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In  this  paper,  the  effect  of  �-Al2O3 on in  situ synthesis  low  density  O′-sialon  multiphase  ceramics  was
investigated.  Thermodynamics  analysis  was  used  to  illustrate  the  feasibility  of  synthesizing  O′-sialon  at  a
low temperature  of  1420 ◦C.  The  crystalline  phase  and  microstructure  were  investigated  by  X-ray  diffrac-
tion (XRD)  and  scanning  electron  microscope  (SEM),  respectively.  The  actual  substitution  parameter  x
value  of  O′-sialon  was  estimated  via  lattice  correction.  The  results  showed  that,  O′-sialon  multiphase
eywords:
′-sialon multiphase ceramics
-Al2O3

echanism study
hase composition
attice correction

ceramics  with  different  x values  could  be  synthesized  successfully  through  varying  �-Al2O3 content.
Bulk  densities  of samples  ranging  from  1.64  to  2.11  g  cm−3 were  adjusted  with  the  percentage  of  �-Al2O3

increasing  from  5.21  wt.% to 15.62  wt.%.  Formation  of nearly  single-phase  O′-sialon  was  obtained  in the
sample  containing  10.42  wt.%  �-Al2O3. The  actual  substitution  parameter  x increased  with  the  increase
of  �-Al2O3,  whereas  it was  lower  than  the  original  designation,  and  the  O′-sialon  with  a  low  x value  was
achieved.
. Introduction

Sialon ceramics were first proposed by Oyama and Kami-
aito [1] and Jack and Wilson [2] in the early 70s and quickly
eveloped as one of the attractive materials for high-temperature
tructural applications. According to the structure and compo-
ents, there are �-sialon, �-sialon, O′-sialon and X-sialon in the
ialon phases’ family. Recently, sialon ceramics are attracting more
nd more attention due to its easy-sintering as well as retain-
ng many excellent properties of silicon nitride, such as superior

echanical properties, thermal shock resistance and corrosion
esistance [3–6]. Among all the single-phase sialon ceramics,
′-sialon (Si2−xA1xO1+xN2−x; 0 < x ≤ 0.3) has the best oxidation

esistance due to a higher oxygen content than the other single-
hase sialons [7]. Therefore, it is the most promising candidate

n the development of elevated temperature thermal protective
aterials.
Previous studies have focused mainly on acquiring perfect

echanical properties, dielectric performance and thermal con-
uctivity of Si3N4, �-sialon or their multiphase [8–13]. As for the
esearch of O′-sialon, there were more involved with its multi-
hase fabricated with other additives, take TiO2/(O′ + �′)-sialon,
′-sialon/SiC for example [14,15]. However, till now, the reports

n the phase composition and lattice parameters analysis of O′-
ialon are very scarce. It is well known that, phase composition
nd content are one of the most important parts among the factors
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that influence the performance of ceramics [16]. As a consequence,
phase control process becomes the critical point for preparing O′-
sialon ceramics with excellent properties. Besides, the O′-sialon
multiphase ceramics reported in the literatures were usually pre-
pared at very high sintering temperatures, which ranged from 1500
to 1950 ◦C [17–20].

In this work, in situ synthesis low density O′-sialon multiphase
ceramics with different x values and content were fabricated by
adjusting the �-Al2O3 amount at a low temperature of 1420 ◦C. The
actual substitution parameter x value of O′-sialon was  estimated via
lattice correction. Furthermore, the relationship between �-Al2O3
amount and sintering behavior was  also discussed.

2. Experimental procedures

2.1. Materials processing

O′-sialon was described as Si2−xA1x O1+x N2−x , with x varied from 0 to 0.30.
Commercially available �-Si3N4 powder (the particle distribution D50 < 2 �m),
fused quartz powder (D50 < 1 �m,  chemical pure) and �-Al2O3 powder (D50 < 1 �m,
chemical pure) were employed as raw materials. Y2O3 (analytical pure) was used as
the sintering aid. Just as the chemical reaction Eq. (3.1.3),  different reactions with
different stoichiometric ratios were achieved via varying x value, and the amount of
raw  materials including �-Al2O3 could be obtained. The external mass percentage
of �-Al2O3 in relation to the total content of �-Si3N4 and fused quartz was  5.21 wt.%,
6.25 wt.%, 10.42 wt.% and 15.62 wt.%, corresponding to the x value 0.10, 0.12, 0.20
and 0.30, respectively. Different kinds of samples were fabricated and defined as
B1, B2, B3 and B4. Fig. 1 indicates the positions of the starting compositions on the

phase diagram of Si–Al–O–N system.

The starting powders were mixed by planetary milling in deionized water using
zirconia balls for 4 h. The slurry was  dried, granulated, and then passed through
40  mesh sieve. The green bodies were shaped into 36.80 mm × 6.36 mm  × 5–6 mm
by  mold pressing and subsequently isostatically pressed under 100 MPa. After the

ghts reserved.
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larger as the amount of �-Al2O3 increased. During densification,
because the formation of O′-sialon depended on the liquid phase
[23,24], the larger amount of O′-sialon phase was mostly attributed
to the higher amount of �-Al2O3 which could generate more vol-
Fig. 1. Phase diagram of Si

olatilization of binder and water at 700 ◦C, the green bodies were sintered at 1420 ◦C
n  a furnace with a flowing nitrogen atmosphere.

.2. Materials characterization

The bulk densities of the sintered products were measured by the Archimedes
rinciple. Crystalline phases were identified by XRD (Rigaka D/max 2500 v/pc) using
u K� radiation as the radiation source, and the 2� ranged from 10◦ to 60◦ . Because
f  orthorhombic system of O′-sialon, X-ray diffraction peaks of crystal plane were
elected to determine the lattice parameters using the following equation:

h k l = 1√
(h/a)2 + (k/b)2 + (l/c)2

(2.2.1)

here h k l was  the crystal plane index; dhkl was  the distance between crystal planes
f  (h k l); a, b and c were lattice parameters. The microstructure of the fracture sur-
ace of sintered samples after corrosion was characterized by scanning electron

icroscope (SEM, Hitachi/S-4800, Japan).

. Results and discussion

.1. Thermodynamics and phase analysis

A particular class of Si3N4 materials is of the O′-sialon, which is
ormed due to the solid solubility of Al2O3 and silicon oxynitride
Si2N2O) at a high sintering temperature, just as Eqs. (3.1.1) and
3.1.2) [21]:

1
2

Si3N4 + 1
2

SiO2 → Si2N2O (3.1.1)

1 − x

2

)
Si2N2O + x

2
Al2O3 → Si2−xAlxO1+xN2−x (3.1.2)

Based on Eqs. (3.1.1) and (3.1.2),  the total chemical reaction Eq.
3.1.3) can be concluded:

1
4

(2 − x)Si3N4 + 1
4

(2 − x)SiO2 + x

2
Al2O3 → Si2−xAlxO1+xN2−x

(3.1.3)

Take x = 0.20 for example, the chemical reaction and corre-
ponding molar Gibbs free energies of synthesizing O′-sialon
Si1.8Al0.2O1.2N1.8) phase are described as Eq. (3.1.4) and formula
3.1.5), respectively:

.45Si3N4(s) + 0.45SiO2(s) + 0.1Al2O3(s) → Si1.8Al0.2O1.2N1.8(s)

(3.1.4)
f G�
T = �f G�

O′-sialon − 0.45 �f G�
Si3N4

− 0.45 �f G�
SiO2

− 0.1 �f G�
Al2O3

(3.1.5)
–N system at 1750 ◦C [21].

where �f G�
O′-sialon

= −1024.8 + 0.291T kJ/mol; �f G�
Si3N4

=
−874.4 + 0.405T kJ/mol; �f G�

SiO2
= −956.4 + 0.198T kJ/mol;

�f G�
Al2O3

= −1682.9 + 0.323T kJ/mol [21]. And T is the absolute
temperature.

Because the raw materials taking part in the reactions are
condensed phase, the change of standard Gibbs free energies is
�f G�

T = −37.15 − 0.01265T kJ/mol (Eq. (3.1.5)).  When the sinter-
ing temperature (T) is 1693 K, �f G�

T = −58.57 kJ/mol < 0, which
illustrates that O′-sialon can be synthesized successfully by Si3N4,
SiO2 and Al2O3 at a low temperature of 1693 K. Meanwhile, accord-
ing to the positions of starting compositions on the phase diagram
(Fig. 1), Si1.9Al0.1O1.1N1.9, Si1.88Al0.12O1.12N1.88, Si1.8Al0.2O1.2N1.8
and Si1.7Al0.3O1.3N1.7 can be obtained in theory after complete reac-
tion.

Fig. 2 shows the XRD patterns of the aforementioned samples.
The samples mainly consisted of O′-sialon phase. In addition, a
spot of �-Si3N4 was  detected, indicating the incomplete reaction
of Si3N4. Moreover, no �-Si3N4 phase was  detected in the diffrac-
tion patterns (Fig. 2), confirming a full transformation from �-Si3N4
to �-Si3N4 during current sintering temperature.

The quantitative phase analysis was  finished by matrix-flushing
method [22] and listed in Table 1. The O′-sialon content became
Fig. 2. XRD patterns of the samples with different �-Al2O3 contents sintered at
1420 ◦C.
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Table  1
XRD quantitative analysis results of the samples.

Samples O′-sialon (wt.%) �-Si3N4 (wt.%) Si3Al6O12N2 (wt.%)

B1 95.09 4.91 0
B2 95.96 4.04 0
B3 98.88 1.12 0
B4  96.52 1.44 2.04

Table 2
Cell parameters and unit cell volumes of O′-sialon in the samples.

Samples a (nm) b (nm) c (nm) � (nm3)

B1 0.887525 0.549147 0.484842 0.23630
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Fig. 3. Cell parameter a changes with substitution parameter x of O′-sialon.

T
C

B2  0.887632 0.549163 0.484932 0.23638
B3 0.888337 0.549208 0.485138 0.23669
B4 0.889062 0.549512 0.485362 0.23712

me  of liquid phase with other additives to increase the mass
ransfer rate and promote nucleation. Formation of nearly single-
hase O′-sialon was obtained in the sample containing 10.42 wt.%
-Al2O3. According to the XRD patterns in Fig. 2, when the designed

 value was 0.30, Si3Al6O12N2 phase was observed, probably due
o the reaction between Si3N4 and �-Al2O3. However, the reaction
as not occurred in other samples result from the insufficient �-
l2O3 content. As a result, the amount of O′-sialon in B4 decreased
lthough it had the most amount of �-Al2O3. Duan et al. [19] hold
hat during cooling, a part of the liquid phase formed at the sinter-
ng temperature crystallized to form an intergranular crystalline
hase, and the residual liquid phase formed the intergranular glass
hase. As shown in Fig. 2, the XRD patterns of samples were not
mooth enough and no raw materials were detected, suggesting
hat some of raw materials reacted and formed intergranular glass
hase which was amorphous.

.2. Actual substitution parameter x with different ˛-Al2O3
mounts

The analysis of XRD patterns showed that O′-sialon phase and
ome unreacted �-Si3N4 were found in the samples. In order to
dentify the actual substitution parameter x of O′-sialon in this
esearch, the cell parameters and unit cell volumes of the O′-sialon
hase in the ceramics were refined by a software jade 5.0, calculated
y Eq. (2.2.1) and listed in Table 2. The published data of O′-sialon
hase with different x values were collected in Table 3 [19]. Cell
arameter a change with substitution parameter x of O′-sialon was
rawn in Fig. 3 and exhibited a good nonlinear fitting of calculation.
he formula after curve fitting could be represented by Eq. (3.2.1):

 = 0.89363 − 0.0065 × exp
(

− x

0.29087

)
(3.2.1)

In comparing the cell parameter values a of O′-sialon in Table 2
ith those in the curve of Fig. 3 or Eq. (3.2.1),  it could be concluded

hat the actual x values of O′-sialon were 0.018 in B1, 0.023 in B2,
.060 in B3, and 0.103 in B4, respectively.

On the basis of the data from Table 2, increased in the unit cell
imensions of the O′-sialon with increasing x value was antici-

ated as a result of the replacement of Si–N bonds (∼0.174 nm)
y A1–O (∼0.175 nm). The actual substitution parameter x calcu-

ated through Eq. (3.2.1) raised with increasing �-Al2O3 content.
owever, it was lower than the original designation, which meant

able 3
ell parameters of O′-sialon from published data (JCPDS cards).

x of O′-sialon 0 0.04 0.16 

a (nm) 0.8871 0.8881 0.8896 

JCPDS# 79-1539 42-1492 42-1491 
Fig. 4. The densities and shrinkage of samples sintered at 1420 ◦C.

only a spot of �-Al2O3 diffuse into Si2N2O crystal lattice, and the
O′-sialon with a low x value was  achieved. Al2O3 is very active as
a sintering additive of Si3N4 ceramics [25] and the formation of
Si2N2O crystals must proceed in a liquid phase [26], so the result
also implied that �-Al2O3 was firstly used as sintering aid to form
liquid phase with other additives which could promote the trans-
formation from �-Si3N4 to �-Si3N4 and the formation of Si2N2O.
This process decreased the actual substitution content of �-Al2O3.
Subsequently, the O′-sialon phase would be achieved through the
reaction of residual �-Al2O3 and Si2N2O (Eq. (3.1.2)).  Furthermore,
the formation of Si3Al6O12N2 phase (Fig. 2-B4) was  occurred simul-
taneously with solid solution reaction, and the actual x value in B4
could not increase continually with increase the content of �-Al2O3.

3.3. Relationship between ˛-Al2O3 amount and sintering

behavior

The densities and shrinkage of samples sintered at 1420 ◦C were
plotted in Fig. 4. It could be seen that, B1 had the lowest den-

0.17 0.20 0.40 0.56

0.8893 0.8904 0.8923 0.8925
88-2058 40-0672 42-1490 88-2060
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Fig. 5. The microstructure of the fracture surface of th

ity (1.64 g cm−3) and the shrinkage was 0.39%. When the mass
ercentage of �-Al2O3 increased from 5.21 wt.% to 15.62 wt.%, the
hrinkage varied from 0.39% to 6.92%, and the range of bulk density
as 1.64–2.11 g cm−3.

Fig. 5 shows the microstructure of the fracture surface of sam-
les with varying �-Al2O3 content sintered at 1420 ◦C. Regardless of
ifferent �-Al2O3 contents, all samples mainly consisted of slat-like
′-sialon grains, as also evidenced by XRD results (Fig. 2). It could be

een that some big pores existed both in samples B1 and B2, formed
y the burning of binder and water as well as the bridging and over-

apping of the grains. Samples B3 and B4 became more dense with
-Al2O3 increasing, corresponding to the results in Fig. 4.

As stated above, liquid phase could preferentially dissolve the
olid phase and promote dissolution-precipitation process. This
rocess was accompanied by the precipitation of O′-sialon nuclei.
n one hand, Trigg and Jack [24] consider that the densification

ate increases with aluminium concentration and hence increas-
ng volume of liquid. The more amount of liquid phase formed in
3 and B4 could bind the grains together, fill the pores and lead
o a greater densification. On the other hand, the thin slat-like O′-
ialon grains could be observed in samples B1 and B2 from Fig. 5,
ut thick slat-like grains were found in B3 and B4. Owing to the

ncrease of �-Al2O3 amount, the O′-sialon grains growth also pro-
oted the densification. Consequently, the samples with different

ulk densities could be prepared with different �-Al2O3 amounts.

. Conclusions

In situ formed low density O′-sialon multiphase ceramics with
ifferent x values and content were fabricated successfully via
djusting �-Al2O3 amount at a low temperature of 1420 ◦C. The

ffect of �-Al2O3 could be concluded as follows: (1) �-Al2O3 was
sed as sintering aid to form liquid phase with other additives,
hich could promote the transformation from �-Si3N4 to �-Si3N4

nd the formation of Si2N2O. (2) The slat-like O′-sialon phase would

[

[
[

ples with varying �-Al2O3 content sintered at 1420 ◦C.

be achieved through the reaction of residual �-Al2O3 and Si2N2O.
(3) The reaction maybe also occurred by �-Al2O3 and Si3N4 to form
crystalline phases. The actual substitution parameter x raised as the
amount of �-Al2O3 increased, whereas it was  lower than the origi-
nal designation, and the O′-sialon with a low x value was  achieved.
Formation of nearly single-phase O′-sialon was obtained in the
sample containing 10.42 wt.% �-Al2O3. Bulk densities of samples
ranging from 1.64–2.11 g cm−3 were adjusted with the percentage
of �-Al2O3 increasing from 5.21 wt.% to 15.62 wt.%, owing to the
presence of higher volume liquid with increase aluminium con-
centration.
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