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Abstract

The sintering behavior of mixed o'/B'-sialon ceram-
ics, fabricated from «-Si;N, AIN and Ln,0,
(Y,0,, Er,0; and Yb,0;), was examined by high-
temperature dilatometry, and the densification pro-
cess was discussed through the consideration of
chemical reactions to form o'- and ['-sialon and
kinetical analysis of shrinkage. The formation of
a'-sialon and melilite caused temporary retardation
of the densification rate, while during the formation
of B'-sialon the densification proceeded remarkably.
The densification accompanied by precipitation of
B-sialon is ascribed to dissolution of residual a-
Si3Ny, ao'-sialon with low solid solubility and
melilite into a liquid, which may result in an in-
crease of liquid volume and in a decrease of liquid
viscosity. These phenomena are considered to
induce the solution—precipitation process, particle
disintegration process and cooperative flow process
of the particle-liquid mixture, yielding to rapid
shrinkage. The densification at the initial and mid-
dle stages and the reactions from ao'-sialon and
a-SiyN, to B'-sialon accelerated in the order of
Y,0, > Er,0, > Yb,0; addition, because the
liquidus temperature and viscosity of liquid formed
decreased in the order of Y,0; < Er,0; < Yb,0,
addition.

1 Introduction

Two significant properties of silicon nitride (Si;N,)
ceramics are mechanical strength and fracture
toughness. Si;N, ceramics with prismatic grains
show high flexural strength at room temperature,
but this strength degrades at temperatures higher
than 1300°C due to the presence of an intergranu-
lar glassy phase containing impurities such as met-
als and halogens. As the viscosity of the glassy
phase softens at temperatures higher than 1000°C,
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grain-boundary sliding occurs, accompanied by
nucleation and growth of cavities in the intergran-
ular glassy phase.' It is then important to reduce
the amount of impurities concentrated at the grain
boundaries, and to control the character and
amount of grain-boundary phase in Si;N, ceram-
ics, in order to improve their high-temperature
strength.

On the other hand, fracture toughness is
strongly influenced by aspect ratio and volume
fraction of the grown grains in the final prod-
ucts.>* It has been reported that Si;N, ceramics
with microstructures consisting of elongated rod-
like grains in the small grain matrix have fracture
toughness as high as 8-11 MPam®®.* Such materi-
als with duplex microstructures are called ‘in-situ
composites’ or ‘self-reinforced materials’. It is,
therefore, desirable for the obtention of the Si;N,-
based materials that both the reduction of glassy
phase content at grain boundaries and the control
of Si;N, grain morphology are made compatible.

Si;N, ceramics occur in two structural modifica-
tions, « and B. The solid solution in B-Si;N,,
which is called B'-sialon, is formed by simultane-
ous equivalent substitution of aluminum and oxy-
gen for silicon and nitrogen, and the reaction is
commonly described by the following equations:

(4 - Z)Si3N4 + 2ZA1N + ZSiOZ

— 2Sic ,ALON; , )
(6 — 2)Si;N, + zAIN + zALO,
— 3Si, L ALO,N; . #))

In the equations, z takes a value between 0 and
426

a'-sialon, which is the solid solution of a-phase
structure, is obtained by a substitution of similar
elements as for B'-sialon, with some metal cations
accommodated in the two large interstices of the
unit cell, thus giving a general formula of the type
Mx(Si,Al);,(O,N),s, where M is Li, Mg, Ca or



174 K Watari, M. Yasuoka, M. C. Valecillos, S. Kanzaki

lanthanide metals except La and Ce. When x is
03 < x < 20, single-phase o'-sialons are fabri-
cated. Reaction in the formation of single-phase
o'-sialon is as follows:™®

(4 — 1-5x)Si;N, + 0-5x(Y,0; + SAIN)
= YxSijp 4.5:Al5xO01.5xN16-1.5x (3)

With x values less than 0-3, mixtures of a'-sialon
and B'-sialon are obtained.’

Densification of these sialon ceramics proceeds
in a reaction-sintering process involving the for-
mation of a transient liquid phase, namely, during
the middle and final stages of sintering the ingre-
dients of the liquid are incorporated into the «
and B structures.>!' In consequence, sialon ceram-
ics have been expected to possess only a small
amount of intergranular glassy phase and in re-
cent years these materials have been reported to
maintain the room-temperature strength at tem-
peratures as high as 1300°C.!% It has been, how-
ever, reported by several investigators that single-
phase sialon ceramics show lower mechanical
strength and lower fracture toughness than g-
Si;N, containing Y,0; and Al,O; additives. The
reason is interpreted as that sialons consist of
grains with low aspect ratio,”* and furthermore
they have weak pullout and absence of crack-
branching effects due to the strong bonding be-
tween interfaces of grains.'4!

Recently, mixed «/B'-sialon ceramics have re-
ceived a great deal of attention, since the mi-
crostructure of these materials comprises prismatic
B-grains and roundish fine a-grains, and presents
a small amount of grain boundary phase.'®!7 It
has also been demonstrated that they show higher
mechanical strength at elevated temperatures and
higher fracture toughness'® as well as better creep
properties, compared to the B-Si;N, ceramics with
oxide addition.'”® Furthermore, in the case of sin-
tering of mixed «'/B-sialon ceramics, their mi-
crostructure and their mechanical as well as ther-
mal properties can be controlled by the phase
composition, and it is possible to alter widely the
quantity and type of elements that can be accom-
modated in a Si;N, structure.!>” However, the
densification mechanism, which links directly to
control of the microstructural development and
phase composition, has not been understood yet.

In this work, an attempt is made to investigate
the reaction process in the formation of «'- and B'-
sialons during sintering of mixed «o'/f'-sialon ce-
ramics with AIN and lanthanide oxides (Ln,O;)
such as Y,0;, Er,0; and Yb,0,;. The shrinkage
behavior of mixed «'/B'-sialon ceramics is studied
by high-temperature dilatometry, and the densifi-
cation process is also discussed in combination
with chemical reactions to form sialons.

2 Experimental procedure

It is well known that powder characteristics
strongly influence the sintering process of sialon as
well as of Si;N, ceramics. Especially, in the case of
sintering of mixed «'/B'-sialon ceramics, accompa-
nied by complicated reaction pathways, densifica-
tion behavior and resultant amount of «'-sialon,
as well as reaction sequence, are changed due to
powder characteristics.?’ In a preliminary work,
the authors have evaluated the influence of Si;N,
powder characteristics on the sintering behavior of
mixed o'/B,-sialon ceramics, and on the sinterabil-
ity and formation of o'- and B'-sialons. The results
pertaining to sintering behavior are as indicated in
the Appendix, and the raw powder A was used in
this work. The raw powder A (Denki Kagaku
Kogyo, K K, Japan) used in the present work had
an oxygen content of 1-:3wt%, total metallic impu-
rities content of 350 ppm, fluorine content of 520
ppm, and a specific surface area of 11-3 m? g,
This powder was composed of 94% a- and 6% B-
Si;N,.

The AIN (Tokuyama Soda Co. Ltd, Japan),
Y,0;, Er,0; and Yb,0; (Hokko Chemicals Indus-
try Co. Ltd, Japan) powders were also employed
as the starting materials to produce the mixed
o'/B'-sialon. The starting AIN powder had an oxy-
gen content of 1-05 wt% and a specific surface
area of 3-2 m? g”!. Nominal composition of pow-
der mixtures was 83-10 mol% for Si;N,, 1-69
mol% for AIN and 15-21 mol% for Ln,0;, and the
atomic proportion in the overall composition is
represented by the following formula: Lng,s
S111.325A10.67500.225N15.775-

These powders were vibrationally mixed in
toluene with deflocculant for 6 h using a Si;N, pot
and balls. After drying at 800°C for 1 h in nitro-
gen gas with 10% H, to remove the deflocculant,
rectangular bars with dimensions of 10 X 10 X 45
mm and discs with 14 mm diameter X 8 mm
height were made from the mixed powders using a
homemade die, followed by cold isostatic pressing
(CIP) at 490MPa for 60s. The green density of all
the specimens was 1950 + 20 kgm™,

In order to investigate the sintering phenomena,
thermal shrinkage of bars was measured at tem-
peratures from 1000 to 1850°C at a heating rate of
10°C min™ under a N, gas pressure of 1 MPa
using a high-temperature dilatometer (Rigaku
Denki, HPHT-TMA, Japan).’! From the results of
preliminary work, a large amount of shrinkage
was observed after thermal shrinkage measure-
ment at 1850°C, when operated at a heating rate
of 10°C min™'. Therefore, the heating rate of 10°C
min~! was selected. Isothermal shrinkage measure-
ments at 1500, 1550 and 1600°C were performed
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to investigate the kinetic parameter on densifica-
tion and to clarify the densification process. The
heating rate for isothermal shrinkage measure-
ments was 10°C min~!. The reason for setting such
a slow heating rate will be explained later. Detec-
tion errors of shrinkage and shrinkage rate were
less than 1-8 X 1072% and 3-2 X 10~ %min!, re-
spectively.

Simultaneously, specimens were prepared by
firing at various temperatures followed by quench-
ing, to observe the change in bulk density and mi-
crostructural development as well as the reaction
sequence during sintering. The discs were embed-
ded in a mixture of Si;N,/AIN/Ln,Oy/BN in a
graphite crucible, and fired in a graphite furnace
at different temperatures starting from 1300 to
1850°C for 15 min and 4 h at a heating rate of
10°C min' under a N, gas pressure of 1 MPa,
followed by quenching at a cooling rate of above
100°C min! until near 1000°C.

Density measurements were performed by the
Archimedes method in distilled water. Relative
density was obtained by comparing measured
density to theoretical density. The theoretical
density of mixed a«'/f-sialon was calculated
from the amount and density of Si;N,, AIN and
Ln,0;, and was estimated as 3221 kgm™ for
Y,0; addition, 3288 kgm™ for Er,O; addition,
and 3296 kgm™ for Yb,O, addition. Carbon and
gold were evaporated onto the fractured surfaces
and onto the polished surfaces, and scanning
electron microscopy (SEM, JEOL, T-330AS,
Japan) observation was conducted to examine
the microstructure. Before the evaporation of
carbon and gold, the surfaces of interest were
chemically etched by immersing the specimens
into molten NaOH and KOH in a silver crucible
at 200°C.

The quenched samples were crushed in a tung-
sten carbide jar, and passed through a 200 mesh
sieve. X-ray diffractometry (XRD, Rigaku Denki,
RAD-B, Japan) measurements of the crushed
powders were carried out using Cuk, radiation at
40kV and 100 mA to identify crystalline phase
and to obtain phase composition. The a-Si;N,, o'-
sialon, and B-Si;N,/8"-sialon contents in the sin-
tered bodies were determined as follows: after
XRD measurements, the X-ray peak areas of a-
Si;N, and a'-sialon for <<102> and <201> planes,
and of B-Si;N,/B'-sialon for <101> and <201>
planes were calculated using the Lorents function,
and the relative amount of these phases was ob-
tained by comparing their peak areas. Lattice pa-
rameters were measured with Si as internal stan-
dard, and the solid solubility of AIN and oxide
into a Si;N, structure was determined by referring
to the published data.?>%
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Fig. 1. Relative density of disks quenched at different tem-
peratures for 15 min. The theoretical density of mixed o/8-
sialon was calculated from the amount and density of Si;N,,
AIN and Ln,O,, and was estimated as 3221 kgm™ for Y,O
addition, 3288 kgm™ for Er,0, addition and 3296 kgm~
for Yb,0; addition. After sintering at 1850°C for 4 h, bulk
density of all the specimens reached theoretical values.

3 Results

3.1 Density and shrinkage
The relative densities of the discs quenched from
different temperatures in the range of 1300 to
1850°C are shown in Fig. 1. For Y,0; and Er,0O,
additions, relative density increases slowly at
temperatures between 1300 and 1550°C, and
increases rapidly at temperatures between 1550
and 1800°C. On the other hand, the relative
density of specimens obtained by Yb,0; addition
remains almost constant at temperatures from
1300 to 1550°C, whereas a rapid increase in the
relative density was observed at temperatures
higher than 1550°C. After sintering at 1850°C for
4 h, bulk density of all the specimens reached the
theoretical values.

Figure 2 shows the shrinkage of rectangular
bars. The shrinkage of all the compacts starts
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Fig. 2. Temperature dependence of shrinkage of Ln,O;-
doped a'/B-sialon ceramics.
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Fig. 3. Temperature dependence of shrinkage rate of Ln,0O;-
doped a'/@-sialon.

around 1200°C, and increases with increasing the
sintering temperature. The type of lanthanide
oxides produces differential sintering behavior,
which translates into the changes of shrinkage rate
observed in the curves of Fig. 3. In the case of
Y,0; addition, the shrinkage rate increases gradu-
ally at temperatures higher than 1350°C, and
reaches the maximum around 1570°C. Subse-
quently, the shrinkage rate shows a slight decrease
and again an increase at temperatures between
1570 and 1620°C, decreasing rapidly at tempera-
tures higher than 1620°C. For Er,0, and Yb,0,
additions, the shrinkage rate shows an increase up
to 1510°C for Er,O, addition, and 1480°C for
Yb,0; addition, decreasing thereafter until reach-
ing the vicinity of 1580°C. At temperatures over
1580°C, the shrinkage rate presents a rapid in-
crease, showing a maximum at 1630°C for Er,O,
addition, and at 1650°C for Yb,0; addition, de-
creasing thereafter with increasing sintering tem-
perature.
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Fig. 4. Phase change during the formation of a'B'-sialon

ceramics at temperatures between 1300 and 1850°C. J-phase

(Ln,Si,O,N,) and melilite (Si;N4Ln,0,) were identified as the

grain boundary phase in specimens sintered at 1300-1400°C
and at 1500-1700°C, respectively.
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Fig. 5. Change of lattice parameters of o'-sialon. From the
relationships between the x value in Yx(8i,Al);,(O,N),s and
lattice parameters,”! the x value was (-4 for the specimen
heated at 1500°C and 0-25 for the specimen heated at 1850°C.

3.2 Phase change
Figure 4 reveals the phase change during the
formation of a'- and B'-sialons at temperatures
between 1300 and 1850°C. Also the variation
with temperature of the lattice parameters of o'-
and B'-sialons are shown in Figs 5 and 6, respec-
tively.

a-sialon with large unit cell dimensions is ini-
tially formed at temperatures between 1400 and
1500°C, and its content increases with raising the
sintering temperatures, but decreases above
1700°C . The amount of a'-sialon varies with the
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Fig. 6. Change of lattice parameters of B'-sialon. Referring to

the relationships between the z value and lattice parameters,?

the value of z in the formula, Siz,Al,O,N;,, varies from 0
to 0-6 at temperatures from 1500 to 1600°C.
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type of oxides. A rapid increase in the amount of
«o'-sialon is observed at temperatures between 1400
and 1600°C for Y,0; and Er,O; additions, and at
temperatures between 1500 and 1700°C for Yb,0,
addition. Lattice parameters of «'-sialon attain a
maximum at 1530°C, but thereafter decrease as
the temperature is raised. The influence of the
type of lanthanide oxide on the lattice parameters
has not been identified in the present work. From
the relationships between the x value in Yx(Si,
Ay, (O, N);6 and the lattice parameters,?? the x
value is 0-4 for the specimen obtained at 1500°C
and 0-25 for the one at 1850°C.

Fig. 7. Fractured surface and polished surface of a specimen with Er,0, addition (a) CIPed, and quenched at (b) 1400, (c) 1500,
(d) 1600, (e) 1700, (f) 1800 and (g) 1850°C for 15 min and (h) at 1850°C for 4 h. The polished surface of the specimen quenched
at 1850°C for 4 h was chemically etched with molten NaOH and KOH at 200°C for 15 min.
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Fig. 7.—Contd.

A remarkable increase in the amount of B'-
sialon is observed at temperatures ranging from
1600 to 1700°C for Y,O; and Er,0; additions,
and at temperatures ranging from 1600 to 1800°C
for Yb,O; addition. A significant change in the
lattice parameters is present at temperatures be-
tween 1500 and 1600°C, but the influence of the
oxide type on lattice parameters is not detected.
According to published data,”® the value of z
in the formula, Siz,ALO,N;, was 06 for the
specimen sintered at temperatures higher than
1600°C.

Identification of X-ray diffraction peaks indi-
cates, besides the formation of o'- and B'-sialons,
J-phase (Ln,Si,O,N,) and melilite (Si;N, . Ln,O5)
in specimens quenched at temperatures between
1300 and 1400°C, and at temperatures between
1500 and 1700°C, respectively. Disappearance of
X-ray diffraction peaks of raw AIN and Ln,O,
was recognized above 1500 and 1300°C, respec-
tively.

3.3 Microstructure

Fractured surface of specimens with Er,0; addi-
tion CIPed and sintered at temperatures between
1400 and 1850°C are shown in Fig. 7. The mi-
crostructure of CIPed specimens consists of grains
with irregular shape and wide particle distribution
(Fig. 7(a)). At temperatures from 1400 to 1600°C,
the size and shape of particles are not well defined
(Fig. 7 (b)~(d)), because the particles are covered
with a material like a glassy phase. Elongated an-
gular grains are found in specimens quenched

from 1700°C (Fig. 7 (e) and (f)), and subsequent
grain growth and interlocking are observed at
1850°C (Fig. 7 (g)). The microstructure of the
specimens sintered at 1850°C for 4 h consists of
rod-like grains with aspect ratio of around 5:1
and a maximum of about 8:1 in a small equiaxed
grains matrix (Fig. 7(h)).

Figure 8 shows the fractured surface of speci-
mens with Y,Q; and Yb,0; addition obtained by
quenching from 1400°C. In the case of Yb,0,
addition, roundish grains are found, but in the
case of Y,0; addition, identification of size and
shape of particles in the fractured surface is
difficult.

Table 1. Possible reactions to form the o'~ and B-sialons®

o'-Sialon

Si0, + AL Oy + Ln,O; + SizN/AIN
— Nitrogen glass + J-Phase (Ln,Si,0,N,) )

J-Phase + Nitrogen glass + Si;N/AIN
— o'-Sialon" + Melilite(Si;N, . Ln,0,)

+ Nitrogen glass (b)
Si;N, + 9AIN . Ln,0; — o'-Sialon'! (c)
Si;N, + a'-Sialon!! > «'-Sialon® d)
B-Sialon
Si;N4 + Melilite + Nitrogen glass —
B-Sialon + Nitrogen glass )

Si;N, + o’-Sialon" + Nitrogen glass —
pB-Sialon + Nitrogen glass )

“H and L indicate the o'-sialons with high and low solid
solubility, respectively.
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Fig. 8. SEM micrographs of fractured surface for specimens
with (a) Y,0; and (b) Yb,0; addition quenched at 1400°C.

4 Discussion

4.1 Reaction process to form a'- and B'-sialons
From the results of the reaction sequence, change
in phase composition and lattice parameters, pos-
sible reactions in the formation of «&'- and B'-
sialons are summarized in Table 1.

At the initial stage of liquid-phase sintering of
sialon and Si;N, ceramics, nitrides and oxide addi-
tives as well as impurities (oxides, metals and
halogens) react to form a liquid, and subse-
quently, nitrogen glass and a partial crystalline
phase appear at the grain boundaries. The phe-
nomena are described by reaction (a). Here, the
silica and alumina are the oxide impurities on the
surface of raw Si;N, and AIN particles.

o'-sialon is compatible with melilite. Further-
more, a a'-sialon with high solid solubility was ob-
served at the initial stage. The reaction in precipi-
tation of «'-sialon from a liquid are expressed as
eqn (b). In the case of formation of «'-sialon with
high solid solubility, reaction of a-Si;N, with AIN
and Ln,O,; should be considered, and eqn (c) is
given. With respect to formation of o'-sialon at
the initial stage, heterogeneous and homogeneous
nucleation should be noted. The nucleation sites
of a'-sialon formed at the initial stage were inves-

tigated by mean of TEM observation by Chatfield
et al.”® and Chen & Hwang.?* Chatfield et al. re-
ported that a core of unreacted a-Si;N, raw mate-
rial frequently remained in the a'-sialon particles,
indicating that the unreacted a-Si;N, raw material
acts as nuclei for o'-sialon. Such a heterogeneous
nucleation was also observed in sintering of B'-
sialon.? On the other hand, the evidence of homo-
geneous nucleation of «'-sialon from a liquid matrix
was not observed, but this event can not be dis-
carded. The operation of heterogeneous and homo-
geneous nucleation of a'-sialon are thought to
cause the change in solid solubility limits of the «'-
sialon formed, and to greatly influence the thermal
stability of o'-sialon, as will be mentioned later.

As the content of o'-sialon increases and lattice
parameters decrease with raising the temperature,
reaction (d) should be also considered. In the
present work, it was not, however, possible to
confirm the presence of o'-sialon with various
solid solubilities, because the lattice parameters
measured strike an average one of diverse solid
solubilities.

Melilite disappeared due to precipitation of S'-
sialon, and the chemical reaction in the formation
of B'-sialon is expressed as eqn (e). It is also con-
sidered that precipitation of B'-sialon could pro-
ceed through reaction (f). Han et al.?® investigated
the phase transformation from o'-sialon to B'-
sialon by liquid infiltration in the Y-Si-Al-N-O
system, and they reported that during heating the
glass matrix penetrated into the sintered «'-sialon
specimen to induce the phase transformation of
a'- into B'-sialon, and that no trace of a'-sialon
existed in B'-sialon grains. Sugiyama et al.?® inves-
tigated recently the thermal stability of o'-sialons
with various solid solubility in mixed «'/f'-sialon.
They reported that o'-sialon with a lattice para-
meter of the c-axis less than 5-65A disappeared
under heat-treatment at 1850°C for 50 h, and the
amount of fB'-sialon increased. On the other hand,
the a'-sialon with a lattice parameter of the
c-axis higher than 5-65A remained after the heat-
treatment, then its lattice parameters went up to
nearly 5-66A, and the amount of o'-sialon and B-
sialon decreased and increased, respectively. The
former phenomena are anticipated to occur during
precipitation of B'-sialon in the present work,
since the increase in amount of o'-sialon is slowed
by the formation of B'-sialon, and thereafter the
amount of a'-sialon decreases slightly, as do,
simultaneously, the lattice parameters. Conse-
quently, reaction (f) is given.

4.2 Densification process
It is generally accepted that densification of Si;N,
ceramics with oxide additives and Si;N, solid solu-
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tions proceeds via liquid phase sintering, which
consists of three stages: (I) particle rearrangement,
(I) solution—precipitation and (III) coalescence of
grains.??¥" In the sintering process of sialon, several
reactions to form the sialons, as described in the
previous section, greatly influence the densification
behavior. In the following section, the densification
process of mixed a/B'-sialon ceramics is discussed
from the results of shrinkage, in connection with
the reaction processes in the formation of sialons.

Shrinkage was initiated around 1200°C (Figs 1
and 2). The densification at the initial stage occurs
by the rearrangement process, as the particles
move to pack closer by capillary forces of the lig-
uid.?” It is well known that the temperature at
which initial particle rearrangement occurs is re-
lated closely to the lowest eutectic temperature of
oxides and impurities contained in the raw pow-
ders. Considering that SiO, and Al,O; exist on the
surface of Si;N, and AIN particles, respectively,
the eutectic liquid is the SiO,-Al,O;-Ln,O; sys-
tem, whose minimum eutectic temperature is re-
ported to be around 1450°C for Er,0; addition.?®
Besides the oxide impurities, the liquidus tempera-
ture is reduced by the presence of metallic and
halogen impurities. In this work, metallic impuri-
ties amounting to 350 ppm may be not high
enough to reduce the liquidus temperature, but,
on the other hand, a large amount of fluorine was
present. In a previous work, Watari ef al.”’ exam-
ined the effect of fluorine content (70, 440 and 670
ppm) in raw powders on the densification of Si;N,
ceramics with Y,0,; and AL, O; addition by high-
temperature dilatometry. They found that the
temperature at which shrinkage starts decreased
with increasing the fluorine content, and con-
firmed that shrinkage of Si;N, powder with
fluorine content of 670 ppm occurred at 1120°C.
As the fluorine content in the raw powder used
here is at the level of several hundred ppm, it must
yield a reduction in the eutectic temperature.

In the case of sintering of Si;N, ceramics, the
influence of nitrogen ions on the liquid formation
should also be considered. Hampshire & Jack®
have pointed out that nitrogen as an additional
component lowers the eutectic temperature by
100-200°C. In an experiment concerning nitrogen-
glass preparation from the melting of a mixture of
silica, alumina, lanthanide oxide and silicon ni-
tride powders, the solubility of nitrogen ions in
the liquid in the Si-Al-Y—O-N system is less than
15 at.%.>! Wang et al.*? have also mentioned that
the solubility of nitrogen in Nd-sialon glass can
reach 25 at.%, whereas in the Si-Al-Y-O-N
system the highest solubility is only about 15 at.%
and they also reported that the behavior of heavy
rare-earth oxides is, in many aspects, similar to

that of Y,0,. The solubility of nitrogen in a liquid
is not, however, clarified in the sialon system.
From the existence of impurities and nitrogen, it
is, therefore, considered that reaction (a) of Table
1 occurs and that there is formation of a liquid
phase around 1200°C, resulting in shrinkage due
to initial particle rearrangement.

The next densification stage is due to a solu-
tion—precipitation process, which is accompanied
by grain growth through the dissolution of small
particles in the liquid and their reprecipitation on
large particles.”” In the fractured surface of the
specimen sintered at 1400°C shown in Fig. 7 (b),
the size and shape of particles are hardly distin-
guishable. After chemical etching for 15 min,
roundish particles with a diameter of about 0-4
wm appeared, and they are different in size and
shape from particles in the raw material shown in
Fig. 7 (a). This microstructural change suggests
that this temperature range corresponds to the so-
lution-reprecipitation stage. Moreover, as shown
in Fig. 7 (b) and (c), a large amount of glassy
phase is formed, and it seems to have filled the in-
terstice between particles. Such a phenomenon
suggests that liquid flow is a significant densifica-
tion mechanism at the solution—precipitation stage
in sintering of Si;N, ceramics.

At the solution—precipitation stage, reactions in
formation of o'- and B'-sialons proceed through
eqns (b), (¢), (d), (e) and (f) of Table 1. The for-
mation of a'-sialon yields reduction of the shrink-
age rate at temperatures from 1510 to 1580°C for
Er,0O; and at 1480 to 1580°C for Yb,0; additions,
because the ingredients in the liquid, i.e. lan-
thanide, aluminum and oxygen, are removed from
it, causing the quantity and the viscosity of the
liquid phase to decrease and to increase, respec-
tively, interrupting then the dissolution of residual
a-Si;N, into the liquid. Furthermore, precipitation
of melilite should be considered to hinder the den-
sification process. As melilite formation consumes
rare-earth cations, and it has a high melting point
(~1900°C for yttrium-melilite*®* and >1700°C for
samarium-melilite’*), the amount of transient lig-
uid is reduced over time. Consequently, the reduc-
tion of shrinkage rate at temperatures from 1480
to 1580°C is ascribed to formation of o'-sialon
and melilite.

At temperatures higher than 1600°C, precipita-
tion of B'-sialon and rapid increase of shrinkage
rate occur concurrently, when Er,0; and Yb,O,
were added. This increase of the shrinkage rate is
associated with reactions in the formation of B'-
sialon, indicated as eqns (e) and (f), which may in-
duce the increase in liquid volume and the de-
crease in its viscosity, in contrast to the formation
of «'-sialon, which causes the liquid volume to be



Reaction and densification processes of o/B'-sialon ceramics 181

small and its viscosity high, and dissolution of
residual Si;N, into the liquid is difficult. As al-
ready mentioned, a'-sialon with low solid solubil-
ity is unstable thermodynamically during the sin-
tering accompanied by formation of B'-sialon.
Furthermore, disappearance of melilite occurs
when B'-sialon precipitates. The acceleration of re-
actions (e) and (f) suggests that Ln,O;, which was
accommodated into the a-Si;N, structure or con-
sumed by the formation of melilite, remains at the
grain boundaries. In this case, it is postulated that
an increase in the amount and a decrease in the
viscosity of the liquid occur during precipitation
of B-sialon, and that the solution—precipitation
process is, therefore, accelerated during the precip-
itation of B'-sialon. To date, the variations of vol-
ume and viscosity of liquid during the sintering of
Si;N, and sialon ceramics have not been measured
in situ, and are the subject of absorbing interest
when considering the liquid-phase sintering pro-
cess of these materials. The authors have been
considering that low-temperature specific heat and
internal friction measurements can provide the in-
formation on the amount and viscosity of liquid
during the heating.?® The results concerning the
character and quantity of liquid phase and grain
boundary crystalline/glassy phase at various sin-
tering temperature will be reported in the near fu-
ture.

Figure 9 presents the isothermal shrinkage of
compacts containing Yb,0; addition with a heat-
ing rate of 10°C min~!. When the heating rates of
30 and 50°C min' were used in preliminary exper-
iments, the resultant amounts of «'-sialon and
melilite formed at middle stage of sintering were
small, indicating that a large amount of shrinkage
took place. In this work, the heating rate was set
at 10°C min™! to clarify the densification process
in rapid shrinkage at 1580 to 1700°C for Er,0O;
and Yb,0O; additions. The kinetic parameter ob-
tained takes values between 0-76 and 0-70, which
are much larger than values predicted for the solu-
tion—precipitation process in the classical liquid-
phase sintering model proposed by Kingery.? It is
not possible here to clarify the sintering process
through a mathematical analysis, and the densifi-
cation can not be explained only by the solution—
precipitation mechanism of the classical liquid-
phase sintering model.

Since Kingery proposed a liquid-phase sintering
model, a number of additional solution—precipita-
tion mechanisms have been found, such as pore
elimination due to cooperative flow of the parti-
cle-liquid mixture, Ostwald ripening with shape
accommodation, and particle disintegration.* It is
suggested that sintering of mixed o'/8'-sialon is a
concurrent process involving these mechanisms. It
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Fig. 9. Isothermal shrinkage of compacts with Yb,0; addition.

is considered that the pore-elimination process
due to cooperative flow of particle-liquid mixtures
causes the rapid shrinkage observed at 1580 to
1700°C for Er,O; and Yb,0; additions and the
kinetic parameters larger than any of the rate
exponents predicted by Kingery' s model, since the
rate of particle migration toward the interstices
between particles is very fast. However, as shown
in Fig. 1, the relative density at 1600°C was 80%
for Er,O; addition and 70% for Yb,0, addition,
which are much higher than a typical packing
density of a monosized powder (64 vol.%). In this
case, it can not be said that rapid shrinkage
observed at 1580 to 1700°C for Er,O; and Yb,O4
additions took place only by the particle migra-
tion process. It was expected from the results of
Han et al. that in the present sintering, disintegra-
tion of a'-sialon grains occurs at temperatures
higher than 1600°C, it then being easy for o'-
sialon grains to migrate toward the interstice be-
tween particles, resulting in rapid shrinkage.

Besides these densification mechanisms, Ost-
wald ripening mechanism with shape accommoda-
tion is also anticipated to take place. In the pre-
sent work, it was found that after sintering at
1850°C for 4 h, in the region containing the large
grains, particles agglomerate, and large grains
come into contact widely with other large ones
(see Fig. 7 (h), the region surrounded with a white
line). These microstructural features suggest that
grain growth by Ostwald ripening occurs, grown
grains contact with other ones, and subsequently
the interstices between particles fill up by shape
accommodation of grown grains. At the middle
and final stages of sintering, this process is consid-
ered to help the densification further.

The densification process of mixed «'/B'-sialon
ceramics has been discussed through the consider-
ation of chemical reactions in formation of o'-
sialon and M'-sialon and kinetical analysis of
shrinkage. At the solution-precipitation stage, the
formation of a'-sialon caused the retardation of
densification, but during the formation of pB'-
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sialon, the densification proceeded rapidly. The
densification at a latter stage relates to dissolution
of o'-sialon formed at the early stage and of
melilite into the liquid. From kinetical analysis, it
was thought that dissolution of a'-sialon and
melilite into the liquid and precipitation of B'-
sialon induces the cooperative flow process of the
particle-liquid mixture and particle disintegration
process, besides the solution—precipitation process.
Such an interpretation, however, may be too
simplistic, and further work, such as identification
of the disintegration of o'-sialon particles during
heating, is necessary to understand the densifica-
tion process exactly.

4.3 Effect of type of lanthanide oxide on densifica-
tion and formation of sialon

The type of Ln,O; added determines different sin-
tering phenomena in mixed o'/B'-sialon ceramics
and produces different amounts of «'- and B-
sialons. In Fig. 8, for Yb,0; addition, the size and
shape of particles can be identified, and the sur-
face of particles is covered with a thin film of a
material like a glassy-phase, which links neighbor-
ing particles. On the other hand, in the case of
Y,0; addition, the size and shape of particles are
not well defined, because the particles seem to dis-
solve in the liquid. When Er,0; is added, the mi-
crostructural feature (see Fig. (b)) is thought to be
an intermediate microstructure between the corre-
sponding to Yb,0; and to Y,0; addition. It is es-
timated from the microstructural features that in
sintering at 1400°C for 15 min the amount and
viscosity of the liquid for Y,0O; addition are, re-
spectively, rather larger and lower than those for
Er,0; and Yb,0; additions.

The resultant amounts of o'-sialon and melilite
were different for each type of Ln,O, addition.
Recently, O'Reilly er al.¥’ investigated the effect of
diverse oxide additions on the sinterability of ao'-
sialon and on the resuitant amounts of «o'-sialon
and melilite, and they summarized the correlation
between the relative density and the amounts of
these phases as functions of liquid volume and vis-
cosity. Being the volume and viscosity of liquid
different for diverse amounts of o'-sialon and
melilite, the exact effect of the type of lanthanide
oxide on densification can not be discussed. In
this section, based on the reported data, the infl-
uence of the ionic radii of the lanthanide ion on
the viscosity and amount of liquid is discussed
without considering the effect of a'-sialon and
melilite contents.

It has been reported that the eutectic tempera-
ture in the Si-O-N-M system, where M is a
lanthanide, increases® and that the viscosity of
glasses in the Si-Al-O-N-M system also in-

creases® with decreasing ionic radius of the M
ion. It is considered from these relations that at
the initial stage of sintering, the liquidus tempera-
ture and viscosity of liquid formed decrease in the
order of Y,0;<Er,0,<Yb,0;. Therefore, it is an-
ticipated that for Y,0, addition, solution—precipi-
tation, liquid flow and cooperative flow of the
particle-liquid mixture, as well as particle disinte-
gration are accelerated, compared to Er,O; and
Yb,0; additions.

As already mentioned, in the case of Er,0O; and
Yb,0; additions the formation of «'-sialon and
melilite results in retardation of the shrinkage
rate, while rapid shrinkage occurs when f'-sialon
precipitates. However, as for Y,0; addition, the
retardation in shrinkage rate due to formation of
a’-sialon and melilite was very slight. This is inter-
preted as dissolution of a'-sialon and melilite in
the liquid and precipitation of B'-sialon occurring
at an earlier stage.

5 Concluding remarks

The following conclusions can be drawn from this
study:

(1) Possible reactions to form o'- and B'-sialons
during the sintering of mixed «'/f8' sialon
ceramics were investigated from the results
of reaction sequence, change in phase com-
position and lattice parameters. They were

Si0, + AL O; + Ln,O; + Si;N/AIN
— Nitrogen glass + J-Phase (Ln,Si,O;N,) (a)

J-Phase + Nitrogen glass + Si;N/AIN
— o'-Sialon® + Melilite (Si;N, . Ln,Oy)

+ Nitrogen glass (b)
Si3N4 + 9A1N . Ln203 - a'-SialonH (C)
Si;N, + o'-Sialon"! — a'-Sialon® (d)

Si;N, + Melilite + Nitrogen glass
— B'-Sialon + Nitrogen glass (e)

Si;N, + o'-Sialon" + Nitrogen glass
— B'-Sialon + Nitrogen glass ®

where H and L indicate the o'-sialons with
high and low solid solubility, respectively.
(2) As the formation of a'-sialon and melilite
consumes the ingredients of the liquid, the
densification is retarded over time. This
phenomenon was clearly observed in sinter-
ing of mixed «'/B-sialons containing Er,0O,
and Yb,0;. On the other hand, during the
formation of B'-sialon, densification was ac-
celerated remarkably, and rapid shrinkage
was observed. This is ascribed to the disso-
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lution of a'-sialon with low solid solubility
and melilite in the liquid and to precipita-
tion of B'-sialon. It is, then, considered that
volume and viscosity of liquid increase and
decrease, respectively, resulting in accelera-
tion of solution—precipitation, liquid flow,
cooperative flow of the particle-liquid mix-
ture, and particle disintegration.

The type of lanthanide oxide strongly infl-
uences the sintering phenomena and phase
composition. Densification at the initial and
middle stages and reactions from o'-sialon
and a-Si;N, to B'-sialon accelerated in the
order Y,0; > Er.O; > Yb,0;, because the
liquidus temperature and viscosity of the
liquid formed decrease in the order Y,0; <
Er,0; < Yb,0;.

The a'-sialon formed at the initial stage
presented a high solid solubility in the a-
structure, but thereafter lattice parameters
decreased with elevating sintering tempera-
tures. The x value in Yx(Si, Al),(O,N);6
was 04 for the specimen obtained at
1500°C and 0-25 for the one at 1850°C. In
the case of the pB-structure, significant
change in the lattice parameters were ob-
served at temperatures between 1500 and
1600°C, and the value of z in the formula,
Sis ,AlLO,Ng, was 0-6 for the specimen sin-
tered at temperatures higher than 1600°C.
An influence of the type of the lanthanide
oxide on lattice parameters was not appar-
ent.
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Appendix

As has been pointed out by many investigators,
characteristics of raw Si;N, powders such as the
amount, type and distribution of impurities, grain
size and particle distribution influences greatly the
sintering behavior, sinterability, microstructural
development and mechanical properties of sin-
tered materials, as well as the amount and compo-
sition of the grain boundary crystalline/glassy
phase. Experimental results of the shrinkage rate
obtained by high-temperature dilatometry mea-
surements provide some useful information to

0.5

0.AF } \

J

0.2}

o.1

Shrinkage rate, % min.-1

0

10001200

~~3a00 1600 1800 2000
Temperature,C

Fig. Al. Influence of powder characteristics on shrinkage rate

of Si;N, compacts with 1-69 mol% AIN and 1521 mol%

Y,0;. The characteristics of the powders used are shown in

Table Al. After thermal shrinkage measurements at 1850°C for

15 min, the relative density was 85-5% for powder A, 89-2%

for powder B, 63-9% for powder C, 65-2% for powder D, and
64-8% for powder E.

evaluate the relationships between the characteris-
tics of raw Si;N, powders and densification behav-
ior. Figure Al shows the temperature dependence
of shrinkage rate of compacts, whereas the char-
acteristics of raw Si;N, powders are shown in
Table Al. As can be observed, sintering behavior
and sinterability are greatly influenced by the type
of raw powder. The temporary retardation of
shrinkage rate due to formation of o'-sialon and
melilite can be seen at temperatures between 1500
and 1600°C in Fig. Al, irrespective of the charac-
teristics of raw powders; however, the densities of
specimens obtained from the powders C, D and E
are very much lower than the densities of those
from the powders A and B. The significant pa-
rameters affecting the densification are not clari-
fied at present.

Table Al. Representative properties of raw Si;N, powder

Raw Specific Oxygen Carbon a-Phase
powder  surface area content content content

(mg?) (wt2s) (wi%s) (%)

A 11-3 1-30 0-11 94-0

B 10:5 1-20 0-14 90-1

C 12-4 1-00 0-04 90-2

D 11 0-8 0-05 90-4

E 9-9 12 0-02 980




