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Abstract

The effect of chemical composition of Y2O3–Al2O3–SiO2-based intergranular glass on superplastic deformation of�-Si3N4 was studied
by compression tests at 1873 K. All hot isostatically pressed Si3N4 materials had essentially the same microstructure and the same amount of
glass phase, which was different in composition only. The relation between flow stress and glass composition qualitatively corresponded to
the effect of chemical composition on viscosity of Y2O3–Al2O3–SiO2 glass. However, the flow stress was not proportional to the viscosity
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f Y2O3–Al2O3–SiO2 glass, probably because the composition of intergranular glass phase had changed by dissolving Si3N4. The strain
ardening (increase of flow stress with deformation) was dependent on the chemical composition of intergranular glass. Actually, th
train hardening was not proportional to the strain but was proportional to time. The crystallization of Si2N2O was also proportional to tim
nd was dependent on the chemical composition of the intergranular glass in a similar way to the strain hardening. Thus, it was

hat the crystallization of Si2N2O reduced the amount of the intergranular glass, thereby increasing flow stress.
2004 Elsevier Ltd. All rights reserved.
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. Introduction

Silicon nitride (Si3N4) is usually sintered with the aid
f oxide additives, which provide a liquid phase dur-

ng sintering and promote the densification. The glass
hase often remains in the microstructure after sinter-

ng, and affects the physical properties of Si3N4. Strength
nd creep resistance at elevated temperatures can be im-
roved by optimizing glass composition, it’s amount,
nd heat treatments.1 On the other hand, the superplas-

ic Si3N4 have been developed by using Y2O3–Al2O3,2–7

2O3–MgO,8,9 MgO–Al2O3–SiO2,10 Y2O3–MgAl2O4,11

2O3–Al2O3–AlN,12 Y2O3–Al2O3–AlN–LiO2
13 as sinter-

ng additives. Superplasticity refers to the ability of some
olycrystalline materials to exhibit extraordinarily large elon-

∗ Corresponding author.
E-mail address: nari@msl.titech.ac.jp (E. Narimatsu).

gation. Among them, Y2O3–Al2O3 has often been ch
sen as sintering additives, and Y–Al–Si–O–N glass p
is formed at grain boundaries. The grain boundary gl
phase plays an important role in the superplasticity of
con nitride. The glass phase forms a pocket at triple j
tions and a glass film with the equilibrium thickness
several nm at two-grain junction.14 The glass phase ac
as a lubricant for grain boundary sliding, and also
a path for matter transport through solution-precipita
process.

The aim of this paper is to study the effect of che
cal composition of intergranular glass on superplastic c
pressive deformation of�-Si3N4. Oxide additives were use
to form Y2O3–Al2O3–SiO2 melts, and, with increasin
temperatures, an oxynitride melts (Y–Al–Si–O–N) by
solving Si3N4. The relationship between the viscosity
melts and the superplastic deformation was discussed i
paper.
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Table 1
Characteristics of Y2O3–Al2O3–SiO2 glasses

Material Chemical composition (mol%) Y2O3/Al2O3 mole ratio SiO2/Al2O3 mole ratio Density (g/cm3) Melting temperature (K)

A 54SiO2·26A12O3·20Y2O3 0.76 2.07 3.28 1623
B 70SiO2·17A12O3·13Y2O3 0.76 4.11 2.97 1723
C 89SiO2·8A12O3·3Y2O3 0.37 11.1 2.43 1863

2. Experimental procedure

2.1. Materials

The fine�-Si3N4 powder was prepared by grinding sub-
micrometer�-powder (NP-500, Denki Kagaku Kogyo Co.,
Tokyo, Japan) in anhydrous ethanol in a Si3N4 pot with Si3N4
balls for 20 h at a speed of 280 rpm using a planetary ball-
mill. The average particle size of obtained fine�-Si3N4 was
104 nm, and the powder contained 0.88 wt.% oxygen. We
assumed that this oxygen existed as SiO2 on the surface of
the powder. The powder was mixed with Y2O3 (RU grade,
Shin-Etsu Chemical Co., Tokyo, Japan), Al2O3 (AKP-50,
Sumitomo Chemical Co., Tokyo, Japan), and SiO2 (Kojundo
Chemical Laboratory Co., Saitama, Japan) as sintering addi-
tives, and then mixed in an anhydrous ethanol for 1 h by using
a planetary ball-mill. The slurry was dried at about 343 K with
hot plate, then, granulated.

The amount of additives was adjusted so that the vol-
ume fraction of grain boundary glass phase was 15 vol.%.
Although Si3N4 dissolved into oxide melt, we assumed that
the density of grain boundary glass phase was close to the
density of the oxide glass calculated by Appen’s formula.15

Table 1shows the compositions of three glasses (A, B, C)
chosen in this study. The melting temperature of glass (Tm)
was estimated by liquidus temperature in YO –Al O –SiO
t s
o

g at
3 at

200 MPa. The green compacts were coated with BN powder,
and then encapsulated by borosilicate glass at 973 K. They
were hot isostatically pressed (HIPed) under Ar gas. The sam-
ples were heated up to 1073 K, then, pressure was applied to
200 MPa. The temperature for hot isostatically pressing was
1973 K, and the sample was kept for 1 h.

2.2. Mechanical testing

The sintered bodies were cut into rectangular bars with
dimensions of 2 mm× 2 mm× 3 mm. The specimens were
placed between two SiC platens. BN powder was deposited
onto the samples before testing, in order to avoid barreling of
the compressed sample. The specimens were heated up to a
test temperature at a rate of 30 K/min, then, the compression
tests were performed by using a universal testing machine at
constant crosshead speed in N2 (1 atm) at 1873 K.

2.3. Microstructural characterization

Phase identification of the samples before and after defor-
mation was conducted by using X-ray diffractometry (XRD).
The volume fraction of Si2N2O was determined by XRD
using calibration lines.17,18 Scanning electron microscopy
(SEM) was used for microstructural characterization of the
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ernary phase diagram.16 Fig. 1 illustrates the composition
f these three glasses in the ternary phase diagram.

The powder compacts were formed by die pressin
0 MPa, followed by cold isostatically pressing (CIP)

Fig. 1. Composition of Y2O3–Al2O3–SiO2 glass ((©) A, (�) B, (♦) C).
amples before and after deformation. The polished sam
ere plasma-etched with CF4 that contained oxygen gas. T
rain size was defined as the diameter of equivalent c
he length (L) and width (W) of each grain were measure
nd the aspect ratio of grain was defined as the ratio of le

o width (L/W). The average of 500 grains was used for
ulating the average grain size and the aspect ratio.

The amounts of oxygen content in the fine�-Si3N4 powder
nd test samples were measured by oxygen/nitrogen
inator (TC-436 type, LECO Co.).

. Results and discussion

.1. Effect of viscosity of intergranular glass on flow
tress

The microstructural characteristics of as-HIPed mate
A, B, C) are summarized inTable 2. All materials were fully
ensified by hot isostatically pressing. The microstruct
f as-HIPed materials are shown inFig. 2. Materials A, B
nd C are mainly consisted of equiaxed grains, and cont
ome rod-shaped grains. The average grain size and t
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Table 2
Characteristics of HIPed�-Si3N4 materials

Material Density (g/cm3) Grain size (nm) Aspect ratio Phase (vol.%) Oxygen content (wt.%)

A 3.17 205 1.74 �-Si3N4 (83.6), Si2N2O (2.1), glass (14.3) 5.86
B 3.07 214 1.76 �-Si3N4 (83.1), Si2N2O (2.9), glass (14.0) 6.27
C 3.05 220 1.96 �-Si3N4 (82.4), Si2N2O (3.9), glass (13.7) 6.56

Fig. 2. SEM micrograph of as-HIPed materials. The materials (A, B, C)
had essentially the same microstructure and the same amount of glass phas
which was different in composition only.

pect ratio of all materials (A, B, C) were approximately the
same as shown inTable 2. All materials contained mostly
�-Si3N4, and small amount of Si2N2O. No�-Si3N4 was de-
tected. The three materials (A, B, C) had essentially the same
microstructure and the same amount of glass phase which
was different in composition only.

The compression tests were performed at 1873 K,
which was higher than the melting temperature of
Y2O3–Al2O3–SiO2 glasses. A typical set of true stress–true
strain curves at 1873 K is shown inFig. 3. Strain harden-
ing, which is the increase of stress with deformation, was
observed during the deformation of all three materials. The
strain hardening suggests that the microstructural evolution
occurs during the deformation. However, we can assume that
the initial microstructure is maintained at the very begin-
ning of deformation. Since the materials (A, B, C) had es-
sentially the same microstructure, the difference in the initial
flow stressσ0 (flow stress at true strain is equal to 0.03) could
be due to the difference in composition of intergranular glass.
In the high-temperature deformation of silicon nitride, it has
been believed that the flow stressσ0 is proportional to the
viscosityη of intergranular glass,19,20

σ0 = Aε̇0ηdP, (1)

where ε̇0 the initial strain rate,d the grain size,p the ex-
p -
i cos-
i
i of
Y ly.
S of
Y ed
w
m and
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F K and
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onent of the grain size, andA is a constant. We exam
ned the relation between the flow stress and the vis
ty of Y2O3–Al2O3–SiO2 melt. Saito et al.21 reported the
nfluence of the chemical composition on the viscosity

2O3–Al2O3–SiO2 melts and Y–Al–Si–O–N melts recent
aito’s results on viscosity was plotted as a function
2O3/Al2O3 mole ratio inFig. 4. The viscosity decreas
ith increasing Y2O3/Al2O3 mole ratio, when SiO2/Al2O3
ole ratio was fixed. The glass phase in materials A
had Y2O3/Al2O3 mole ratio of 0.76, and that in mat

ig. 3. True stress–true strain curves of materials A, B, and C at 1873
t 5× 10−5/s.
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Fig. 4. Viscosity of Y2O3–Al2O3–SiO2 glass ((©) SiO2/Al2O3 = 1.7, (�)
SiO2/Al2O3 = 3.4) as a function of Y2O3/Al2O3 mole ratio. Dashed line
represents Y2O3/Al2O3 mole ratio of A and B and alternate long and short
dash line represents Y2O3/Al2O3 mole ratio of C.

rial C had Y2O3/Al2O3 mole ratio of 0.37. The viscosi-
ties at Y2O3/Al2O3 mole ratio is equal to 0.76 and 0.37
were read fromFig. 4, and were plotted as open trian-
gles and open squares inFig. 5, respectively. The viscosity
of Y2O3–Al2O3–SiO2 melt increased with the increase in
SiO2/Al2O3 mole ratio, when Y2O3/Al2O3 mole ratio was
fixed. Initial flow stress was also plotted inFig. 5. When the
materials A and B, which have the same Y2O3/Al2O3 mole
ratio is equal to 0.76, are compared, material A with lower
SiO2/Al2O3 mole ratio deformed at lower stress than that of
material B with higher SiO2/Al2O3 mole ratio. The flow stress
of material C was much higher than that of materials A and B,
because the glass phase in material C had higher SiO2/Al2O3
mole ratio and lower Y2O3/Al2O3 mole ratio. Although flow
stress also increased with increasing SiO2/Al2O3 mole ra-
tio, the rate of increase of flow stress was much lower than
the rate of increase of viscosity of Y2O3–Al2O3–SiO2 melt.
Since the chemical composition of glass phase can be altered
during sintering, the flow stress may not be proportional to
the viscosity of initial Y2O3–Al2O3–SiO2 melt. Si3N4 dis-
solves into grain boundary glass phase, then, the glass phase
contains nitrogen.

F
=
(

Fig. 6. Flow stress normalized by the initial stressσ0 as a function of strain
in plastic deformation region at 1873 K for material C. The apparent “strain
hardening” was dependent on strain rate.

Saito and co-workers reported that the solubility of ni-
trogen into Y2O3–Al2O3–SiO2 melts was 7–9 mol%. The
viscosity of Y–Al–Si–O–N melt increased in proportion to a
nitrogen content. The saturated nitrogen content depends on
glass composition. The saturated nitrogen increased with the
decreasing SiO2/Al2O3 mole ratio at a constant Y2O3 con-
tent. We suppose that the viscosity of Y–Al–Si–O–N melt in
material A, which has lower SiO2/Al2O3 mole ratio, has been
increased more significantly than that in material B. There-
fore, the difference between flow stresses of materials A and
B with Y–Al–Si–O–N melt was smaller than the difference
between viscosities of Y2O3–Al2O3–SiO2 melt in materials
A and B.

3.2. Apparent strain hardening by crystallization

Strain hardening was observed in the true stress–true strain
curves inFig. 3. Strain hardening was the most significant in
material C, while material A deformed at almost constant
stress.Fig. 6shows the normalized stressσ/σ0 versus plastic
strainεP curves for material C at different strain rates, where
σ0 is the initial stress atε = 0.03 inFig. 3, andεP = ε − 0.03.
The apparent strain hardening, or the slope of curve, was de-
pendent on strain rate, and increased with decreasing strain
rate.Fig. 7shows the increase of normalized stressσ/σ0 with
t rent
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m e
a ent
ig. 5. Flow stress (�) A,B(Y2O3/Al2O3 = 0.76), (�) C(Y2O3/Al2O3

0.37) and viscosity of Y2O3–Al2O3–SiO2 glass (�) (Y2O3/Al2O3 = 0.76),
�) (Y2O3/Al2O3 = 0.37) as a function of SiO2/Al2O3 mole ratio.
ime at different strain rates for material C. The appa
strain hardening” was proportional to time. The slope
urves was approximately the same independent of s
ate. The increase of stress was proportional to time an
ependent of strain rate also in materials A and B.

Fig. 8 shows the increase of Si2N2O after deformatio
ith time. The initial Si2N2O contents were A (2.1 vol.%
(2.9 vol.%), and C (3.9 vol.%), respectively. The incre

f Si2N2O content was the smallest in material A, and
he largest in material C. The material B was intermed
etween materials A and C. There was a good correl
etween strain hardening and crystallization of Si2N2O, be-
ause the strain hardening was smallest in material A
as the largest in material C as shown inFig. 3. Further-
ore, the volume fraction of Si2N2O increases with tim
fter nucleation.17 Since, both crystallization and appar
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Fig. 7. Flow stress of material C normalized by the initial stressσ0 as a
function of testing time in plastic deformation region at 1873 K.

Fig. 8. Si2N2O content after deformation as a function of time at 1873 K.

“strain hardening” are dependent on time, we suppose that
the increase of flow stress with time is related to crystalliza-
tion of Si2N2O.

Here, we consider the effect of crystallization of Si2N2O
on deformation. Creep of silicon nitride-based ceramics has
been extensively studied,1 and it was known that creep re-
sistance of Y2O3/Al2O3-fluxed Si3N4 increased remarkably
by crystallization of intergranular glass phase.22 The crys-
tallization reduces the volume fraction of intergranular glass
phase, which acts as a lubricant for grain boundary sliding,
and also acts as a path for matter transport through solution-
precipitation process. Thus, the deformation is impeded con-
sequently. Since, crystallization of Si2N2O occurred during

deformation in our study, intergranular glass phase decreased
with crystallization of Si2N2O by the following reaction:

Si3N4 + SiO2 → 2Si2N2O (2)

The decrease of intergranular glass phase by crystalliza-
tion is probably the origin of strain hardening. Simi-
lar strain hardening during superplastic deformation has
been observed in deformation of Si3N4–SiO2–MgAl2O4
(1.0:1.0:0.1–0.3 mol%) material also.18 On the other hand,
Xie and co-workers reported that strain hardening did not
take place in spite of growth of elongated Si2N2O grains. A
transient Mg–Al–Si–O–N liquid phase was present during
deformation. They concluded that the transient liquid greatly
enhanced the high-temperature viscoplastic flow and reduced
the flow resistance. However, in our study, the chemical com-
position of liquid phase (Y–Al–Si–O–N) differs from Xie’s
material. Probably, the difference in chemical composition of
the intergranular liquid phase is responsible to the difference
in effect of crystallization on deformation.

Here, we discuss the effect of grain growth on strain hard-
ening. The average grain size and the aspect ratio of grains re-
mained nearly constant after deformation as shown inFig. 9.
We also measured the average grain size and the aspect ra-
tio for 10% of largest grains, and found that both parame-
ters also remained constant after deformation. These results
s rain
g
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i 73 K.
T ly at-
t
T utec-
t path
f y of
g ation.
T ma-
t . The

F of tru ins remai
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ig. 9. (a) Mean grain size and (b) aspect ratio of grains as a function
early constant during deformation.
howed that the strain hardening did not occur due to g
rowth.

The oxygen content decreased during deformatio
hown inFig. 10. Oxygen loss was defined as the ratio
he decrease of oxygen content after deformation to the i
xygen content of the sample. The initial oxygen content
ummarized inTable 2. The oxygen loss suggested that
ntergranular glass evaporated during deformation at 18
he evaporation of intergranular glass has been usual

ributed to SiO volatilization from Y–Al–Si–O–N liquid.23

he oxygen loss was largest in material A that had the e
ic composition. The intergranular glass is a continuous
or fast diffusion of gaseous molecules. The low viscosit
lass with the eutectic composition enhances the evapor
he SEM observation of deformed samples, especially

erial A, showed that pores were generated near surface

e strain at 1873 K. The average grain size and the aspect ratio of graned
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Fig. 10. Oxygen loss as a function of true strain at 1873 K.

formation of pores was the result of SiO volatilization. Since
the formation of pore decreases the actual cross-sectional
area of the specimen, which support stress, the flow stress
decreases with increasing pore volume. Therefore, the for-
mation of pores could not be the origin of strain hardening.
The crystallization of Si2N2O, which was the origin of strain
hardening, affected oxygen loss also. In material C, the evap-
oration of intergranular glass phase was suppressed, because
the intergranular glass phase crystallized to Si2N2O. On the
other hand, the evaporation of grain boundary glass phase
was not suppressed in material A, which showed little crys-
tallization.

4. Conclusion

The effect of chemical composition of Y2O3–
Al2O3–SiO2-based intergranular glass on superplastic
deformation of�-Si3N4 was studied by compression tests
at 1873 K. All HIPed materials had essentially the same
microstructure and the same amount of glass phase, which
was different in composition only. When Y2O3/Al2O3 mole
ratio was constant, the flow stress increased with increasing
SiO2/Al2O3 mole ratio. On the other hand, the flow stress
increased with decreasing Y2O3/Al2O3 mole ratio. The
r alita-
t ition
o te
o the
v the
c d by
d was
d ave
f tress
w was
p
o tion
r ase,
w also
a tion
p flow

stress. The evaporation of intergranular glass phase (SiO
volatilization) was suppressed by crystallization of Si2N2O.
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