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ABSTRACT

The solid solutions of 0-Si,N,, i.e. a-sialons, are represented by a general formula of M (Si,Al),,(O,N),,, in which metal ions (M)
dissolve into interstitial sites to stabilize the structure. Processing methods for the fabrication of o/B-sialon composites, o-sialon/p-
Si,N, composites, refractory or tough a-sialon ceramics have been developed to tailor the mechanical properties. Translucent and
photoluminescent properties have been investigated recently. A number of applications of a-sialon ceramics as engineering and

optical ceramics are also presented.
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1. Introduction

he sintering of silicon nitride (Si;N,) has been investi-
gated to optimize the mechanical properties and for
applications in engineering ceramics.” Densification results
from a liquid phase sintering with oxide additives.? High o
powders have been used to fabricate strong and tough
ceramics. The additives form a liquid phase at the sintering
temperature through a reaction with Si,N, and the surface
silica of the powder. The densification is accompanied by the
solution of o-grains, diffusion through the liquid, and pre-
cipitation as B-grains. The microstructure development is
largely related to this phase transformation from a (trigo-
nal, space group: P31c) to B (hexagonal, space group: P6,/m).
The Si-N bond is mainly based on covalent bonding. Most
additives do not dissolve into Si,N, and remain as glassy or
crystalline phases at the grain boundaries after sintering.
Some additives, for example ALO,, react with Si;N, to
form a solid solution. The solid-liquid phase relation in this
system is shown in Fig. 1.¥ The solid solution is represented
by a general formula, Si; Al O, N, (Bss in the figure), as the
number of atoms corresponding to the two formulas are
included in a unit cell. The materials has been referred to as
B-sialon from its chemical composition (Si-Al-O-N) and crys-
tal structure. The formula indicates that the Si-N bond in p-
silicon nitride is replaced by Al-O and Al-N bonds so as to
maintain the metal/nonmetal ratio at 3/4. The starting
materials for the sintered B-sialon is the mixture in the sys-
tem Si,N,-ALO,-AIN or Si,N,-SiO, -AIN. The starting mix-
ture reacts at high temperatures and forms a liquid phase
(LL in the figure). The starting powders dissolve in the liquid
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and precipitate as B-sialon grains. Therefore, the amount of
the liquid phase decreases and the chemical composition
changes upon sintering. Such sintering behavior is termed
“transient liquid phase sintering”. Most liquid phases dis-
solve into the grains after sintering. When the total chemi-
cal composition of the starting mixture is strictly controlled,
the grain boundary glassy phase completely disappears,
resulting in single phase a-sialon ceramics.

Consequently, the solid solution of «-Si,N,, ie., a-sialon,
was found.*” The sintering and the measurements of the
mechanical properties of this have also been attemped.® In
the present review, the characteristics of the crystal structure,
the mechanical properties and the optical properties of o-sia-
lon ceramics are summarized. Some applications as engineer-
ing ceramics and optical ceramics are also presented.

90

80

70

60

50

Equivalent % O

40 b

30
Si;N,O
20

10 |- 2 .

0 | l { 1 Lo 1 i 1 L
0 10 20 30 40 50 60 70 80 90 100

Si;N, Equivalent % Al AIN
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Fig. 2. Structure model for a-sialon (large black sphere repre-
sents interstitial sites).

2. Characteristics of o-Sialons

The crystal structure of o-sialon in hexagonal system is
shown in Fig. 2. There are two large interstitial sites in a
unit cell. The general formula for the solid solution is
M,(8i,Al),,(O,N) 4, in which M=Li, Mg, Ca, Y or lanthanide
metals, except for La and Ce. This is based on the fact that
four formulas are included in a unit cell. The interstitial dis-
solution of metals (M) stabilizes «-Si;N, structure, other-
wise it transforms to B at a high temperature. To maintain
the neutrality, a number of the Si-N bonds in the frame-
work structure are replaced by Al-N and Al-O bonds. The
electronegativity and ionic radius of the dissolving ions is in
the range of 1.0- 1.3 and <0.1 nm, respectively. The intersti-
tial ion is surrounded by seven O +N atoms. It is interesting
to note that the chemical bonding in the framework is based
mainly on covalent bonding, whereas the metals are dis-
solved as ions.

The unit cell dimension and relative intensity in the pow-
der X-Ray Diffraction profile (XRD) changes as a result of
the dissolution of the metal ions. The structure was con-
firmed by a Rietveld analysis, which compared the observed
XRD with the calculated XRD using Ca-a-sialon as an
example (Fig. 3).” The ionic radius of La (0.115 nm), like
that of Ce(0.111 nm) was too large to simply occupy the
interstitial sites. When they were co-doped with a typical
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Fig. 4. The range of o-sialon formation (¢-ss) in the Si;N,-
AIN-Y,0, system.

stabilizing metal such as Ca or Y,*” or if they were fabri-
cated under special conditions,' only a small fraction dis-
solved into the grains, leading to planar defects.™'” These
results show that small ions dissolve into interstitial sites
randomly without structure strain, whereas large ions
cause a large strain and result in defects.

The range of a-sialon formation (o-ss) in an 8i,N,-Y,0,-
AIN system at 1700°C is shown in Fig. 4.”® Both a maxi-
mum and a minimum for the a-sialon formation are shown.
There should be a miscibility gap between a-sialon and B-
Si,N,, as B-Si,N, is stable in a pure system at high tempera-
tures, and continuous solid solubility should therefore be
impossible.

A more general formula for o-sialon is, M, Si, ..
Al .,0,N;,, in which v is the valence of the dissolving ion,
m is the number of Al-N bonds, and n the number of A-O
bonds in a unit cell. The m value is directly related to the
amount of ions, as shown in the general formula. As sug-
gested from Fig. 4, a-sialon is a very nitrogen rich solid solu-
tion compared to B-sialon. The solid solution range depends
on the ionic size of the stabilizing ion, as in Fig. 5.'? The
maximum solubility increases with the decrease of the ionic
size. This may be due to the rigid and covalent framework
structure. The lower limit is always a constant of m=1,
implying that the solid solubility of the metal (x) is 0.33 for
trivalent ions. The critical amount is very small: one ion in
three-unit cells with six available interstitial positions. The
reason for this critical value is not understood as yet.

It has been reported that the unit cell size of hexagonal o-
sialon depends only on the m and n values, and is indepen-
dent of the type and size of the ion.'?

Si

a (nm)=(7.752+0.036m +0.02n) x 10~
¢ (nm)=(5.620+0.031m +0.04n) x 10"

It has also been reported that the solubility depends also
on the temperature, and increases at higher tempera-
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Fig. 5. The change in the solubility range of a-sialon with the
type of ion at 1950°C.
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Fig. 6. The change of three point bending strength of hot-
pressed (HP) and the reaction sintered (RS) w-sialon
ceramics with temperature.

tures.'*'® Therefore, the o/p ratio and resultant microstruc-
ture in a-sialon ceramics are largely dependent on the type
and the amount of ion, as well as processing conditions.

A preliminary investigation regarding the bending
strength of the Y-a-sialon was conducted with hot-pressed
and reaction sintered materials.® The change in the bend-
ing strength according to the temperature is indicated in
Fig. 6. The values are nearly equivalent to those of sintered
silicon nitride. The thermal expansion coefficients and ther-
mal conductivities of the o-sialons'®'” are in the range of
3.8-4.0x10°°C and are 18-20 W/mK, respectively. The
former is higher and the latter is lower than those values of
silicon nitride ceramics. This is likely due to the interstitial
dissolution of the ions. The results represent the possibility
of a-sialons as engineering ceramics at high temperatures.

3. Materials Development as
Engineering Ceramics

3.1. of/-Sialon Composites

a-sialons are less sinterable as compared to B-sialons due
to the smaller amount of transient liquid. It has been shown
that the addition of sintering additives, which do not dis-
solve in a-sialon grains, was effective for densification.'? It
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is known that the o content in the o/p-sialon is related to
the metallic composition and nitrogen content in the start-
ing compacts, in addition to the type of metals."® A high
nitrogen content in the composition and a smaller ionic
radius of the stabilizing ion both serve to increase the a-sia-
lon content. This demonstrates that the partition function of
added metal in grains and at grain boundaries increases in
small ions. To optimize the mechanical properties and ther-
mal stability, the addition of dual lanthanides with different
solubilities and sinterabilities was attempted.' The o/p-sia-
lon composites were also fabricated from the compact in the
system Si,N,-M,0,-ALO,-AlIN in accordance with the phase
relationships. Thus, the o/f ratio and resultant microstruc-
ture were controlled not only by the thermodynamic but
also by the kinetic parameters. The hardness of a-sialons is
higher than that of silicon nitride ceramics. For this reason,
the a-sialon material has been applied as cutting tools for
Inconel superalloys.?®

3.2. o-Sialon/p-Si,N, Composites-Partially Stabilized
a-Sialons

As suggested from the phase relations in Fig. 4, the addi-
tion of a minimum amount of stabilizing metal is necessary
to fabricate single phase a-sialon ceramics. The starting
mixture for the Y-a-sialon is

Si,N, +1/2x(Y,0, + 9AIN)

When the amount of additives is less than the critical level
of x=0.3, the sintered materials are composed of a-sialon
and B-Si,N,. These materials are known as “partially stabi-
lized a-sialons”, which are composed of spherical a-sialon
grains and elongated B-Si,N, grains. A TEM micrograph of a
partially stabilized a-sialon is compared to that of a “fully”
stabilized o-sialon in Fig. 7.**® The bending strength
increases with an increase in the B-Si;N, content, whereas
the hardness has the opposite tendency, as shown in Fig. 8.
The strength values were further improved by HIP treat-
ment at 1800°C under 200 MPa N, after pressureless sinter-

Fig. 7. TEM micrographs of (a) “fully stabilized «-sialon” and
(b) “partially stabilized a-sialon” with spherical a-sia-
lon grains and elongated B-Si;N, grains.
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Fig. 8. The change of hardness and bending strength with
the o content in partially stabilized o-sialon ceramics.

Table 1. Bending Strength of Sintered and the HIPped a-
Sialon Ceramics

A B (x=0.15) C (x=0.2)
Sintering method Pressureless HIP HIP
Density (glcm®) 3.22 3.23 3.24
o-Sialon contents (%) 30 20 45
Hardness, Hv (GPa) 16.2 16.5 18.0
Bending strength (MPa)
R.T. 980 1350 1400
1200°C 600 950 900

2255 mnlll ©°O

Fig. 9. Ceramic components applied in industry (Courtesy
’ Shinagawa Refractory Co.).

ing.® The mechanical properties of partially stabilized o-
sialons after HIP treatment are listed and compared to
those of the sintered materials in Table 1. The materials
have good corrosion and erosion resistance at intermediate
temperatures of 500-1000°C. A number of components that
have been developed are shown in Fig. 9. Among these
applications are g'uidé rollers for extruding non-ferrous met-
als, bonding capillaries for wiring Au in LSI, milling balls,
and nozzles for metal welding.

3.3. Refractory a-Sialon Ceramics
A large amount of grain boundary phase is beneficial for

Vol. 43, No. &

densification, whereas the strength deteriorates at high
temperatures, as in silicon nitride ceramics. One way to
solve this problem is to find an additive which produces a
large amount of transient liquid phase and then consoli-
dates as refractory grain boundary phases. YAG (Yttrium
Aluminum Garnet) was determined to be a compatible
grain boundary phase with a high melting temperature.***”
The additives formed a liquid phase at the sintering tem-
perature and accelerated the sintering. The liquid solidified.
as a glassy phase after cooling. A high-resolution TEM
(HRTEM) micrograph revealed that the wetting angle was
very low and that all grains were completely covered by the
liquid phase. A thin amorphous film remained between the
a-sialon grains, as shown in Fig. 10(a).>” The annealing of
the materials at 1450°C resulted in the crystallization of
YAG at multiple grain junctions. It is interesting that the
grain boundary phase was completely withdrawn from the
boundaries, and that direct bonding between «-sialon
grains was attained (Fig. 10(b)). High temperature bending
strength could be improved, as shown in Fig. 11.*® These
results indicate that high temperature strength largely
depends not only on crystallization but also on the nano-

the as-sintered materials and (b) the sintered and
annealed material.
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Fig. 11. The change of bending strength of as-sintered and
annealed materials with temperature.
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structure at the grain boundaries. The importance of the
nano-structure at the grain boundaries was also reported
for SiC ceramics.””™ It is likely that a wetting/dewetting
transition occurred in the grain boundaries together with a
vitrification/devitrification transition at approximately
1400°C. Tt is necessary to find an additive, that is compati-
ble with a-sialon and has a higher transition temperature
in order to further improve the high temperature strength.

3.4. Tough o-Sialon Ceramics

When fully stabilized a-sialon ceramics were fabricated by
pressureless sintering, the materials were composed of
spherical grains, as shown in Fig. 7(a). With this type of
microstructure, the fracture toughness values were fairly
low in the absence of any toughening mechanism. To
increase the fracture toughness, abnormal grain growth of a
small number of grains in a fine-grained matrix has
attempted in fully stabilized a-sialon ceramics. This
represents an identical approach as “in-situ reinforcement”
in silicon nitride® and silicon carbide ceramics.*® One way
to develop in-situ reinforced microstructures is to use a
phase transformation from B-Si,N, to a-sialon during sin-
tering.?” The relationship between the fracture toughness of
ceramics, the amount of elongated grains and the ionic
radius of the stabilizing metal indicates that a larger ion
leads to a greater amount of abnormal grains and a high
fracture toughness, although the values remained inade-
quate for 5- 5.5 MPam"?. Another method is to apply a post-
sintering heat-treatment at 1900°C.3? A number of grains
grew abnormally during annealing. Although fairly good in-
situ reinforced microstructures were developed, the fracture
toughness values were lower than expected. The reason for
this may be related to the large fraction of intragranular
fracture. The results here indicate that not only the micro-
structure control but also an understanding of the micro-
fracture mechanics is important for further toughening.

4. Materials Development as Optical Ceramics

4.1. Translucent «-Sialon Ceramics

The color of sintered a-sialon ceramics is usually gray or
black. However, translucent o-sialon ceramics can be fabri-
cated by choosing the stabilizing ion and optimizing sinter-
ing conditions that increase the grain size and decrease the
amount of grain boundary phase.®® It has been reported
that a fairly high transmittance of nearly 70% in the visible
light region was attained in 0.5 mm thick Lu-stabilized a-
sialon ceramics.®”

4.2, Photoluminescent Properties

Photoluminescence is based on a transition of the elec-
tronic state from an activated state to a gréund state. The
emission wavelength depends not only on the energy gap
but also on the crystal field surrounding the ions. It has
been shown that the doping of rare-earth metals in Y-Si-O-
N compounds® or LaSi,N,*® leads to longer wavelength
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Fig. 12, Excitation and emission spectra of Ca-a-sialon:Eu
and YAG:Ce.

emissions compared to corresponding oxides, i.e., the red
shift. The excitation and emission spectra of a-sialons®™*®
were measured. It is well known that most photolumines-
cent materials can be excited under a high energy such as
UV light. However, a number of the a-sialons can be excited
with visible light. It was suspected that a-sialons may be
good host lattice for phosphors due to the following factors:
(1) their high nitrogen content, (2) flexibility in tailoring the
excitation and emission spectra,® (3) high temperature sta-
bility, (4) their reactive, stable and available starting pow-
ders. The excitation and emission spectra of Eu**-doped Ca-
a-sialon are compared with those of Gd, Ce-doped YAG
(YAG:Ce) phosphor in Fig. 12.3? This figure indicates that
the a-sialon phosphor can be excited by InGaN based blue
LED with a wavelength of approximately 450-460 nm. The
excitation and emission spectra can be tailored by doping dif-
ferent ion, i.e. Ce®,*® Yb*,*? or Li*.*® The maximization of
the emission intensity or the tuning of the excitation and
emission wave length are the subject of future studies that
can lead to further improvements in this area.

4.3. Application as Phosphors for White LEDs

Recently, a white LED was invented using a blue LED as
an excitation beam and YAG:Ce phosphor as a wavelength
convertor.*” A cut model of a type of white LED is shown in
Fig. 13" and a photograph of the LED unit is shown in Fig.
14. The phosphor is mounted on the top of blue LED that
converts the light into yellow or orange. The mixed light
shows quasi-white. White LED components are now widely
used in various types of illuminations and as a backlight for
cellular phones. The benefits of white LED are its high effi-
ciency, long lifetime and high reliability. If the emission effi-
ciency is further improved, widely used fluorescent lamps
may eventually be replaced by white LEDs. The use of toxic
Hg can be avoided in the lightening industry. Fig. 15 shows
the change in the normalized emission intensity on the tem-
perature in comparison with that of YAG:Ce. The drop in
intensity is very small for the a-sialon phosphor, while it
decreases sharply in the case of YAG:Ce. It is clear a-sialons
have advantages for applications under severe conditions.
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Fig. 13. Cut model of a white LED with a-sialon phosphor.

Fig, 14. Photograph of a white LED unit (Courtesy K.
Sakuma, Fujikura Litd.).

5. Summary

The micro- and nano-structure of o-sialon ceramics was
controlled by the type and amount of additives as well as by
the processing conditions. Composite ceramics, refractory or
tough a-sialon ceramics were developed in order to optimize
the mechanical properties of engineering ceramics in a
medium temperature range. Optical ceramics, i.e. translu:
cent and photoluminescent a-sialon ceramics, were devel-
oped recently; the materials development for the proposed
a-sialon ceramics is closely related to this special crystal
structure, with a covalent framework and interstitial ions.
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