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A B S T R A C T

The surface characteristics, particle size distribution and impurities of starting Si3N4 powders exert a very
significant influence on the microstructure of sintered silicon nitride based ceramics. Even a change of the
processing conditions such as milling liquid media (water or isopropyl alcohol) and milling time can have a
substantial effect on particle surface groups, and hence on the microstructure of sintered samples. In this study,
SEM, XRD, FTIR, BET, elemental analysis and laser diffraction techniques were used for the comprehensive
characterization of Si3N4 powders which were produced by diimide, direct nitridation and combustion
synthesis, in as received state, and after milling in different liquid media (aqueous or alcohol), for various
milling durations. The correlation of the surface characteristics and properties of the Si3N4 powders with
sintering behavior, and microstructural evolution, densification and phase assemblages of the resulting SiAlON
ceramics were reported. The milling conditions affected the surface chemistry of Si3N4 powders and the
subsequent microstructural evolution. The microstructures evolved from the coarser β-Si3N4 powders were
coarser, but the fine β-Si3N4 powders yielded a bimodal microstructure. The critical particle diameter of the β-
Si3N4 powder for the formation of needle like SiAlON grains was determined to be less than 0.5 µm.

1. Introduction

Engineering ceramics have been employed for mechanical, chemi-
cal, thermal and high temperature applications, as alternatives to
metals, with considerably longer life times [1,2]. One of the most
widely studied and well known engineering ceramics is silicon nitride
(Si3N4) suitable for high temperature structural applications, since it
provides a good combination of mechanical, chemical and thermal
properties [3,4]. SiAlON ceramics also constitute an alternative class of
materials that have many attractive characteristic properties such as
high strength, hardness, wear resistance, low thermal expansion, high
thermal conductivity and consequently excellent thermal shock resis-
tance [5–12].

The macroscopic features and behavior of SiAlON ceramics are
strongly influenced by and very sensitive to the microstructural
properties. The characteristics of starting Si3N4 powder for their
synthesis determine the sintering behavior, and hence microstructural
evolution and eventual material properties to a great extent [13–20].
Especially the silicon nitride powder particle size, particle size dis-
tribution, particle shape, particle surface area, particle surface groups

and oxide content were shown to be effective which in turn were
affected by milling conditions such as mill type and material, revolution
rate, milling time, and milling liquid medium (water or isopropyl
alcohol) [13,21–23]. The type and amount of sintering additives and
sintering conditions also have crucial importance on microstructural
evolution, densification and phase assemblage of SiAlON ceramics, as
well [24–27].

In this study, SEM, XRD, FTIR, BET, elemental analysis and laser
diffraction techniques were used for comprehensive characterization of
Si3N4 powders in the as received and milled states. The correlation of
the surface characteristics of the Si3N4 powder with the sintering
behavior, and microstructures, densification and phase assemblage of
the resulting SiAlON ceramics was reported.

2. Materials and methods

Silicon nitride powders were obtained from three different manu-
facturers which were produced by diimide, direct nitridation, or
combustion synthesis followed by milling in various liquid media
(aqueous or alcohol). The powders were coded as R, A, and B. The
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main specifications of the powders are indicated in Table 1. Attrition
milling in water or isopropanol was performed to decrease the average
particle size of A and B starting powders. The powder coded as A was
attrition milled in water at 1300 rpm for 7 h and the mean particle size
decreased to ~1 µm (coded as A1). The powder coded as B was attrition
milled in water at 1300 rpm for 4 h and 21 h reducing the mean
particle sizes to 2 µm and 0.5 µm, respectively (B2 and B05). In order
to determine the milling liquid medium effect on the powder surface
characteristics, the powder B was also milled in isopropanol at
1300 rpm for 9 h reducing the mean particle size to 1 µm (B1). The
corresponding milled powders were coded as B2 (d50: 2 µm), B1 (d50:
1 µm) and B05 (d50: 0.5 µm).

The α:β-Si3N4 phase ratios were determined by using the area
integrated intensities of the (102) and (210) reflections of α-Si3N4 and
the (101) and (210) reflections of β-Si3N4 in the x-ray diffraction
patterns (XRD-Panalytical, Empyrean with Cu-Kα radiation) as given
in Eq. (1).

I
I I K w+

= 1
1 + [(1/ ) − 1]

β

β α β (1)

where Iα and Iβ are the observed intensities of α and β-Si3N4 peaks,
respectively, wβ is the relative weight fraction of β-Si3N4, and K is the
combined proportionality constant given by Eq. (2) and Eq. (3).

I = K Wβ β β (2)

I = K Wα α α (3)

which are 0.518 for β (101) – α (102) reflections, and 0.544 for β (210)
– α (210) reflections [28].

The particle sizes and shapes of the Si3N4 powders were determined
by the scanning electron microscope (SEM-ZEISS Supra 40VP) sec-
ondary electron imaging. Prior to the SEM imaging the powders were
dispersed in alcohol with ultrasonication, and sputter coated with Au-
Pd to avoid electrical charging.

The particle size distribution of the as received and milled powders
were determined by laser diffraction particle size analyzer (Malvern
Mastersizer 2000) in a liquid medium, with the addition of small
amounts of dispersant to avoid agglomeration. The measurement range
of the instrument was given as 0.02–2000 µm. BET analysis was
carried out to measure the specific surface area of the Si3N4 powders
(Micromeritics, Asap 2020).

The possible chemical bonds were determined by Fourier transform
infrared spectroscopy (FTIR) in the ATR mode (Perkin Elmer,
Spectrum 100). Each spectrum was formed as the spectral average of
at least four scans in the 400–4000 cm−1 range. Total oxygen content of
the powders was determined by the inert gas fusion method using an
elemental analyzer (LECO, EF400, USA).

30αı:70βı SiAlON composition were produced with 9Y:0.5Sm:0.5Ca
cation system and 2 mol% IGP content. All of the designed SiAlON
compositions synthesized with different Si3N4 powders that were
attrition milled using Si3N4 balls in water or isopropanol media.
CaCO3 ( > 99.75%, Reidel-de Haen, Germany), Y2O3 ( > 99.9%, H.C.

Starck Berlin, Germany), Sm2O3 ( > 99.9%, Stanford Materials Corp.,
USA) were used as sintering additives. CaO was used to avoid α1 to β1-
SiAlON transformation, Y2O3 and/or Re2O3 (where ZRe≥62) were used
to increase the stability and hardness of α1-SiAlON, and Sm2O3 (where
ZRe < 62) was used to develop elongated β1-SiAlON grains and to
increase fracture toughness. Si3N4 powders and sintering additives
were mixed with high purity AlN powder with 1.6 wt% O content (H
Type, Tokuyama Corp. Japan) and Al2O3 (Alcoa A16-SG Pittsburgh,
USA). The green samples were prepared by uniaxially pressing the
SiAlON powders at 25 MPa, followed by cold isostatic pressing at
300 MPa to obtain a homogeneous density. The samples were then
sintered by gas-pressure sintering under 2.2 MPa nitrogen gas pres-
sure. The weight loss and shrinkage of the sintered samples were
determined, and Archimedes principle was utilized to measure their
density. The phase ratios of α1:β1-SiAlON ceramics were determined by
x-ray diffraction analysis by Eqs. (1)–(3). The microstructural analysis
of the sintered samples was carried out by SEM back-scattered electron
imaging (Zeiss VP40-Supra). The surfaces of the samples were polished
to 1 µm, and sputter coated with Au-Pd prior to examination.

3. Results and discussion

3.1. Characterization of the initial Si3N4 powders

The properties of the powder pressed and sintered ceramic
products are, in general, known to be affected by the chemical
composition, phases, particle size distribution, particle shape, and
impurity content of the raw materials. For instance, finer powders
can be used to obtain denser materials. In the study, three different
commercial silicon nitride powders which were synthesized by different
production methods, were characterized and used.

The particle size distributions of the as received Si3N4 powders are
given in Fig. 1. The mean particle sizes of the powders B, A, and R were

Table 1
Main specifications of starting Si3N4 powders.

Code α:β ratio Mean
particle size
(μm)

Manufacturer Sythesis
method

R 98α:2β 0.55 UBE Industries Ltd.,
Tokyo, Japan

Diimide

A 89α:11β ~2 SKW-Trostberg AG,
Germany

Direct
nitridation

B 100β 10 Beijing Chanlian-
Dacheng Trade Co., Ltd.,
China

Combustion
synthesis

Fig. 1. Particle size distribution of starting Si3N4 powders (a) Beijing β-Si3N4 powder
(coded B), (b) Silzot α-Si3N4 powder (coded A) and (c) UBE SN E-10 α-Si3N4 powder
(coded R).
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measured as 10 µm, 1.74 µm, and 0.45 µm, respectively, by laser
diffraction. Since the degree of initial agglomeration and breaking of
the agglomerates by ultrasonication during the dispersion might affect
the particle size distribution, SEM analysis was conducted to determine
the particle sizes and shapes decisively. The SE-SEM images are given
in Fig. 2. SEM analysis showed that the powder B had prismatic
particle shape with an aspect ratio (legth/diameter) of ≥4.5 as seen in
Fig. 2a. The powder A particle sizes were in between 1 to 2 µm, and
particle shapes were various (sharp edges and prismatic) as in Fig. 2b.
The R coded α-Si3N4 powder primary particle size was very fine,
~0.6 µm, with equiaxed particles. The prismatic or equiaxed shapes of
the Si3N4 powders affect the dissolution of the particles during
sintering. In general, while β-Si3N4 particles were prismatic in shape
and stable, α-Si3N4 particles were equiaxed and easily dissolved.

3.2. The effect of milling parameters on silicon nitride powder
characteristics

The commercial powders were ground in the attrition mill to obtain
finer particle size distributions, and the ground powders were used to
determine the effect of the particle size. Nevertheless, surface char-
acteristics of powders could have changed with the milling parameters
such as milling liquid medium and time. The surface characteristics of
the powders are known to change sintering behavior, and therefore
microstructure, phase assemblage, density, weight loss and shrinkage
of sintered products. In order to determine the effect of particle surface
characteristics on the densification and phase assemblage, the coarser
A and B coded samples were milled in aqueous or isopropanol media
for different milling durations. Particle size distribution and surface
areas of powders are given in Table 2.

The powders were examined with the SEM-SE detector to deter-
mine the particle sizes and shapes, and the related images are given in
Fig. 3. The particle size distributions of the milled powders were
obtained by the laser diffraction technique, and the graphs are given in
Fig. 4. The powder A1, which was obtained by the milling of the powder
A in the attrition mill for 7 h at 1300 rpm in water medium, had a
rather uniform particle size of approximately 1 µm of varying shapes as
seen in Fig. 3a. The particle size distribution was in a relatively narrow
range of 0.58–2.7 µm with a mean size of 1.22 µm as given in Fig. 4a.
With milling the surface area increased from 4.85 m2/g of the powder
A to 6.45 m2/g of the powder A1 as determined by BET.

In order to determine the effect of the milling medium on the final
properties, the coarse powder B was milled alternatively in isopropanol
and also in water. The powder coded as B2 was obtained as the result of
milling in water for 4 hrs at 1300 rpm, and the particles had prismatic
shapes in the most part, and had a wide particle size range of
approximately 0.5–5 µm as can be seen in the SEM image (Fig. 3b).
The laser diffraction revealed a wide particle size distribution in the
0.7–4.8 µm range indicating a mean of 2.1 µm (Fig. 4b). The powder
coded as B1 was obtained by milling in isopropanol for 9 hrs at
1300 rpm. The powder B1 particles had prismatic and near equiaxed
shapes of approximately 0.5–2 µm in size as seen in Fig. 3c. The laser
diffraction particle size distribution graph indicated a mean particle
size of 1.15 µm in the range of 0.54–2.4 µm (Fig. 4c). The surface area

Fig. 2. SE-SEM images of starting Si3N4 powders (a) Beijing β- Si3N4powder (coded B),
(b) Silzot α-Si3N4 powder (coded A) and (c) UBE SN E-10 α- Si3N4 powder (coded R).

Table 2
Milling parameters, particle size distributions and surface area of Si3N4 powders.

R A A1 B B2 B1 B0.5
Milling conditions None None Attrition milling in water,

7 h,
None Attrition milling in water,

4 h,
Attrition milling in isopropanol, 9 h,
1300 rpm

Attrition milling in water,
21 h,
1400 rpm1300 rpm 1300 rpm

D50 0.75 1.70 1.22 10 2.10 1.15 0.53
D10 0.45 0.70 0.58 2.40 0.54 0.20 0.20
D90 1.32 4.50 2.70 36 2.43 1.40 1.40
BET (m2/g) 9.69 4.85 6.45 – – 19.21 28.60
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Fig. 3. SEM-SE image of milled Si3N4 powders which were coded as (a) A1, (b) B2, (c) B1 and (d) B05.

Fig. 4. Particle size distribution graph of milled Si3N4 powders, (a) A1, (b) B2, (c) B1 and (d) B05.
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was 19.21 m2/g. The powder B0.5, which was produced by milling in
water for 21 h at 1400 rpm, consisted of fine, equiaxed, sharp edged
particles (Fig. 3d) with a particle size distribution of 0.19–1.4 µm and a
mean of 0.53 µm as determined by the laser diffraction (Fig. 4.d). The
surface area was found as 28.6 m2/g.

In order to investigate the effect of milling on the phase evolution of
the powders, the XRD analyses of the commercial and milled powders
were carried out. The XRD patterns are given in Figs. 5a and 5b. α:β-
Si3N4 phase ratios were not changed by the milling as might be
expected. The commercial powder A contained Si as impurity, but
the related peak intensity decreased significantly after milling. Also the
impurities Si and FeSi2 contained in the commercial powder B were
reduced by the milling operation as evidenced by their curtailed XRD
peak intensities. However, in the extensively milled B0.5 powder SiO2

was detected which might have been due to the reaction given in Eq.
(4).

Si N H O SiO NH+ 6 → 3 + 43 4 2 2 3amorphous( ) (4)

The oxygen content of the Si3N4 powder was determined by
elemental analysis (Leco analyzer). After the milling, the oxygen
contents of the powders A1, B2, B1 and B0.5 powders were determined
as 1 wt%, 3 wt%, 4 wt% and 8 wt%, respectively. Therefore the
existence of a correlation between the increasing milling duration
and the increasing oxygen content of the β-Si3N4 powders was
revealed.

The surface characteristics of the Si3N4 powders were determined
by the FTIR analyses. The spectra taken in the ATR mode in the 400–
4000 cm−1 are given in Fig. 6 and the results are summarized in
Table 3. Each spectrum was a spectral average of at least four scans.
The bands due to the atmospheric contributions of water vapor and
CO2 were subtracted from the spectra in order to improve the spectral
quality. The alpha phase powders (R and A) exhibited vibrational
fingerprints between 450 cm−1 and 920 cm−1 with four sharp peaks at
459 cm−1, 462 cm−1, 599 cm−1, and 683 cm−1 (Figs. 6a and b) which
were consistent with the Si-N stretch in SiN3 as provided in the
literature [29] and in conformity with the XRD result indicating the
existence of α-Si3N4 phase. The band at 3435 cm−1 was ascribable to
υ(O-H) stretch of hydroxyl groups and yielded strong peaks only for
B0.5 powder providing evidence of absorbed water (Fig. 6c). The band

at around 1036 cm−1 in the spectra of B0.5, B1, and B2 powders was
attributed to the asymmetric stretch mode of the Si–O–Si bond
(Fig. 6d). The bands in the region 600–900 cm−1 were associated with
Si-N stretch in Si3N4. The broad band centered around 814–900 cm−1

corresponded to the Si-N stretch in β-Si3N4 as given in Fig. 6d.

3.3. Effect of Si3N4 powder surface characteristics on the
microstructure, densification, and phase assemblage of SiAlON
ceramics

Generally, in colloidal processing the surface characteristics of the
powders have crucial effects on the microstructure, densification, and
phase assemblage. As a result of the sintering of the compositions
prepared by the powders R and A1, 99.7% theoretical density was
reached, while with the compositions comprising the powder A the
density after sintering remained as 97.6% of the theoretical lower than
the targeted. The initially designed α1:β1 SiAlON phase ratios were
obtained with the powders R and A1 as approximately 30α1:70β1, and
melilite phase crystallization was achieved. The weight loss was around
1.3% with both of the compositions (Table 4).

The commercial β-Si3N4 powder was ground resulting in various
particle size distributions with the approximate means of 2 µm (B2),
1 µm (B1) and 0.5 µm (B0.5) and compositions were prepared with
these milled powders. These compositions were sintered at 1940 °C for
2 h under 2.2 MPa N2 gas pressure. The density measurements
indicated that over 99.5% of the theoretical densities were achieved.
Although the mean particle size of the powder B2 was ~2 µm a dense
sintered material was produced due to the impurities contained in the
initial powder which in turn resulted in the formation of a higher
quantity of high temperature liquid phase. In the literature it was
reported that the impurities contained in the powders caused low
eutectic temperatures, assisting sintering [30].

The sintering shrinkages were found to be 14.3% for B2, 17.0% for
B1, and 18.4% for B0.5 samples. The shrinkages increased with
decreasing particle size as expected [19]. For the compositions
prepared by the powders B2 and B1, the initially designed 30α1:70β1

SiAlON phase ratios were approached, and the melilite crystallization
was observed. However, for the composition prepared with the powder
B0.5, α1-SiAlON phase stability and the melilite phase crystallization
were not achieved. Since the powder B0.5 was obtained by the milling
of the commercial β-Si3N4 powder in the attrition mill for 21 h at
1400 rpm in water medium, Si3N4 reacted with water yielding SiO2 and
NH3 as the reaction products given by Eq. (4).

As determined by the elemental analysis the oxygen content of the
as received β-Si3N4 powder was 3 wt%, and raised to ~8 wt% for the
powder B0.5. The formation of SiO2 on the surface of the β-Si3N4

grains caused the composition to shift from 70β to 100β-SiAlON as
could be seen in the phase diagram given elsewhere [14]. Oxide layer
formation on Si3N4 powder surface was reported to depend on
temperature [31]. The dissolution progressed at a high rate at
temperatures above 40 °C. SiO2 formed on the surface, redissolved,
and started to reform on the new surfaces. Nevertheless, the crystal-
lization of the nitrogen rich melilite phase was inhibited since the grain
boundary phase was rich in oxygen. For this composition in order to
stabilize the α1-SiAlON phase the composition was modified, however,
the oxygen content was too high (~8 wt%) to achieve the required ratio.

The finer particle size powders B0.5 and R were sintered at 1850 °C,
for 1 h, under 2.2 MPa N2 gas pressure, and yielded finer microstruc-
tures as confirmed by the literature [32]. Therefore, the fine micro-
structure achieved might prove convenient for wear resistant applica-
tions [33–43]. While after sintering the density of R composition
reached 98.8% of the theoretical, the composition containing the
powder B0.5 densified to 99.43% of the theoretical since it was
hydrolyzed during milling and became rich in oxygen. During the
sintering of the R composition since the melilite phase formation was
extensive and did not completely fuse at the sintering temperature, the

Fig. 5. XRD spectra of as received and milled Si3N4 powders (a) A and A1, (b) B, B2, B1
and B05.
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densification was adversely affected. The powder B0.5, on the other
hand, included SiO2 as impurity and the fused phase had a very low
eutectic point rendering sintering relatively easier. The sintering weight
loss was a relatively high 3.7 wt% as the result of faster densification
and the incorporated impurities. By the sintering of the R composition
the initially designed α1:β1-SiAlON phase ratios was achieved, while by
the sintering of the B0.5 powder the α-SiAlON was not stabilized
because of its oxygen rich composition.

The SEM images of the microstructures obtained by the sintering of
the R and the A1 powder containing compositions at 1940 °C for 2 h
under 2.2 MPa N2 gas pressure, are given in Fig. 7. Since the R powder
had a finer particle size in comparison to the A1 powder, its solubility
in the fused phase was higher and the needle like β1-SiAlON grains

Fig. 6. FTIR spectrums of Si3N4 powders (a, b) UBE SN E-10 α-Si3N4 powder (coded as R) and as-received and milled Silzot α-Si3N4 powders (coded as A, A1), (c, d) as-received and
milled state of Beijing β-Si3N4 powders (coded as B, B2, B1, B05).

Table 3
Band assignments for FTIR spectra of Si3N4 powders.

Wave number Groups R A A1 B B2 B1 B05
(cm−1)

3435 OH – – – – – – +
1036–1028 Si-O-Si + + + + + + +
925–900 Si-N + + + – – – –

835–814 Si-N + + + + + + –

683–599 Si-N + + + – – – –

580–563 Si-N + + + + + + +
459 Si-N + + + – – – –

Table 4
Effects of powder surface characteristics on densification and phase assemblage.

Powder Milling liquid Milling
time

O FTIR
groups

Si3N4

powder
Impurities Sintering

conditions
Final phases %T.D. %W.L. % shrinkage

(wt%)
α:β ratio(h)

R – – 1.4 Si-N 98α:2β 1940 °C, 2 h,
2.2 MPa N2

66βı:34αı 99.93 1.39 –

Si-O-Si Melilite
R – – 1.4 Si-N 98α:2β 1850 °C, 1 h,

2.2 MPa N2

71βı:29αı 98.80 0.93 –

Si-O-Si Melilite
A – – 1 Si-N 89α:11β 1940 °C, 2 h,

2.2 MPa N2

64βı:36αı 97.59 0.16
Si-O-Si Melilite

A1 Water 7 1 Si-N 89α:11β 1940 °C, 2 h,
2.2 MPa N2

75βı:25αı 99.70 1.32 –

Si-O-Si Melilite
B2 Water 4 3 Si-N 100β Si 1940 °C, 2 h,

2.2 MPa N2

78βı:22αı 99.99 3.66 14.34
Si-O-Si Melilite

B1 Isopropanol 9 4 Si-N 100β Si 1940 °C, 2 h,
2.2 MPa N2

73βı:27αı 99.90 2.57 17.00
Si-O-Si Melilite

B0.5 Water 21 8 Si-N 100β Si, SiO2 1940 °C, 2 h,
2.2 MPa N2

100βı 99.46 7.28 18.40
Si-O-Si Amorphous
OH

B0.5 Water 21 8 Si-N 100β Si, SiO2 1850 °C, 1 h,
2.2 MPa N2

100βı 98.90 3.70 –

Si-O-Si Amorphous
OH
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with a high aspect ratio of 10 were grown from the supersaturated
liquid phase. Besides, since the solubility of the R powder was greater
with respect to the A1 powder containing composition, the quantity of
the high temperature liquid phase formed was larger. In the A1
composition the evolution of needle like 5–7 µm long, 0.8–1 µm wide
β-SiAlON grains with the aspect ratio larger than 7 was observed.

The microstructural development of the compositions prepared by
the β-Si3N4 powders of various initial mean particle sizes (B2, B1,
B0.5) was given in Fig. 8. The coarser powder (B2) yielded SiAlON
grains with diameters 1–5 µm and aspect ratios in the range 2–3 as
shown in Fig. 8a. When the β-Si3N4 powder with the mean particle size
of 1 µm was used, the diameter of the SiAlON grains was approximately

1 µm and the aspect ratio increased to the range 2.5–4.5 as shown in
Fig. 8b. The B0.5 powder which had the finest mean particle size
yielded 2 µm diameter and 7–8 aspect ratio β1-SiAlON grains in a nano
sized matrix (Fig. 8c).

It was clear that the microstructural evolution of the SiAlON
ceramics produced from the β-Si3N4 powders depended on the particle
size of the initial β-Si3N4 powder. The microstructures evolved from the
coarser β-Si3N4 powders (B2 and B1) were coarser, but the fine β-Si3N4

powder (B0.5) yielded a bimodal microstructure. In the literature
similar results were obtained with the sintering of powders at 1850 °C,
for 5 h, under 0.1 MPa N2 gas atmosphere. While the coarser initial
powder of 0.66 µm mean particle yielded a microstructural evolution

Fig. 7. SEM-BSE images of (a) R and (b) A1 powders containing compositions sintered at 1940 °C, for 2 h.

Fig. 8. SEM-BSE images of (a) B2, (b) B1, (c) B0.5 powders containing compositions sintered at 1940 °C for 2 h.
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with equiaxed grains, the finer powders of mean particle sizes of
0.44 µm and 0.26 µm yielded needle like grain growth in a fine matrix.
The grain growth rate increased with the decreasing initial particle size,
consistent with the present work [18,44].

The SiAlON grains developed from the β-Si3N4 powder by the β-
Si3N4 grain dissolution in the liquid phase and precipitation to the
thermodynamically stable phase. The seeding could have been by the
homogeneous seeding from the liquid or by the heterogeneous seeding
on the β-Si3N4 crystals [19]. The development of a coarser micro-
structure from a coarser β-Si3N4 powder and a finer microstructure
from a finer β-Si3N4 powder provided evidence that the heteroge-
neously dispersed, undissolved β-Si3N4 crystals provided the seeding.
This was attributed to the fast rate of β-Si3N4→α1-SiAlON transforma-
tion and fast rate of dissolution of the initial crystals in the liquid phase
with the finer (1 µm) initial β-Si3N4 powder. However, when coarser
particle size β-Si3N4 powder was used the transformation and the
seeding frequency were slower causing equiaxed grain growth. As a
result, since the coarse β-Si3N4 powders (B2 ve B1) were rather stable,
the grains were not completely dissolved during sintering, and the final
grain size was proportional with the initial particle size. The critical
particle diameter of the β-Si3N4 powder for the formation of needle like
SiAlON grains was determined to be less than 0.5 µm.

The microstructures obtained by the sintering of the R and the B0.5
compositions at 1850 °C for 1 h are given in Fig. 9a,b. Both composi-
tions yielded nano sized grain growth. However, since the B0.5 powder
included a little amount of large particles, in the final sintered
microstructure the development of high diameter (~2 µm) and low
aspect ratio (~2) β1-SiAlON grains was observed as seen in Fig. 9a. The
β1-SiAlON grains of the matrix were needle like with diameter of
~0.2 µm, length of 1.4 µm and aspect ratio of ~7. The microstructure
obtained by the sintering of the R powder contained grains with
diameter of 3 µm and aspect ratio of 11 dispersed among nano sized
α1-SiAlON particles. While in the sintered B0.5 powder containing
composition, the amorphous grain boundary phase was dispersed
homogeneously, the R composition yielded crystalline grain boundary
phase that was lumped at positions dispersed heterogeneously because
of the fusing of the melilite transition phase at the sintering tempera-
ture. Also due to the insufficient liquid phase formation during

sintering pores existed in the microstructure. This result showed that
in the production of a dense material, not only the particle size and
polymorphic type of the initial Si3N4 powder were effective, but the
liquid phase composition during the maximum sintering temperature
proved effective, as well. In the Sm rich compositions the densification
was adversely affected, since the formation of the melilite phase
crystallization was extensive.

When the R and the B0.5 compositions were sintered at 1940 °C
needle like, high aspect ratio grain growth was obtained as shown in
Fig. 7a and Fig. 8c. When the same compositions were sintered at a
lower temperature of 1850 °C grain growth did not occur and the
evolved microstructure was fine (Fig. 9a, b). This provided evidence
that the grain growth was induced not only by the initial powder
particle size, but by the sintering temperature as well.

4. Conclusions

In this study, the correlation of the surface characteristics of the
Si3N4 powder and the sintering behavior, and the phase assemblages
was determined. The prominent points are as follows. As revealed by
FTIR analysis milling of β-Si3N4 powder in water for 21 h led to the
formation of OH groups on Si3N4 powder surfaces. For the B0.5
powder shift of Si-N band ranges from 835 to 814 cm−1 to 925 cm−1

took place after 21 h milling in water, which was related to the SiO2

formation on Si3N4 powder surfaces. The formation of SiO2 on the β-
Si3N4 particles resulted in denser sintered products. The milling of the
α-Si3N4 powder in isopropanol for 9 h had no effect on the surface
groups.

The initial particle size had crucial importance on the microstruc-
tural evolution. The coarser Si3N4 powders resulted in coarser α1:β1-
SiAlON microstructure. Independent of the polymorphic type of the
Si3N4 powder (α or β), finer microstructure development was obtained
when the starting powder had finer particle size, and vice versa coarser
microstructure development was obtained when the starting powder
was coarser. Since the β-Si3N4 powder was stable even at high
temperatures α→β-Si3N4 transformation did not take place, and hence
the bimodal microstructural development was controllable with the
initial particle size. In the case that the particle size was up to 0.5 µm,

Fig. 9. SEM-BSE images of (a) B0.5 and (b) R powders containing compositions sintered at 1850/ °C for 1 h.
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the particles were formed with the dissolution-precipitation process,
and bimodal microstructural development took place with the homo-
geneous seeding from the liquid phase. Otherwise the coarser particles
were rather stable rendering the grain growth to occur from the
existing crystals which had formed by heterogeneous seeding, and
yielding coarser microstructural development depending on the parti-
cle size of the initial powder. In obtaining the designed α1:β1-SiAlON
phase ratios, the milling conditions of the powder proved prominent.
Excess milling period and speed resulted in the oxidation of the Si3N4

powders, and the composition shifted into the β1-SiAlON region,
increasing the grain boundary phase quantity.
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