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Abstract

The effect of chemical composition of,©;—Al,0:—Si0,-based intergranular glass on superplastic deformati@+®N, was studied
by compression tests at 1873 K. All hot isostatically pressegld Shaterials 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(s—Al,0;-SiO; glass. However, the flow stress was not proportional to the viscosity
of Y,03-Al,03—Si0, glass, probably because the composition of intergranular glass phase had changed by dissdlyinth8istrain
hardening (increase of flow stress with deformation) was dependent on the chemical composition of intergranular glass. Actually, the apparent
strain hardening was not proportional to the strain but was proportional to time. The crystallizatigh g0 8ias also proportional to time,
and was dependent on the chemical composition of the intergranular glass in a similar way to the strain hardening. Thus, it was suggested
that the crystallization of 3N,O reduced the amount of the intergranular glass, thereby increasing flow stress.
© 2004 Elsevier Ltd. All rights reserved.

Keywords: Superplasticity; SiNg; Glass

1. Introduction gation. Among them, ¥O3-Al,03 has often been cho-
sen as sintering additives, and Y-AI-Si—-O-N glass phase
Silicon nitride (S§N4) is usually sintered with the aid is formed at grain boundaries. The grain boundary glassy
of oxide additives, which provide a liquid phase dur- phase plays an important role in the superplasticity of sili-
ing sintering and promote the densification. The glass con nitride. The glass phase forms a pocket at triple junc-
phase often remains in the microstructure after sinter- tions and a glass film with the equilibrium thickness of
ing, and affects the physical properties 0§M%j. Strength several nm at two-grain junctiof. The glass phase acts
and creep resistance at elevated temperatures can be imas a lubricant for grain boundary sliding, and also as
proved by optimizing glass composition, it's amount, a path for matter transport through solution-precipitation
and heat treatmentsOn the other hand, the superplas- process.
tic SisNs have been developed by using®:—Al>03,2~7 The aim of this paper is to study the effect of chemi-
Y203-Mg0O 28?2 MgO-Al,03-Si0,10 Y»03-MgAl,04,11 cal composition of intergranular glass on superplastic com-
Y 203-Al,03—-AIN,1? Y ,,03-Al,03-AIN-LiO,'2 as sinter-  pressive deformation @-SizN4. Oxide additives were used
ing additives. Superplasticity refers to the ability of some to form Y,03—Al,03-Si0; melts, and, with increasing
polycrystalline materials to exhibit extraordinarily large elon- temperatures, an oxynitride melts (Y-Al-Si—O-N) by dis-
solving SgN4. The relationship between the viscosity of
mpondmg author. melts and the superplastic deformation was discussed in this
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Table 1

Characteristics of ¥O3—Al»,03-SiO; glasses

Material Chemical composition (mol%) 203/Al,03 mole ratio SiQ/Al,03 mole ratio Density (g/cr) Melting temperature (K)

A 54Si0;-26A1,03-20Y,03 0.76 207 328 1623

B 70Si0-17A1,03-13Y,03 0.76 411 297 1723

c 89SiQ-8A1,03-3Y203 0.37 111 243 1863

2. Experimental procedure 200 MPa. The green compacts were coated with BN powder,
and then encapsulated by borosilicate glass at 973 K. They

2.1. Materials were hotisostatically pressed (HIPed) under Argas. The sam-

ples were heated up to 1073 K, then, pressure was applied to

The finep-SisN4 powder was prepared by grinding sub- 200 MPa. The temperature for hot isostatically pressing was
micrometerg-powder (NP-500, Denki Kagaku Kogyo Co., 1973K, and the sample was kept for 1 h.
Tokyo, Japan) in anhydrous ethanol in g\ pot with SgNg4
be_llls for 20h at a spe_ed of_ 280rpm L_Jsing a pl_anetary ball- 2.2. Mechanical testing
mill. The average particle size of obtained f{g«SisN4 was
104 nm, and the powder contained 0.88wt.% oxygen. We
assumed that this oxygen existed as 5o the surface of
the powder. The powder was mixed with@3 (RU grade,

The sintered bodies were cut into rectangular bars with
dimensions of 2mnx 2mmx 3 mm. The specimens were
1 | placed between two SiC platens. BN powder was deposited
Shin-Etsu Chemical Co., Tokyo, Japan),@ (AKP-50, onto the samples before testing, in order to avoid barreling of

Sumitomo Chemical Co., Tokyo, Japan), and S{Kojundo o compressed sample. The specimens were heated up to a
Chemical Laboratory Co., Saitama, Japan) as sintering add"test temperature at a rate of 30 K/min, then, the compression

tives, and then m|>§ed inan anhydrous_ethanol for1hby USING tests were performed by using a universal testing machine at
aplanetary ball-mill. The slurry was dried at about 343 K with constant crosshead speed in (4 atm) at 1873 K.
hot plate, then, granulated.

The amount of additives was adjusted so that the vol-
ume fraction of grain boundary glass phase was 15vol.%. 2-3- Microstructural characterization
Although SgN4 dissolved into oxide melt, we assumed that ] o
the density of grain boundary glass phase was close to the Rhase identification of thg samples pefore and after defor-
density of the oxide glass calculated by Appen’s formila. Mmationwas condupted by using X-ray dlﬂracFometry (XRD).
Table 1shows the compositions of three glasses (A, B, C) The volume fraction of SN>O was determined by XRD
chosen in this study. The melting temperature of glagg (  Using calibration lines’18 Scanning electron microscopy

was estimated by liquidus temperature Og—Al,03-SiO, (SEM) was used for microstructural characterization of the
ternary phase diagrafi.Fig. 1illustrates the compositions ~ Samples before and afFer deformatior). The polished samples
of these three glasses in the ternary phase diagram. were plasma-etched with GEhat contained oxygen gas. The

The powder compacts were formed by die pressing at 9rain size was defined as the diameter of equivalent circle.

30 MPa, followed by cold isostatically pressing (CIP) at The length {) and width (%) of each grain were measured,
and the aspect ratio of grain was defined as the ratio of length

to width (L/W). The average of 500 grains was used for cal-
culating the average grain size and the aspect ratio.

The amounts of oxygen contentin the fi§&SisN4 powder
and test samples were measured by oxygen/nitrogen deter-
minator (TC-436 type, LECO Co.).

3. Results and discussion

3.1. Effect of viscosity of intergranular glass on flow

2Y,0; * 3
stress

Y,0; -

3A120_\ 2 28102

The microstructural characteristics of as-HIPed materials
: AR (A, B, C) are summarized ifable 2 All materials were fully
Y20, YT(E)O/'TAI 045’ \3‘{ Om_ " Alqu” ALO; densified by hot isostatically pressing. The microstructures
R o T, (wi%) of as-HIPed materials are shownHig. 2 Materials A, B,
and C are mainly consisted of equiaxed grains, and contained

Fig. 1. Composition of ¥O3-Al,03-SiC; glass (O) A, (0) B, () C). some rod-shaped grains. The average grain size and the as-
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Table 2

Characteristics of HIPefl-SizsN4 materials

Material Density (g/crd) Grain size (nm) Aspect ratio Phase (vol.%) Oxygen content (wt.%)
A 3.17 205 174 B-SizNy (83.6), ShN,O (2.1), glass (14.3) 5.86

B 3.07 214 176 B-SisNy4 (83.1), ShN,O (2.9), glass (14.0) 6.27

c 305 220 196 B-SizNy (82.4), ShN,0 (3.9), glass (13.7) 6.56

T e 'y — pect ratio of all materials (A, B, C) were approximately the
'S:\ L ') ".?‘ same as shown ifable 2 All materials contained mostly
A o N B-SizN4, and small amount of @N20. Noa-Si3N4 was de-

s LW o T 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 1873K,
which was higher than the melting temperature of
Y 203—-Al>,03-SiO, glasses. A typical set of true stress—true
strain curves at 1873 K is shown Fig. 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 stressrg (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 stresg is proportional to the
viscosityy of intergranular glas&?2°

‘B

00 = Aéond”, 1)

wheregg the initial strain rated the grain sizep the ex-
ponent of the grain size, andl is a constant. We exam-
ined the relation between the flow stress and the viscos-
ity of Y 203—Al»,03-Si0; melt. Saito et af! reported the
influence of the chemical composition on the viscosity of
Y 203-Al>03-Si0O, melts and Y-AI-Si—O—N melts recently.
Saito’s results on viscosity was plotted as a function of
Y 203/Al,03 mole ratio inFig. 4. The viscosity decreased
with increasing ¥%Os3/Al>,03 mole ratio, when Si@/Al O3
mole ratio was fixed. The glass phase in materials A and
B had Y>03/Al,03 mole ratio of 0.76, and that in mate-

120F 1873K
5x10°%s

100

True stress, o/ MPa
(=2
o

0 002 004 006 008 0.
True strain, &
Fig. 2. SEM micrograph of as-HIPed materials. The materials (A, B, C)

had essentially the same microstructure and the same amount of glass phasgig_ 3. True stress—true strain curves of materials A, B, and C at 1873 K and
which was different in composition only. at 5x 10-5/s
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Fig. 6. Flow stress normalized by the initial stregsas a function of strain
Fig. 4. Viscosity of %,03—Al,03-Si0; glass (O) SiOJ/AI,03=1.7, @) in plastic deformation region at 1873 K for material C. The apparent “strain
SiO,/Al,03=3.4) as a function of ¥O3z/Al,O3 mole ratio. Dashed line hardening” was dependent on strain rate.
represents ¥Os/Al,03 mole ratio of A and B and alternate long and short . . .
dash line represents,0s/Al,05 mole ratio of C. Saito and co-workers reported that the solubility of ni-

trogen into ,03—Al,03-SiO; melts was 7-9 mol%. The

viscosity of Y=AI-Si—O-N melt increased in proportion to a
rial C had Y>03/Al20s mole ratio of 0.37. The viscosi-  nitrogen content. The saturated nitrogen content depends on
ties at Y203/Al,03 mole ratio is equal to 0.76 and 0.37 glass composition. The saturated nitrogen increased with the
were read fromFig. 4, and were plotted as open trian-  decreasing Si@/Al,Oz mole ratio at a constant03 con-
gles and open squaresfiig. 5, respectively. The viscosity  tent. We suppose that the viscosity of Y—Al-Si—O—N melt in
of Y203-Al203-Si0; melt increased with the increase in  material A, which has lower SigAl,03 mole ratio, has been
SiO,/Al203 mole ratio, when ¥O3z/Al,0s mole ratio was  jncreased more significantly than that in material B. There-
fixed. Initial flow stress was also plottedfilg. 5. Whenthe  fore, the difference between flow stresses of materials A and
materials A and B, which have the samgO4/Al 2,03 mole B with Y-AI-Si-O—N melt was smaller than the difference

ratio is equal to 0.76, are compared, material A with lower petween viscosities of X03—Al,03—-SiO, melt in materials
SiO,/Al,03 mole ratio deformed at lower stress than that of A and B.

material B with higher SiQ'Al,03 mole ratio. The flow stress
of material C was much higher than that of materials Aand B, 3 5 Apparent strain hardening by crystallization
because the glass phase in material C had highey/8igiD3

mole ratio and lower ¥O3/Al 203 mole ratio. Although flow Strain hardening was observed in the true stress—true strain

stress also increased with increasing $AKD,03 mole ra-  cypyes inFig. 3. Strain hardening was the most significant in
tio, the rate of increase of flow stress was much lower than 5terial C. while material A deformed at almost constant
the rate of increase of viscosity 0p¥3—-Al203-SI0, melt. stressFig. 6shows the normalized stresérg versus plastic

Since the chemical composition of glass phase can be alteredaing, curves for material C at different strain rates, where
during sintering, the flow stress may not be proportional to o0 is the initial stress at=0.03 inFig. 3 andep=¢ — 0.03.

the viscosity of initial ,03-Al203-Si0; melt. SgN4 dis- The apparent strain hardening, or the slope of curve, was de-
solves into grain boundary glass phase, then, the glass phasgendent on strain rate, and increased with decreasing strain
contains nitrogen. rate.Fig. 7shows the increase of normalized stre&s with

time at different strain rates for material C. The apparent
“strain hardening” was proportional to time. The slope of

? A B = curves was approximately the same independent of strain
§ 150 A A Clis z rate. The increase of stress was proportional to time and in-
= L— B = dependent of strain rate also in materials A and B.

& S Fig. 8 shows the increase of S0 after deformation

2 os A 05 ¢ with time. The initial S§N,O contents were A (2.1 vol.%),
£ ol VA 1o & B (2.9v0l.%), and C (3.9vo0l.%), respectively. The increase
¥ g/ %x:f'g:‘ g of SibN,O content was the smallest in material A, and was
R ez 10 % the largest in material C. The material B was intermediate
4 = between materials A and C. There was a good correlation

: y I' : ’ _l . . . . .
0 2 4 6 & 10 12 between strain hardening and crystallization gfN&O, be-
Si0; / AL, O; mole ratio . N i .
cause the strain hardening was smallest in material A and
Fig. 5. Flow stress &) AB(Y203/Al,03=0.76), @) C(Y203/Al,05 was the largest in material C as shownFig. 3. Further-

=0.37) and viscosity of YO3—Al,03-Si0, glass () (Y 203/Al 03 = 0.76), more, the vo_Iume f_raction of g\,0 incrgases with time
(0) (Y203/Al,03=0.37) as a function of Sig#Al,O3 mole ratio. after nucleatiort Since, both crystallization and apparent
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(]

deformation in our study, intergranular glass phase decreased

1873K 5x10s with crystallization of SiN,O by the following reaction:
Material C

SisN4 + Si0; — 2SibNL0 )

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 38i—Si0,—MgAIl204
e (1.0:1.0:0.1-0.3 mol%) material al$$.0On the other hand,
0 200 400 600 800 1000 Xie and co-workers reported that strain hardening did not
Time, #/s take place in spite of growth of elongated$30 grains. A
transient Mg—Al-Si—O-N liquid phase was present during

Fig. 7. Flow stress of material C normalized by the initial stresss a

function of testing time in plastic deformation region at 1873 K. deformation. They concluded that the transient liquid greatly
enhanced the high-temperature viscoplastic flow and reduced
10 . . C the flow resistance. However, in our study, the chemical com-
1873K

position of liquid phase (Y-AI-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-
.k—/—f—’—’—"’_’_’_’j ening. The average grain size and the aspect ratio of grains re-
. mained nearly constant after deformation as showsidn9.
We also measured the average grain size and the aspect ra-
0 00 000 1500 tio for 10% of largest grains, and found that both parame-
Time, £/s ters also remained constant after deformation. These results
showed that the strain hardening did not occur due to grain
Fig. 8. SpN,O content after deformation as a function of time at 1873 K. grOWth.
The oxygen content decreased during deformation as
“strain hardening” are dependent on time, we suppose thatshown inFig. 10 Oxygen loss was defined as the ratio of
the increase of flow stress with time is related to crystalliza- the decrease of oxygen content after deformation to the initial
tion of SEN2O. oxygen content of the sample. The initial oxygen content was
Here, we consider the effect of crystallization ofI$;0 summarized iMTable 2 The oxygen loss suggested that the
on deformation. Creep of silicon nitride-based ceramics has intergranular glass evaporated during deformation at 1873 K.
been extensively studiddand it was known that creep re- The evaporation of intergranular glass has been usually at-
sistance of ¥O3/Al,0s-fluxed SgN4 increased remarkably  tributed to SiO volatilization from Y—AI-Si—O-N liquié®
by crystallization of intergranular glass ph&$eThe crys- The oxygen loss was largest in material A that had the eutec-
tallization reduces the volume fraction of intergranular glass tic composition. The intergranular glass is a continuous path
phase, which acts as a lubricant for grain boundary sliding, for fast diffusion of gaseous molecules. The low viscosity of
and also acts as a path for matter transport through solution-glass with the eutectic composition enhances the evaporation.
precipitation process. Thus, the deformation is impeded con-The SEM observation of deformed samples, especially ma-
sequently. Since, crystallization of 8,0 occurred during  terial A, showed that pores were generated near surface. The

L 7x10%s

o

Si;N;O content (vol%)

300 2.5
1873K 1873K
E 5x10%/s £ 5%10%/s
= 250f =
= i
s 2 : & of o
o [ +
N =) f
e 200 g ¥
E g
b © 15F
£ g
g 150 F é—
=
oA HBeC @ ANBeC

]000 0 62 0 64 0_:06 0.08 011 0.12 10 0.02 0.04 006 008 01 012

(a) True strain, £ (b) True strain, £

Fig. 9. (a) Mean grain size and (b) aspect ratio of grains as a function of true strain at 1873 K. The average grain size and the aspect ratio ofrggdins remai
nearly constant during deformation.
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50
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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 $SIN2O, which was the origin of strain
hardening, affected oxygen loss also. In material C, the evap-
oration of intergranular glass phase was suppressed, becausé"
the intergranular glass phase crystallized N30D. On the

other hand, the evaporation of grain boundary glass phase g
was not suppressed in material A, which showed little crys-
tallization.

6.

7.

10.

4. Conclusion 11.
The effect of chemical composition of 03—
Al,03-SiOy-based intergranular glass on superplastic
deformation of$3-SisN4 was studied by compression tests 13

at 1873 K. All HIPed materials had essentially the same
microstructure and the same amount of glass phase, whichl4
was different in composition only. Whenp®©3/Al ;03 mole

ratio was constant, the flow stress increased with increasing
SiO,/Al203 mole ratio. On the other hand, the flow stress 15
increased with decreasing,®3/Al,O3 mole ratio. The
relation between flow stress and glass composition qualita-17.
tively corresponded to the effect of chemical composition
on viscosity of %.03-Al,03-Si0; glass. However, the rate
of increase of the flow stress was not proportional to the
viscosity of Y>,03—Al,03-Si0;, glass, probably because the 19.
composition of intergranular glass phase had changed by
dissolving SgN4. It was suggested that the flow stress was
dependent on the viscosity of Y-AI-Si—-O—-N melts. We have
found that apparent “strain hardening” (the increase of stressyq
with deformation) was not proportional to the strain but was
proportional to time. The crystallization of $i,O was the
origin of the apparent “strain hardening”. The crystallization
reduced the volume fraction of intergranular glass phase,
which acted as a lubricant for grain boundary sliding and also »3
as a path for matter transport through solution-precipitation
process. Therefore, the crystallization increased the flow

18.

22.
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stress. The evaporation of intergranular glass phase (SiO
volatilization) was suppressed by crystallization off&iO.
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