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Abstract

Solid/gas reaction during sintering of SizN4 ceramics in an air atmosphere was investigated. The Si;N, specimens were prepared from (3-powder
with MgO and AL,O; 5 wt% each as sintering aids. The oxygen content of the mixtures after milling increased with increasing milling time. The
SiO, content was found to cause more significant mass loss of the sintered specimens than the sintering temperature. There was also a gradient of
the oxygen partial pressure (Po,) in the crucible during sintering resulting in the formation of silicon oxynitride (Si,N,O) on the surfaces of Si3Ny
specimens in different quantities. The mass loss reaction, amount of mass loss as a function of soaking time and sintering temperature, mass loss
difference between the top and the bottom of specimens and the formation of Si,N,O are discussed.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Silicon nitride (Si3N4) ceramics have been intensively stud-
ied for many years because of their great potential for structural
applications at room and elevated temperatures. These are due
to their excellent mechanical properties in combination with
good corrosion and thermal shock resistance.! Commercial
uses for Si3zNy ceramics range from bearings, cutting tools and
wear parts to turbocharger rotors and gas-turbine components.
However, throughout this period it has been commonly accepted
that Si3N4 ceramics are usually prepared from a-Si3N4 powder
with some amount of sintering additives and must be sintered in
N, atmosphere under a pressure of over 0.1 MPa, because SizN4
is easily oxidized in air at high temperature or decomposed to
Si (s, 1) and N3 (g) at a low P, atmosphere.“*6 The instability
of Si3N4, mass loss phenomena during the sintering and the for-
mation of the heterogeneous surface layer had been investigated
experimentally.®~12

One of the authors studied the mass loss phenomena dur-
ing sintering Si3Ny ceramics in a N, furnace.'3~!> Through the
study, it was thought that Si3Ny4 could be sintered in an air atmo-
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sphere furnace. And it was realized by using a double structure
of Al,O3 crucibles as sagger and Si3Ny4 packing powder. How-
ever, the study was preliminary and there were some reactions
to be clarified.'®!8

In this paper, gas/solid reaction during sintering of SizNg
ceramics in an air atmosphere is investigated. The 3-Si3 N4 pow-
der was used as starting material instead of usual o type powder.
Based on the experimental results, the oxygen partial pressure
(Po,) and gas/solid reaction during sintering of SizN4 ceramics
in an air furnace are discussed.

2. Experimental procedure
2.1. Materials and preparation of Si3N4 green bodies

B-Si3Ny4 powder (SN-F2 grade, Denki Kagaku Kogyo K.K.
Co., Ltd., Japan) was used as a starting material. It included
1.18 wt% oxygen and 0.2wt% Fe. The average particle size
(Dso) was 29 pm. The powder was mixed and milled with 5 wt%
MgO (99.9% pure, Iwatani Chemicals Co., Ltd., Japan) and
5wt% Aly O3 (99.99% pure, Taimei Chemicals Co., Ltd., Japan)
by attrition mill using a ZrO, pot and SizNy4 balls of 5 mm in
diameter. The mixture with mixing time for 6 h in ethanol was
denoted as E6h and that with mixing time for 16 h in n-hexane
was denoted as H16h. Then, the slurry using ethanol as a solvent
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Al,O; crucibles

i/ > specimens
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Fig. 1. Schematic of the crucible structure.

was dried at 80 °C in an oven and the slurry using n-hexane was
first kept at room temperature until most of n-hexane evaporated
and then dried at 100 °C in the same oven. The dried powders
were sieved through a 100 mesh screen. The obtained powders
were formed into tablets of 20 mm in diameter and 5 mm in
thickness by mechanical pressing at 20 MPa followed by cold
isostatic pressing (CIP) at 200 MPa.

2.2. Sagger structure and sintering

Two tablets of each type were placed within a powder bed of
coarse SizNy powder (SN-F2, particle size >300 j.m) of approx-
imately 32 g in a high purity Al,O3 crucible (~40 mm inner
diameter x ~36 mm height, Nikkato Co. Ltd., Japan). Then,
the crucible was set in a larger Al,O3 crucible (~82 mm inner
diameter x ~70 mm height) as shown in Fig. 1. Alumina pow-
der (A-11 grade, Fuji Kasei Co., Ltd., Japan) of approximately
235 g was filled to the space between the two crucibles. To avoid
the reaction of SizNy packing powder with the bottom of larger
Al,O3 crucible, Al;O3 powder was also layered in the lower
part of a small crucible. Sintering was performed in an air atmo-
sphere furnace at a temperature ranging between 1500 °C and
1700 °C for 2 h with a heating and cooling rate of 10 °C/min.

2.3. Characterization

The particle size distributions of the powders before and after
milling were measured by particle size analyzer (SA-CP2, Shi-
madzu, Japan). The oxygen contents of the raw Si3N4 powder
and the powder mixtures were analyzed by an Oxygen/Nitrogen
determinator (TC-436 DR, LECO, Japan). Mass loss of speci-
mens was taken as the difference between the mass of specimens
before and after sintering. Crystal phases of sintered specimens
were identified by an X-ray diffractometer (D8 Advance, Bruker
Co., Ltd., Germany).
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Fig. 2. Particle size distribution of as-received SN-F2 and powders after milling
by attrition mill.

3. Experimental results
3.1. Properties of mixed powder after milling

The particle size distributions of the raw SizN4 powder and
the powders after milling are shown in Fig. 2. The attrition
mill could reduce the particle size of the powder down to sub-
micrometer size and the average particle size of the powders
after milling and mixing for 6 h (E6h) and 16 h (H16h) were
0.8 wm and 0.5 pwm, respectively. The oxygen contents in these
powders are shown in Fig. 3. The values in Fig. 3 did not include
oxygen from the oxide additives. From the results, the oxygen
content increased with increasing milling time because the frac-
tured Si3Ny surfaces reacted with OH™ generated from ethanol
by mechanochemical reaction to form Si—O bond.!” n-Hexane
was used with attention to avoid oxygen increase during mixing,
because n-hexane does not include OH™ in the molecule. Nor-
mally, the mixed powder using n-hexane as a medium should
be dried in a vacuum rotary evaporator in order to avoid the
oxidation of the SizN4 powder. However, due to limited facility

Oxygen content / mass%

Mixing time (h)

Fig. 3. Increment of oxygen content during milling as a function of milling time.
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Fig. 4. Mass loss of sintered SizNy4 at 1700 °C for 2h in air atmosphere as a
function of oxygen content in the mixed powders.
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the slurry was dried in air as mentioned in Section 2.1. Unex-
pectedly, the oxygen content in the powder increased more than
that in the mixture using ethanol. It was supposed that the active
Si3Ny surface might adsorb and react with moisture during dry-
ing in air and in oven to form Si—O bond on the surface of Si3 Ny
powder.

3.2. Mass loss

The average mass loss of two specimens, top and bottom
shown in Fig. 1, as a function of the oxygen content in the mixed
powders is shown in Fig. 4. The mass loss significantly increased
with the oxygen content in the sintered specimen. It was easily
understood by comparing Fig. 3 with Fig. 4. From this view-
point, it was thought that the mechanism was similar to that
of sintering in N atmosphere, where Si3sN4 powder reacts with
SiO; and formed SiO (g). The main reaction leading to mass loss
of specimen during sintering is equated as reaction (1).!3-1517

SizN4 (s) 4+ 3Si0; (s, 1) — 6SiO(g) + 2Nz (g) 1)

Fig. 5 shows the average mass loss of E6h and H16h as
a function of sintering temperature. The mass losses did not
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Fig. 5. Mass loss of sintered Si3N4 (E6h and H16h) as a function of sintering
temperatures.

significantly change with the sintering temperature, unlike the
mass loss of Si3N4 ceramics sintered in N, atmosphere which
increased with increasing the sintering temperature.!3-1

Fig. 6(a) shows the mass loss of each specimen of E6h, top
and bottom, as a function of sintering temperature. The mass
loss of the top specimen in the crucible was higher than that of
the bottom one. The tendency was the same for H16h specimens
(Fig. 6(b)). It was suggested that the atmosphere or gas partial
pressure at the top and the bottom positions of the crucible is
different. Moreover, the mass loss did not increase as much with
prolonging soaking time. The densities of the specimens sin-
tered at >1600 °C for 2 h were almost full density, ~96-98% of
theoretical density. The details concerning with some properties
of the sintered bodies will be reported in the further paper.

3.3. Reaction taking place in packing powder

After sintering at 1700 °C, the Al,O3 packing powder at the
bottom of the crucible was hardened and became a solid slab as
shown in Fig. 7. The slab was approximately 3 mm thick and
rather difficult to crush. However, the solid slab was softer and
easy to be taken out from the crucible when the sintering temper-
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Fig. 6. Mass loss of top and bottom specimens (E6h) as a function of sintering temperature (a), and mass loss of top and bottom specimens (H16h) sintered at 1650 °C

as a function of soaking time (b).



2114 N. Wangmooklang et al. / Journal of the European Ceramic Society 27 (2007) 2111-2117

Fig. 7. Reacted Al,O3 packing powder (bottom side) after sintering at 1700 °C
for 2h in air atmosphere furnace.

ature was lower. The XRD profile of the slab is shown in Fig. 8.
The packing powder, which was originally Al,O3, changed to
the mixture of corundum (Al;03), mullite (3A1,03-2Si0,) and
a small amount of amorphous phase as shown in Fig. 8. The
mullite might be formed by the reaction between Al,O3 pack-
ing powder, SiO (g) generated from reaction (1) and/or (2) and
0O, (g) as shown in Eq. (3).

2Si3N4 (s) + 302 (g) — 6Si0O(g) + 4N2 (g) (2)
3AL 03 (s) + 2Si0(g) + 02 (2) — 3AL032Si02(s)  (3)

Amorphous phase was observed not only in the slab, but also
on the edge of the small Al,O3 crucible. We did not analyze it,
but the glassy film on the edge of the crucible might be SiO;.
We supposed that it was formed by the reaction of SiO (g) and
atmospheric O, (g) diffused through Al,O3 packing powder.

Moreover, at the interface between SizN4 and Al,O3 packing
powders, a hardened layer of Si3zN4 was formed with 1-2 mm
in thickness and was easily separated from the packing powder
above it. The XRD pattern of this material is shown in Fig. 9. As
seen in the XRD profile, small amounts of cristobalite (SiO)
and Si, N> O were observed in this layer. The formation reactions
of Si;N;O and SiO; were discussed in Section 4.3.
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Fig. 8. XRD pattern of the reacted Al,O3 packing powder (bottom side) after
sintering at 1700 °C for 2 h in air furnace.
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Fig. 9. XRD pattern of the reacted Si3N4 packing powder layer after sintering
at 1700 °C for 2 h.

3.4. Crystal phase of specimens

To corroborate the reactions suggested in this work, the crys-
tal phases of the sintered specimens and packing powder were
identified by X-ray diffractometer. The XRD pattern of E6h
specimen surface after sintering is shown in Fig. 10. The result
indicated that the top surface of the specimen at the top position
(T-t, see Fig. 1) consisted of only 3-Si3 N4 phase. On the contrary,
the bottom surface of the specimen at the bottom position (B-b,
see Fig. 1) consisted of only silicon oxynitride (SiN,O). The
surfaces T-b and B-t in Fig. 1 were composed of mixed phases of
B-Si3N4 and Si;N>O. To find out the depth of Si;N>O, the B-b
surface was ground steply and then characterized by XRD. The
XRD patterns of specimen before and after grinding are shown
in Fig. 11. At the depth of 47 wm, only Si,N,O was observed.
After grinding out 75 pum, SioN>O peaks reduced and -SizNg
appeared.

The effect of sintering temperature on the formation of
SipN»O in the specimen surfaces (B-b) was indicated by XRD
patterns as shown in Fig. 12(a). B-Si3Ny4 peaks were observed
at the sintering temperature of 1500 °C, their intensity gradually

3500 ; ; :
B [ B : B-Si,N,
3000 | ; ; B 0 :8i:N.O Tt 1
2500 || L_l Bl ppf ppbpp |
£ 3 [
§ 2000 [ b 3 L y T-b ]
£ P oo [0 oblet vel pebo
£ 1500 F B ( 3
= 6 B i} B-t
o Hh Q
& 000 f | o | | olofeo b bpl PBPBE
500 | o o B-b ]
10 00 o . o 0o
5 | RN, A 00 0.90y . 0 I
10 20 30 40 50 60 70
2-theta

Fig. 10. XRD patterns of E6h specimen surfaces after sintering at 1700 °C for
2 h in air atmosphere furnace.
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Fig. 11. XRD patterns of the specimen surface of E6h before and after grinding
the bottom surface of the bottom specimen (B-b) sintered at 1700 °C for 2 h.

reduced at 1600 °C and disappeared at 1700 °C while those of
SioN>O clearly increased with the sintering temperature. The
formation of Si)N>O was also favored by prolonged soaking
time as indicated in Fig. 12(b), whereas [3-SizN4 was observed
only at the shortest soaking time of 6 min, but not at 1h and
3 h. The formation of Si;N>O in the surface of specimens was
further discussed in Section 4.3.
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Fig. 12. XRD patterns of specimen surface (B-b) of (a) E6h sintered at
1500-1700°C for 2h and (b) H16h sintered at 1650°C for various soaking
times.

4. Discussion
4.1. Mass loss reaction

Materials in the small crucible are specimens of SizNy with
glassy phase, Al,O3 packing powder, Si3N4 packing powder,
nitrogen gas and oxygen gas. The glassy phase is composed
of SiO,, MgO and Al;Os3. Therefore, the major mass change
reactions of specimens should be through the gas/solid reactions
between materials mentioned via reactions (1) and (2).

As shown in Figs. 3 and 4, the average mass loss of specimens
was qualitatively proportional to the content of oxygen in the
specimens. Consequently, the major mass loss reaction had to
be reaction (1), nevertheless, the equilibrium Pgjo of reaction
(2) is higher than that of reaction (1) when Po, is higher than
~10~19Pa as shown in Fig. 13(a).

Another mass loss reaction of the specimens may probably
be the volatilization of MgO, which was used as sintering aid.
MgO is well known to be highly volatile when used for prepar-
ing Si3Ny ceramics. It can vaporize to Mg (g) and O (g) and/or
MgO (g) at high temperature. However, we did not analyze
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Fig. 13. (a) Equilibrium SiO (g) pressure for the reactions (1) and (2) as a
function of equilibrium oxygen pressure from 1400 °C to 1700 °C and (b) Gibbs
free energy of the formation of SioN,O of the reactions (4)—(6) from 1400 °C
to 1700°C.



2116 N. Wangmooklang et al. / Journal of the European Ceramic Society 27 (2007) 2111-2117

the final content of Mg(O) in the sintered specimens in this
experiment.

4.2. Amount of mass loss as a function of sintering
temperature and soaking time

Though the Ps;o of reaction (1) was independent on an oxy-
gen partial pressure in atmosphere, it increased from 10° Pa
at 1500 °C to 4.4 x 10* Pa at 1700 °C as shown in Fig. 13(a).
Therefore, it was reasonable to assume that the mass loss should
increase with increasing temperature. However, as shown in
Figs. 5 and 6, the mass loss did not change so much with sin-
tering temperature and soaking time. The independence of the
mass loss on the sintering temperature and soaking time may be
due to the formation of impermeable layer.

As shown in Figs. 7 and 8, Al,O3 packing powder in the
bottom of the small Al,O3 crucible partially changed to mullite
and SiO» glass layer after sintering. As explained in Section 3.3,
Si3N4 packing powder layer adjoined to Al,O3 packing powder
changed to Si3Ny, SipN>O and SiO; glass (cristobalite at room
temperature) layer after sintering. This layer might soon become
less permeable. The amount of gas diffused through the layer
would be proportional to the total amount of SiO (g) evaporated
from the reactions (1) and (2). In other words, when sintering
temperature was high, the layer became impermeable in a shorter
time but in a longer time at low sintering temperature. When the
SiO (g) and O, generated from outside nearly stopped to diffuse
out and in, the reaction would almost stop. As a result, mass loss
was not affected by sintering temperature and soaking time by
the formation of impermeable layer.

4.3. Formation of SioN,O

SipN»>O was observed in the surface of specimens and in the
Si3N4 packing powder adjoined to Al,O3 packing powder.

The formation of Si;N,O is only observed via a presence of
liquid phase whereby the liquid phase is generally provided by
the intentionally added metal oxides. The facts had already been
reported by Huang et al.,! Mitomo et al.,?2 Ohashi et al.,23-2¢
Lewis et al.,”” Li et al.,28 Wang et al.,?° and Larker.30

Possible material balance to form Si;N»O is suggested as
follows ((4)—(6)):

Si3N4 (s) + 3Si0(g) + N (g) — 3Si2N20(s) “)
SizN4 (s) + SiOz (s, 1) — 2SiaN2O(s) 4)
4Si3N4 (s) + 302 (g) — 6SiaN2O(s) + 2Na (g) (6)

Considering the Gibbs free energies of the reactions (4)—(6)
shown in Fig. 13(b), the formation of Si;N,O via reactions (5)
and (6) is more thermodynamically favorable than reaction (4).

As discussed in Section 3.4, more amount of SipN»>O in sin-
tered specimens was observed in the surface closer to the bottom
side and was also in the outer surface. Therefore, the material to
form SipN>O in the specimen was supplied from outside of the
specimen. Oxygen gas diffuses in the small Al O3 crucible from
outside. Then the amount of O, (g) was rich; in other words,

oxygen partial pressure (Pp,) was higher in the bottom side.
Considering all facts mentioned above, the formation reaction
of SipN»O in the specimen might be the reaction (6).

Another possible reaction is the reaction (5), because SiO>
(s, 1) generated by the reactions (7) and (8). In these reactions,
Po, affects the amount of SiO, (s, ) generation.

2810 (g) + O2(g) — 2SiOa (s, 1) @)
SizN4 (s) 4+ 302(g) — 3SiO2 (s, 1) + 2Na2 (g) ®)

The SiO; in reaction (7) is formed by reaction between SiO
(g) which generates from reaction (1) and/or (2) and O, (g) dif-
fused from the atmosphere. The SiO; in reaction (8) is resulted
from the passive oxidation of Si3N4. Generally, the reaction
between SizNy (s) and O3 (g) is passive oxidation when oxygen
partial pressure (Po,) is high and it changes to active oxida-
tion (reaction (2)) when Po, (g) becomes lower. The transition
condition of passive to active is affected by the atmosphere tem-
perature and gas flowing rate.2’ However, the transition occurred
at about 10% Pa.!#20

The Po, in the crucible could not be measured. Therefore, we
do not know whether Po, was higher than 102 Pa or not in the
area of specimens. As aresult, itis not confident that the reaction
(5) is the only one of the formation reactions of Si;N,O in the
surface of specimens, but there will be some possibility.

In the layer of SizNy4 packing powder adjoined to Al,O3 pack-
ing powder, Po, is presumed to be high. As a result, reactions
(6)—(8) occur. The SiO; (s, 1) in reactions (7) and (8) provide
a viscous glass phase for reaction (5) to generate SiopN>O. The
glassy phase may also be formed by the reaction between SiO,
and Al, O3 powder adjoined to Si3N4 packing powder. This lig-
uid formation is strongly influenced by Al,O3 which decreases
the melting temperature by forming an aluminium silicate melt.
It enhances dissolution of Si3N4 and in this way promotes the
formation of SipN,O solid solution.?!

No Si; N, O was generated in T-t surface and much amount of
mass loss was observed because Po, was too low to precipitate
SiO; (s, 1) by reactions (7) and (8) to react with SizN4. Hence,
reaction (5) and/or (6) could not occur. Accordingly, the SizNy
packing powder in the top part of the small sagger was easily
crushed to powder and it did not include any other phase except
SizNy.

Plucknett and Lin sintered SizN4 in air atmosphere. They
observed only mass gain and generation of SioN>O at the sinter-
ing temperature of 1500-1750 °C.3! Comparing with our results,
the Po, around the specimen might be higher than that of this
experiment.

4.4. Mass loss difference between top and bottom
specimens

As shown in Figs. 5 and 6, mass loss of the top specimen
was much higher than that of bottom one. The reaction (1) is the
mass loss reaction. The reactions (5) and (6) are the mass gain
reaction.

The difference in the mass loss of the top and bottom spec-
imen is sum of the mass loss and mass gain reactions. And the
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mass gain reaction is affected by the Po, in the crucible as dis-
cussed in Section 4.3. However, the sequence of mass loss and
mass gain reactions with soaking time is not explained exactly
in this experiment.

5. Conclusions

The solid/gas reaction during sintering of Si3N4 ceramics in
air atmosphere was investigated through the experimental data
of the sintered specimens and packing powders. The following
conclusions were reached.

(1) Mass loss of Si3Ny ceramics sintered in air significantly
increased as a function of SiO; content in the specimen,
but was less affected by the temperature change. The mass
losses of the specimen placed at the top and bottom of
positions in the small crucible were different due to the dif-
ference of the oxygen partial pressure during sintering. The
main mass loss of Si3Ny specimen was due to the following
reaction:

Si3N4 (s) + 3Si0; (s, 1) — 6SiO(g) + 2N> (g)

(2) There was a gradient of the oxygen partial pressure (Po,) in
the small crucible during sintering. The Pg, at the top side
of the crucible was assumed to be lower than the bottom
side. This assumption was convinced by the formation of
SipN»O in the bottom surface of the sintered specimen, of
which the content decreased inward.
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