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bstract

olid/gas reaction during sintering of Si3N4 ceramics in an air atmosphere was investigated. The Si3N4 specimens were prepared from �-powder
ith MgO and Al2O3 5 wt% each as sintering aids. The oxygen content of the mixtures after milling increased with increasing milling time. The
iO2 content was found to cause more significant mass loss of the sintered specimens than the sintering temperature. There was also a gradient of
he oxygen partial pressure (PO2 ) in the crucible during sintering resulting in the formation of silicon oxynitride (Si2N2O) on the surfaces of Si3N4

pecimens in different quantities. The mass loss reaction, amount of mass loss as a function of soaking time and sintering temperature, mass loss
ifference between the top and the bottom of specimens and the formation of Si2N2O are discussed.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

Silicon nitride (Si3N4) ceramics have been intensively stud-
ed for many years because of their great potential for structural
pplications at room and elevated temperatures. These are due
o their excellent mechanical properties in combination with
ood corrosion and thermal shock resistance.1–3 Commercial
ses for Si3N4 ceramics range from bearings, cutting tools and
ear parts to turbocharger rotors and gas-turbine components.
owever, throughout this period it has been commonly accepted

hat Si3N4 ceramics are usually prepared from �-Si3N4 powder
ith some amount of sintering additives and must be sintered in
2 atmosphere under a pressure of over 0.1 MPa, because Si3N4

s easily oxidized in air at high temperature or decomposed to
i (s, l) and N2 (g) at a low PN2 atmosphere.4–6 The instability
f Si3N4, mass loss phenomena during the sintering and the for-
ation of the heterogeneous surface layer had been investigated

xperimentally.6–12
One of the authors studied the mass loss phenomena dur-
ng sintering Si3N4 ceramics in a N2 furnace.13–15 Through the
tudy, it was thought that Si3N4 could be sintered in an air atmo-
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phere furnace. And it was realized by using a double structure
f Al2O3 crucibles as sagger and Si3N4 packing powder. How-
ver, the study was preliminary and there were some reactions
o be clarified.16,18

In this paper, gas/solid reaction during sintering of Si3N4
eramics in an air atmosphere is investigated. The �-Si3N4 pow-
er was used as starting material instead of usual � type powder.
ased on the experimental results, the oxygen partial pressure

PO2 ) and gas/solid reaction during sintering of Si3N4 ceramics
n an air furnace are discussed.

. Experimental procedure

.1. Materials and preparation of Si3N4 green bodies

�-Si3N4 powder (SN-F2 grade, Denki Kagaku Kogyo K.K.
o., Ltd., Japan) was used as a starting material. It included
.18 wt% oxygen and 0.2 wt% Fe. The average particle size
D50) was 29 �m. The powder was mixed and milled with 5 wt%

gO (99.9% pure, Iwatani Chemicals Co., Ltd., Japan) and
wt% Al2O3 (99.99% pure, Taimei Chemicals Co., Ltd., Japan)

y attrition mill using a ZrO2 pot and Si3N4 balls of 5 mm in
iameter. The mixture with mixing time for 6 h in ethanol was
enoted as E6h and that with mixing time for 16 h in n-hexane
as denoted as H16h. Then, the slurry using ethanol as a solvent

mailto:nirutw77@yahoo.com
dx.doi.org/10.1016/j.jeurceramsoc.2006.06.004
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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 Si3N4 powder. However, due to limited facility
Fig. 1. Schematic of the crucible structure.

as dried at 80 ◦C in an oven and the slurry using n-hexane was
rst kept at room temperature until most of n-hexane evaporated
nd then dried at 100 ◦C in the same oven. The dried powders
ere sieved through a 100 mesh screen. The obtained powders
ere formed into tablets of 20 mm in diameter and 5 mm in

hickness by mechanical pressing at 20 MPa followed by cold
sostatic pressing (CIP) at 200 MPa.

.2. Sagger structure and sintering

Two tablets of each type were placed within a powder bed of
oarse Si3N4 powder (SN-F2, particle size >300 �m) of approx-
mately 32 g in a high purity Al2O3 crucible (∼40 mm inner
iameter × ∼36 mm height, Nikkato Co. Ltd., Japan). Then,
he crucible was set in a larger Al2O3 crucible (∼82 mm inner
iameter × ∼70 mm height) as shown in Fig. 1. Alumina pow-
er (A-11 grade, Fuji Kasei Co., Ltd., Japan) of approximately
35 g was filled to the space between the two crucibles. To avoid
he reaction of Si3N4 packing powder with the bottom of larger
l2O3 crucible, Al2O3 powder was also layered in the lower
art of a small crucible. Sintering was performed in an air atmo-
phere furnace at a temperature ranging between 1500 ◦C and
700 ◦C for 2 h with a heating and cooling rate of 10 ◦C/min.

.3. Characterization

The particle size distributions of the powders before and after
illing were measured by particle size analyzer (SA-CP2, Shi-
adzu, Japan). The oxygen contents of the raw Si3N4 powder

nd the powder mixtures were analyzed by an Oxygen/Nitrogen
eterminator (TC-436 DR, LECO, Japan). Mass loss of speci-

ens was taken as the difference between the mass of specimens

efore and after sintering. Crystal phases of sintered specimens
ere identified by an X-ray diffractometer (D8 Advance, Bruker
o., Ltd., Germany). F
ig. 2. Particle size distribution of as-received SN-F2 and powders after milling
y attrition mill.

. Experimental results

.1. Properties of mixed powder after milling

The particle size distributions of the raw Si3N4 powder and
he powders after milling are shown in Fig. 2. The attrition

ill could reduce the particle size of the powder down to sub-
icrometer size and the average particle size of the powders

fter milling and mixing for 6 h (E6h) and 16 h (H16h) were
.8 �m and 0.5 �m, respectively. The oxygen contents in these
owders are shown in Fig. 3. The values in Fig. 3 did not include
xygen from the oxide additives. From the results, the oxygen
ontent increased with increasing milling time because the frac-
ured Si3N4 surfaces reacted with OH− generated from ethanol
y mechanochemical reaction to form Si O bond.19 n-Hexane
as used with attention to avoid oxygen increase during mixing,
ig. 3. Increment of oxygen content during milling as a function of milling time.
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ig. 4. Mass loss of sintered Si3N4 at 1700 ◦C for 2 h in air atmosphere as a
unction of oxygen content in the mixed powders.

he slurry was dried in air as mentioned in Section 2.1. Unex-
ectedly, the oxygen content in the powder increased more than
hat in the mixture using ethanol. It was supposed that the active
i3N4 surface might adsorb and react with moisture during dry-

ng in air and in oven to form Si O bond on the surface of Si3N4
owder.

.2. Mass loss

The average mass loss of two specimens, top and bottom
hown in Fig. 1, as a function of the oxygen content in the mixed
owders is shown in Fig. 4. The mass loss significantly increased
ith the oxygen content in the sintered specimen. It was easily
nderstood by comparing Fig. 3 with Fig. 4. From this view-
oint, it was thought that the mechanism was similar to that
f sintering in N2 atmosphere, where Si3N4 powder reacts with
iO2 and formed SiO (g). The main reaction leading to mass loss
f specimen during sintering is equated as reaction (1).13–15,17
i3N4 (s) + 3SiO2 (s, l) → 6SiO (g) + 2N2 (g) (1)

Fig. 5 shows the average mass loss of E6h and H16h as
function of sintering temperature. The mass losses did not

b
s
r
e

ig. 6. Mass loss of top and bottom specimens (E6h) as a function of sintering tempera
s a function of soaking time (b).
ig. 5. Mass loss of sintered Si3N4 (E6h and H16h) as a function of sintering
emperatures.

ignificantly change with the sintering temperature, unlike the
ass loss of Si3N4 ceramics sintered in N2 atmosphere which

ncreased with increasing the sintering temperature.13–15

Fig. 6(a) shows the mass loss of each specimen of E6h, top
nd bottom, as a function of sintering temperature. The mass
oss of the top specimen in the crucible was higher than that of
he bottom one. The tendency was the same for H16h specimens
Fig. 6(b)). It was suggested that the atmosphere or gas partial
ressure at the top and the bottom positions of the crucible is
ifferent. Moreover, the mass loss did not increase as much with
rolonging soaking time. The densities of the specimens sin-
ered at ≥1600 ◦C for 2 h were almost full density, ∼96–98% of
heoretical density. The details concerning with some properties
f the sintered bodies will be reported in the further paper.

.3. Reaction taking place in packing powder

After sintering at 1700 ◦C, the Al2O3 packing powder at the

ottom of the crucible was hardened and became a solid slab as
hown in Fig. 7. The slab was approximately 3 mm thick and
ather difficult to crush. However, the solid slab was softer and
asy to be taken out from the crucible when the sintering temper-

ture (a), and mass loss of top and bottom specimens (H16h) sintered at 1650 ◦C
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ig. 7. Reacted Al2O3 packing powder (bottom side) after sintering at 1700 ◦C
or 2 h in air atmosphere furnace.

ture was lower. The XRD profile of the slab is shown in Fig. 8.
he packing powder, which was originally Al2O3, changed to

he mixture of corundum (Al2O3), mullite (3Al2O3·2SiO2) and
small amount of amorphous phase as shown in Fig. 8. The
ullite might be formed by the reaction between Al2O3 pack-

ng powder, SiO (g) generated from reaction (1) and/or (2) and
2 (g) as shown in Eq. (3).

Si3N4 (s) + 3O2 (g) → 6SiO (g) + 4N2 (g) (2)

Al2O3 (s) + 2SiO (g) + O2 (g) → 3Al2O3·2SiO2 (s) (3)

Amorphous phase was observed not only in the slab, but also
n the edge of the small Al2O3 crucible. We did not analyze it,
ut the glassy film on the edge of the crucible might be SiO2.
e supposed that it was formed by the reaction of SiO (g) and

tmospheric O2 (g) diffused through Al2O3 packing powder.
Moreover, at the interface between Si3N4 and Al2O3 packing

owders, a hardened layer of Si3N4 was formed with 1–2 mm
n thickness and was easily separated from the packing powder
bove it. The XRD pattern of this material is shown in Fig. 9. As
een in the XRD profile, small amounts of cristobalite (SiO2)

nd Si2N2O were observed in this layer. The formation reactions
f Si2N2O and SiO2 were discussed in Section 4.3.

ig. 8. XRD pattern of the reacted Al2O3 packing powder (bottom side) after
intering at 1700 ◦C for 2 h in air furnace.

S
p
a

F
2

ig. 9. XRD pattern of the reacted Si3N4 packing powder layer after sintering
t 1700 ◦C for 2 h.

.4. Crystal phase of specimens

To corroborate the reactions suggested in this work, the crys-
al phases of the sintered specimens and packing powder were
dentified by X-ray diffractometer. The XRD pattern of E6h
pecimen surface after sintering is shown in Fig. 10. The result
ndicated that the top surface of the specimen at the top position
T-t, see Fig. 1) consisted of only �-Si3N4 phase. On the contrary,
he bottom surface of the specimen at the bottom position (B-b,
ee Fig. 1) consisted of only silicon oxynitride (Si2N2O). The
urfaces T-b and B-t in Fig. 1 were composed of mixed phases of
-Si3N4 and Si2N2O. To find out the depth of Si2N2O, the B-b
urface was ground steply and then characterized by XRD. The
RD patterns of specimen before and after grinding are shown

n Fig. 11. At the depth of 47 �m, only Si2N2O was observed.
fter grinding out 75 �m, Si2N2O peaks reduced and �-Si3N4

ppeared.

The effect of sintering temperature on the formation of

i2N2O in the specimen surfaces (B-b) was indicated by XRD
atterns as shown in Fig. 12(a). �-Si3N4 peaks were observed
t the sintering temperature of 1500 ◦C, their intensity gradually

ig. 10. XRD patterns of E6h specimen surfaces after sintering at 1700 ◦C for
h in air atmosphere furnace.
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be the volatilization of MgO, which was used as sintering aid.
MgO is well known to be highly volatile when used for prepar-
ing Si3N4 ceramics. It can vaporize to Mg (g) and O2 (g) and/or
ig. 11. XRD patterns of the specimen surface of E6h before and after grinding
he bottom surface of the bottom specimen (B-b) sintered at 1700 ◦C for 2 h.

educed at 1600 ◦C and disappeared at 1700 ◦C while those of
i2N2O clearly increased with the sintering temperature. The
ormation of Si2N2O was also favored by prolonged soaking

ime as indicated in Fig. 12(b), whereas �-Si3N4 was observed
nly at the shortest soaking time of 6 min, but not at 1 h and
h. The formation of Si2N2O in the surface of specimens was

urther discussed in Section 4.3.

ig. 12. XRD patterns of specimen surface (B-b) of (a) E6h sintered at
500–1700 ◦C for 2 h and (b) H16h sintered at 1650 ◦C for various soaking
imes.
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. Discussion

.1. Mass loss reaction

Materials in the small crucible are specimens of Si3N4 with
lassy phase, Al2O3 packing powder, Si3N4 packing powder,
itrogen gas and oxygen gas. The glassy phase is composed
f SiO2, MgO and Al2O3. Therefore, the major mass change
eactions of specimens should be through the gas/solid reactions
etween materials mentioned via reactions (1) and (2).

As shown in Figs. 3 and 4, the average mass loss of specimens
as qualitatively proportional to the content of oxygen in the

pecimens. Consequently, the major mass loss reaction had to
e reaction (1), nevertheless, the equilibrium PSiO of reaction
2) is higher than that of reaction (1) when PO2 is higher than
10−10 Pa as shown in Fig. 13(a).
Another mass loss reaction of the specimens may probably
gO (g) at high temperature. However, we did not analyze

ig. 13. (a) Equilibrium SiO (g) pressure for the reactions (1) and (2) as a
unction of equilibrium oxygen pressure from 1400 ◦C to 1700 ◦C and (b) Gibbs
ree energy of the formation of Si2N2O of the reactions (4)–(6) from 1400 ◦C
o 1700 ◦C.
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he final content of Mg(O) in the sintered specimens in this
xperiment.

.2. Amount of mass loss as a function of sintering
emperature and soaking time

Though the PSiO of reaction (1) was independent on an oxy-
en partial pressure in atmosphere, it increased from 103 Pa
t 1500 ◦C to 4.4 × 104 Pa at 1700 ◦C as shown in Fig. 13(a).
herefore, it was reasonable to assume that the mass loss should

ncrease with increasing temperature. However, as shown in
igs. 5 and 6, the mass loss did not change so much with sin-

ering temperature and soaking time. The independence of the
ass loss on the sintering temperature and soaking time may be

ue to the formation of impermeable layer.
As shown in Figs. 7 and 8, Al2O3 packing powder in the

ottom of the small Al2O3 crucible partially changed to mullite
nd SiO2 glass layer after sintering. As explained in Section 3.3,
i3N4 packing powder layer adjoined to Al2O3 packing powder
hanged to Si3N4, Si2N2O and SiO2 glass (cristobalite at room
emperature) layer after sintering. This layer might soon become
ess permeable. The amount of gas diffused through the layer
ould be proportional to the total amount of SiO (g) evaporated

rom the reactions (1) and (2). In other words, when sintering
emperature was high, the layer became impermeable in a shorter
ime but in a longer time at low sintering temperature. When the
iO (g) and O2 generated from outside nearly stopped to diffuse
ut and in, the reaction would almost stop. As a result, mass loss
as not affected by sintering temperature and soaking time by

he formation of impermeable layer.

.3. Formation of Si2N2O

Si2N2O was observed in the surface of specimens and in the
i3N4 packing powder adjoined to Al2O3 packing powder.

The formation of Si2N2O is only observed via a presence of
iquid phase whereby the liquid phase is generally provided by
he intentionally added metal oxides. The facts had already been
eported by Huang et al.,21 Mitomo et al.,22 Ohashi et al.,23–26

ewis et al.,27 Li et al.,28 Wang et al.,29 and Larker.30

Possible material balance to form Si2N2O is suggested as
ollows ((4)–(6)):

i3N4 (s) + 3SiO (g) + N2 (g) → 3Si2N2O (s) (4)

i3N4 (s) + SiO2 (s, l) → 2Si2N2O (s) (5)

Si3N4 (s) + 3O2 (g) → 6Si2N2O (s) + 2N2 (g) (6)

Considering the Gibbs free energies of the reactions (4)–(6)
hown in Fig. 13(b), the formation of Si2N2O via reactions (5)
nd (6) is more thermodynamically favorable than reaction (4).

As discussed in Section 3.4, more amount of Si2N2O in sin-
ered specimens was observed in the surface closer to the bottom

ide and was also in the outer surface. Therefore, the material to
orm Si2N2O in the specimen was supplied from outside of the
pecimen. Oxygen gas diffuses in the small Al2O3 crucible from
utside. Then the amount of O2 (g) was rich; in other words,

m
r

i

an Ceramic Society 27 (2007) 2111–2117

xygen partial pressure (PO2 ) was higher in the bottom side.
onsidering all facts mentioned above, the formation reaction
f Si2N2O in the specimen might be the reaction (6).

Another possible reaction is the reaction (5), because SiO2
s, l) generated by the reactions (7) and (8). In these reactions,
O2 affects the amount of SiO2 (s, l) generation.

SiO (g) + O2 (g) → 2SiO2 (s, l) (7)

i3N4 (s) + 3O2 (g) → 3SiO2 (s, l) + 2N2 (g) (8)

The SiO2 in reaction (7) is formed by reaction between SiO
g) which generates from reaction (1) and/or (2) and O2 (g) dif-
used from the atmosphere. The SiO2 in reaction (8) is resulted
rom the passive oxidation of Si3N4. Generally, the reaction
etween Si3N4 (s) and O2 (g) is passive oxidation when oxygen
artial pressure (PO2 ) is high and it changes to active oxida-
ion (reaction (2)) when PO2 (g) becomes lower. The transition
ondition of passive to active is affected by the atmosphere tem-
erature and gas flowing rate.20 However, the transition occurred
t about 102 Pa.14,20

The PO2 in the crucible could not be measured. Therefore, we
o not know whether PO2 was higher than 102 Pa or not in the
rea of specimens. As a result, it is not confident that the reaction
5) is the only one of the formation reactions of Si2N2O in the
urface of specimens, but there will be some possibility.

In the layer of Si3N4 packing powder adjoined to Al2O3 pack-
ng powder, PO2 is presumed to be high. As a result, reactions
6)–(8) occur. The SiO2 (s, l) in reactions (7) and (8) provide
viscous glass phase for reaction (5) to generate Si2N2O. The
lassy phase may also be formed by the reaction between SiO2
nd Al2O3 powder adjoined to Si3N4 packing powder. This liq-
id formation is strongly influenced by Al2O3 which decreases
he melting temperature by forming an aluminium silicate melt.
t enhances dissolution of Si3N4 and in this way promotes the
ormation of Si2N2O solid solution.21

No Si2N2O was generated in T-t surface and much amount of
ass loss was observed because PO2 was too low to precipitate
iO2 (s, l) by reactions (7) and (8) to react with Si3N4. Hence,
eaction (5) and/or (6) could not occur. Accordingly, the Si3N4
acking powder in the top part of the small sagger was easily
rushed to powder and it did not include any other phase except
i3N4.

Plucknett and Lin sintered Si3N4 in air atmosphere. They
bserved only mass gain and generation of Si2N2O at the sinter-
ng temperature of 1500–1750 ◦C.31 Comparing with our results,
he PO2 around the specimen might be higher than that of this
xperiment.

.4. Mass loss difference between top and bottom
pecimens

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

ass loss reaction. The reactions (5) and (6) are the mass gain

eaction.
The difference in the mass loss of the top and bottom spec-

men is sum of the mass loss and mass gain reactions. And the
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ass gain reaction is affected by the PO2 in the crucible as dis-
ussed in Section 4.3. However, the sequence of mass loss and
ass gain reactions with soaking time is not explained exactly

n this experiment.

. Conclusions

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

1) Mass loss of Si3N4 ceramics sintered in air significantly
increased as a function of SiO2 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 Si3N4 specimen was due to the following
reaction:

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

2) There was a gradient of the oxygen partial pressure (PO2 ) in
the small crucible during sintering. The PO2 at the top side
of the crucible was assumed to be lower than the bottom
side. This assumption was convinced by the formation of
Si2N2O in the bottom surface of the sintered specimen, of
which the content decreased inward.
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