, and
ncreased with increasing heat-treatment temperature from 2073
o 2223 K. The trend of 5Y3S specimen was almost the same
s that of 5Y3A specimen. They showed the mass loss, which
ncreased as a function of the heat-treatment temperature of more
han 2123 K, but almost no change at 2073 K. Whereas, the mass
oss of 3S3M1Y was very large at 2073 K, but slightly changed
t more than 2123 K. The largest mass loss was found in the
S3M1Y composition since it contained the highest amount of
olatile species (SiO2 and MgO). The mass loss found in all
pecimens would be due to the reaction of Si3N4 with additives
nd/or SiO2 existed on the surface of the Si3N4 powder accord-
ng to the chemical reactions (1)–(3), as mentioned before.8

Fig. 2 shows the relationship between mass loss and oxygen
ontent of the 3S3M1Y specimen, and those of 5Y3S and 5Y3A
pecimens were reproduced from the previous paper.8 These
raphs contained all data for all specimens after heat-treatment
t different temperatures. The data plotted at 0% mass loss cor-
esponded to the oxygen content of the raw powder mixtures
f each specimen. The relation between mass loss and oxygen
ontent was supposed to indicate the chemical reaction occurred
uring the heat-treatment, such as the reactions (1)–(3). The SiO,
2 and Mg gas should be generated during the heat-treatment

t high temperature. The evaporation of SiO gas leads to the
ecrease of oxygen content of ceramic bodies.

Solid lines shown in Fig. 2 represent the mass loss relation

alculated from the reaction (1). Comparing with the calculated
ata and observed data, the oxygen content data collected from
he heat-treated specimens were very close to the calculated one

d
s

able 2
hemical composition (mass%) of Si3N4 ceramics sintered at 2123 K for 2 h and afte

lement 5Y3S 5Y3A

Sintered Heat-treated Sintere

ttrium (Y) 3.60 (0.27) 3.28 (0.16) 3.54 (0
luminium (Al) – – 1.71 (0
agnesium (Mg) – – –

he values in parenthesis are standard deviation.
ean Ceramic Society 26 (2006) 3467–3475

or every series of specimens sintered with different additives.
his result confirms the mass loss by the reaction (1).8 Dashed

ine in Fig. 2 represents the mass loss relation calculated from
he reaction (2). The oxygen content data collected from the
pecimens were also close to the calculated data by the Eq. (2).
he mass loss in the 5Y3A specimen due to the reaction (2) was
onsidered to have happened after the reaction (1) because the
ree energy change of the reaction (1) was lower than that of the
eaction (2).8 Centered line in Fig. 2 represents the mass loss
elation calculated from the reaction (3). The oxygen content
ata collected from the specimen was also close to the calcu-
ated data by the reaction (3). The mass loss in the 3S3M1Y
pecimen due to the reaction (3) was considered to have hap-
ened after the reaction (1) because the free energy change of
he reaction (1) was lower than that of the reaction (3), as in the
ase of the reaction (2). The highest mass loss (13.4%) found
n the 3S3M1Y specimen led to the lowest total oxygen content
∼0.5%) without porous layer.

The change in average amount of yttrium, aluminum and
agnesium due to the heat-treatment at 2223 K for 8 h of all

pecimens is shown in Table 2. Whereas, magnesium almost
isappeared in the 3S3M1Y specimen, the amount of yttrium and
luminum in the other specimens did not change significantly
y the heat-treatment. It supported that only SiO, N2 and Mg-
as were generated during the heat-treatment according to the
eactions (1)–(3).

However, the sequence of the mass loss reactions (1)–(3)
annot be considered only by the thermochemical data (Gibb’s
ree energy). To confirm the kinetic of the chemical reactions, the
hange in average amount of yttrium and magnesium due to the
ass loss reactions of the 3S3M1Y specimen is shown in Fig. 3.
ero percent of mass loss represents the concentration calculated

rom a raw powder. Slope of decreasing in magnesium content by
ass loss reaction at initial part is low, but dramatically increases

t higher amount of mass loss more than 10%. The result confirm
hat magnesium loss by the reaction (3) is also generated but the

ass loss reaction is dominated by the reaction (1) at the initial
art, whereas the mass loss is dominated by the reaction (3) in
he final part.

In addition to the change in average amount of magnesium,
ttrium content of the 3S3M1Y specimen did not change signif-
cantly at the wide range of mass loss. The amount of yttrium
lightly increases probably due to the decreasing in the other
The effect of heat-treatment temperature on the thermal con-
uctivity of sintered bodies is shown in Fig. 4. The 3S3M1Y
pecimen showed significant increase in thermal conductivity

r heat-treated at 2223 K for 8 h measured by WDX analysis

3S3M1Y

d Heat-treated Sintered Heat-treated

.26) 3.73 (0.09) 0.68 (0.06) 0.89 (0.07)

.10) 1.65 (0.06) – –
– 1.79 (0.05) 0.07 (0.01)
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ig. 3. Effect of mass loss reaction on the concentration of magnesium and
ttrium during heat-treatment process of the 3S3M1Y specimen.

ith increasing heat-treatment temperature as in the case of the
Y3S specimen.8 Thermal conductivity of the 5Y3S and the
S3M1Y specimens increased more than 2 times (from 37 to 84
nd 44 to 89 Wm−1 K−1, respectively) after the heat-treatment at
223 K for 8 h under a nitrogen gas pressure of 1.0 MPa. Thermal
onductivity of the 5Y3S was always slightly lower than that of
he 3S3M1Y specimen. On the other hand, thermal conductivity
f the 5Y3A specimen was relatively low and not significantly
ncreased with increasing heat-treatment temperature.8
Fig. 5 shows the relationship between total oxygen content
nd lattice oxygen content obtained from the profile analysis
f the evolved oxygen during carbo-thermal hot gas extrac-
ion. The lattice oxygen content of all specimens decreased

ig. 4. Effect of heat-treatment temperature on thermal conductivity of Si3N4

eramics sintered at 2123 K for 2 h and heat-treated at 2073–2223 K for 8 h both
nder a nitrogen gas pressure of 1.0 MPa.
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ig. 5. Relationship between total oxygen content and lattice oxygen content of
i3N4 ceramics sintered at 2123 K for 2 h and heat-treated at 2073–2223 K for
h both under a nitrogen gas pressure of 1.0 MPa.

lmost linearly with decreasing the total oxygen content. In other
ords, the lattice oxygen content decreased with increasing the
eat-treatment temperature. As a result, the thermal conductiv-
ty of specimens increased and a high thermal conductivity of
bout 89 Wm−1 K−1 could be achieved in the 3S3M1Y speci-
en heat-treated at 2223 K for 8 h with the lowest lattice oxygen

ontent (0.03 mass%). The lattice oxygen content of the 5Y3A
pecimen was extensively higher than these of the other two
pecimens. Large amount of the lattice oxygen content only in
he 5Y3A specimen was explained as a result of SiAlON forma-
ion. Nearly half amount of oxygen was included into lattice in
his system. On the other hand, the lattice oxygen content of the
Y3S and 3S3M1Y specimens was almost the same value and
lope. Only about one tenth of oxygen was assigned as lattice
xygen. This result agreed with the same tendency of ther-
al conductivity on the heat-treatment temperature as shown

n Fig. 4.
Fig. 6a shows the relationship between total oxygen content

nd thermal conductivity of the ceramics, and Fig. 6b shows
he relationship between lattice oxygen content and thermal
onductivity of the ceramics. The data for the 5Y3S and 5Y3A
pecimens in Fig. 6a were referred from the previous report.8

hermal conductivity of the 5Y3S and 3S3M1Y specimens
emarkably increased as the decrease of total oxygen content
s same as lattice oxygen content. Comparing with the same
mount of total oxygen content, Fig. 6a, the thermal conduc-
ivities of the 5Y3S specimen were almost higher than that
f the 3S3M1Y specimen. On the other hand, the relationship
etween thermal conductivity and lattice oxygen content of the
Y3S specimen was similar to that of the 3S3M1Y specimen.
omparing the effect of lattice oxygen content in crystalline

hase to thermal conductivity of sintered bodies of the 5Y3S
nd 3S3M1Y specimens (Fig. 6b), they showed very similar
endency, whereas their total oxygen contents at the same
onductivity showed 0.5–1.0% difference (Fig. 6a). Therefore,
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As mentioned that the glassy phase has very low thermal con-
ductivity compared to the Si3N4 grain. The decreasing in amount
of glassy phase is one of several keys to get a high thermal con-
ductivity ceramic materials. The distribution of glassy phase,
ig. 6. Relationship between (a) total oxygen content, (b) lattice oxygen content
t 2073–2223 K for 8 h both under a nitrogen gas pressure of 1.0 MPa.

bout 0.5 mass% of grain-boundary oxygen, i.e. difference
n total oxygen content and lattice oxygen content, of these
pecimens does not so large effects on thermal conductivity of
he ceramics. On the other hand, thermal conductivity of the
Y3A specimen was not changed significantly in spite of large
ecrease in the total oxygen content and lattice oxygen content.

The poor thermal conductivity in Al2O3-added Si3N4 ceram-
cs has been explained as a result of oxygen substitution for
itrogen incorporated with Al substitution for Si (�-SiAlON for-
ation), therefore an amount of lattice oxygen increases in the

ase of Al2O3-added Si3N4. Thus thermal conductivity of crys-
al (grain) is restricted.8,10–12 From Fig. 6b, the amount of lattice
xygen in the 5Y3A specimen is also reduced to ∼0.46 mass%
fter the heat-treatment. However, the amount of lattice oxy-
en in the 5Y3A specimen is still greater than the cases of the
Y3S or 3S3M1Y specimens. Therefore, it is confirmed that
he amount of lattice oxygen should be a primary reason of the
oor thermal conductivity of the 5Y3A specimen. Furthermore,
t is noted that thermal diffusivity of only the 5Y3A specimen
as not so greatly improved by the heat-treatment compared
ith the other specimens (Table 1). The thermal diffusivity of
-SiAlON was reported12 to be 0.07 cm2/s, which corresponds
bout one half of that of the 5Y3A specimen. This result also
upports SiAlON formation in this specimen during sintering
nd SiAlON does not change into silicon nitride due to the heat-
reatment.

X-ray diffraction (XRD) patterns of the sintered and the heat-
reated samples are shown in Fig. 7. There is only �-Si3N4
rystalline phase observed in the sintered specimens. In addi-
ion to the glassy phase (Y–Si–O–N or Y–Si–Al–O–N), a slight
mount of the high yttrium-containing oxynitride crystalline
hase (Y4Si2O7N2) formed after the heat-treatment as a grain-
oundary phase in the 5Y3S and 5Y3A specimens. On the other
and, there is no any secondary crystalline phase in the 3S3M1Y

pecimen neither as-sintered nor heat-treated.

Back-scattered electron micrographs of polished surfaces
ere observed by field emission scanning electron microscope

FE-SEM) as shown in Fig. 8. The area appearing bright in the
F
2

ermal conductivity of Si3N4 ceramics sintered at 2123 K for 2 h and heat-treated

ack-scattered electron images was supposed to contain yttrium
hich localized in the intergranular phase. Fig. 8 illustrates

he microstructure change by heat-treatment such as grain size,
lassy pocket at triple or multi junction and glassy film between
rains. By the heat-treatment, the volume percent of glassy phase
ecreased as the mass loss increased by the evaporation of gases
s shown in Table 3.
ig. 7. XRD spectra of specimens sintered at 2123 K for 2 h and heat-treated at
223 K for 8 h both under a nitrogen gas pressure of 1.0 MPa.
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ig. 8. Back-scattered electron micrographs of polished and plasma-etched sur
S3M1Y and heat-treated at 2223 K for 8 h of (b) 5Y3S (d) 5Y3A and (f) 3S3M

articularly the intergranular glassy film thickness, is an impor-
ant character.13,14 However, it is difficult to demonstrate the
istribution of the very thin glassy phase between two grains by
EM. The characterization of intergranular film and the glassy
ocket will be examined and reported in the near future.

.2. Mechanical properties

Influence of microstructure on mechanical properties of �-
i3N4 has been well-known since 1970s.15 The microstructure

s characterized by elongated grains with high aspect ratio and a
ne grain matrix (equiaxial) dispersed in glassy grain boundary
hase, as shown in Fig. 8. Table 3 summarized the mechanical
roperties and microstructural characteristics of the as-sintered

nd heat-treated Si3N4 specimens. The high bending strength
ore than 700 MPa was achieved in the sintered bodies. Maxi-
um bending strength was found up to 930 MPa in the 3S3M1Y

pecimen after sintering. However, bending strength decreased

3
n

A

able 3
echanical properties and microstructure of Si3N4 ceramics sintered at 2123 K for 2

roperties 5Y3S 5Y

Sintered Heat-treated Si

echanical properties
Bending strength (MPa) 713 (36) 506 (26) 88
Young’s modulus (GPa) 290 (1) 308 (17) 30
Vicker hardness (GPa) 14.9 (0.8) 20.8 (0.6) 1
Toughness (MPa m1/2) 4.4 (0.2) 1.9 (0.2)

icrostructure
Average grain size (mm) 0.4 1.2
Glassy phase (vol%) 10.0 4.8

he values in parenthesis are standard deviation.
f the Si3N4 ceramics sintered at 2123 K for 2 h of (a) 5Y3S (c) 5Y3A and (e)

bout 30% for the 5Y3S and 3S3M1Y specimens after the heat-
reatment. Moreover, remarkable decrease in bending strength
p to 60% was found in the 5Y3A specimen. One of the reasons
or the decrease in bending strength after the heat-treatment may
e grain growth. The increase of average grain size, as shown in
able 3, confirms the effect of heat-treatment on the decrease in
ending strength. The average grain size increased three times in
he 5Y3S specimen, but about twice in the 5Y3A and 3S3M1Y
pecimens due to the heat-treatment. Average grain size after the
eat-treatment was not so large, but grain growth of columnar
rains was extensive, as observed in fracture surfaces shown in
ig. 9a–f. Mechanism of higher magnitude of decrease in bend-

ng strength of the 5Y3A specimen than the other specimens
s not yet clear. Young’s modulus of all specimens was around

00 GPa and is similar to the commercial products, which did
ot so significantly change after the heat-treatment.

The effect of heat-treatment on hardness is given in Table 3.
ll specimens showed increase in Vickers hardness after the

h and after heat-treated at 2223 K for 8 h

3A 3S3M1Y

ntered Heat-treated Sintered Heat-treated

8 (90) 353 (29) 934 (53) 675 (56)
8 (8) 297 (9) 325 (10) 318 (14)
8.3 (0.4) 21.8 (1.3) 18.8 (0.8) 21.9 (1.0)
4.7 (0.2) 2.3 (0.1) 4.8 (0.1) 3.8 (0.3)

0.4 0.9 0.4 0.8
9.5 7.0 18.5 2.4
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ig. 9. SEM micrographs of fracture surface of the Si3N4 ceramics sintered at
h of (b) 5Y3S (d) 5Y3A and (f) 3S3M1Y.

eat-treatment. The high Vickers hardness was found to be
p to 19.2 GPa in the heat-treated 3S3M1Y specimen. It can
e thought that the hardness increase dominated by decreas-
ng amount of grain-boundary glassy phase15, and not by grain
rowth. In the case of heat-treated 3S3M1Y specimen, the
mount of glassy phase is the lowest among all specimens, as
hown in Table 3.

High fracture toughness of Si3N4 materials in comparison
ith other ceramic materials is connected with the toughen-

ng mechanism, which is similar to those in whisker-reinforced
omposite materials, i.e. grain bridging by elongated grains and
ullout. The toughening mechanism was described by presence
f elongated grains and local stress between grains and intergran-
lar glassy phase.16 Although the fracture toughness increases
ith increasing volume fraction of elongated grains17 in general

ases, the fracture toughness of all specimens after the heat-
reatment in this study decreased. The decrease in fracture tough-
ess after the heat-treatment can be explained by a change in
olume and composition of grain-boundary phase, particularly
ue to evaporation of the selective elements such as SiO or Mg
uring the heat-treatment. Intergranular glassy phases generally
ave thermal expansion coefficients higher than that of Si3N4
rains, then the grain-boundary phase is in under tensile stress at
oom temperature, i.e. specimen containing appropriate amount
f grain-boundary phase shows tendency for higher fracture
oughness.

The relatively higher fracture toughness (3.8 MPa m1/2) with
elatively higher strength (675 MPa) after the heat-treatment

as achieved in the 3S3M1Y specimen. The highest fracture

oughness within the heat-treated specimens is not explained
rom the amount of grain-boundary phase since it was the low-
st in the case of the 3S3M1Y specimen (Table 3). The grain

(

for 2 h of (a) 5Y3S (c) 5Y3A and (e) 3S3M1Y and heat-treated at 2223K for

ullout conducted to relatively high fracture toughness of the
S3M1Y specimen was observed as in Fig. 9f, indicating change
n grain boundary phase. Further characterization is necessary
o clarify the reason. Furthermore, the actual sintering condition
f smaller size specimens for thermal property measurement
nd larger size specimens for mechanical property measure-
ent should be somewhat different. Therefore, evaluation of

hermal properties using larger specimens is set as a future
ork.

. Conclusions

The heat-treatment process that was used to improve the ther-
al conductivity has been shown to be applicable to Si3N4

eramics. The thermal conductivity, total and lattice oxygen
ontents and mechanical properties were evaluated for Si3N4
eramics containing different additives due to the post-sintering
eat-treatment at higher temperatures than sintering tempera-
ure. The following conclusions were obtained based on the
esults of the current work:

1) A significant increase in thermal conductivity occurred
by the post-sintering heat-treatment in the 3 mass% SiO2,
3 mass% MgO and 1 mass% Y2O3 added specimen
(3S3M1Y) and 5 mass% Y2O3 and 3 mass% SiO2 added
specimen (5Y3S) up to 85 or 89 Wm−1 K−1, respectively.
In both cases, the amount of total oxygen and lattice oxygen
content decreased significantly.
2) On the other hand, �-SiAlON was formed in the 5 mass%
Y2O3 and 3 mass% Al2O3 added specimen (5Y3A) and
the lattice oxygen of this specimen did not decrease
markedly. As a result, the thermal conductivity of 5Y3A
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specimen was not improved so much by the heat-
treatment.

3) In the SiO2–MgO–Y2O3 added specimen, the reaction

Si3N4(s) + 3SiO2(l) → 6SiO(g) + 2N2(g),

and

Si3N4(s) + 3MgO(s) → 3SiO(g) + 3Mg(g) + 2N2(g)

were confirmed to be progressed not only by the mass loss
and the total oxygen content relationship but also by the
decrease in magnesium content. The mass loss reaction is
dominated by the first reaction in the initial stage, and dom-
inated by the second reaction in the succeeding stage.

4) Three point bending strength and fracture toughness of
these Si3N4 ceramics decreased and Vickers hardness
increased after the heat-treatment mainly by decreasing
amount of grain-boundary glassy phase. Extensive grain
growth of columnar grains was observed in all specimens
after the heat-treatment. The relatively high fracture tough-
ness (3.8 MPa m1/2) with relatively high strength (675 MPa)
and high hardness (19.2 GPa) were achieved after the heat-
treatment in the 3S3M1Y specimen.
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