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Abstract: The effect of additives and impurities on the mechanical properties of 

silicon oxynitride ceramics was investigated. The toughening of the ceramics was 

affected by three factors: (1) the thermal tensile stress in the intergranular glassy 
phase and the compressive stress in Si2N20 grains, developed by a thermal 

expansion mismatch between S&N20 grains and the intergranular glassy phase; 

(2) the large grain size of Si,N,O; and (3) the concentration of impurities in the 

intergranular glassy phase. The degradation of high-temperature strength was 

primarily dependent on the basic chemical composition (the kind of additives 

(MeO,) and Me/Si ratio) of the intergranular phase and impurities. 6 1996 

Elsevier Science Limited and Techna S.r.1 

1 INTRODUCTION 

Silicon oxynitride (Si2N20) ceramics are considered 
for use as structural components in high tempera- 
tures, as well as silicon nitride (Si3N4) and p’-sialon, 
because of their excellent resistance to oxidation’-6 
and high strength at high temperatures.46 Si2N20 
ceramics are generally made from Si3N4 and Si02 
powder mixtures with additives. A liquid forms as a 
result of a reaction between all constituents above a 
eutectic temperature. The liquid promotes the 
densification and formation of Si2N20. The volume 
fraction of the liquid phase decreases as the for- 
mation of Si2N20 proceeds, such as occurs in the 
reaction sintering of p’-sialon; however, some liquid 
remains as intergranular phases.“’ The inter- 
granular phases control the properties of Si2N20 
ceramics. 

We are attempting to tailor intergranular phases 
to control the properties of engineering ceramics 
with intergranular secondary phases which are 
formed via liquid-phase sintering. We have also been 
studying the relation between the properties of 
intergranular glassy phases and those of bulk bodies 
for S&N20 ceramics to make the first step in the 
tailoring of the engineering ceramics. The oxynitride 
glasses with a variety of chemical compositions have 

been fabricated and investigated for the estimation 
of the properties of the intergranular glassy phases 
at grain boundaries, *8P1 ’ however, the degradation of 
some properties (strength, oxidation resistance, etc.) 
at high temperatures may not necessarily be 
explained on the basis of the properties of the syn- 
thesized oxynitride glasses. The intergranular glassy 
phases (liquid phases) in sintered bodies generally 
contain impurities which are included in raw 
powders or contaminated through processings, and 
the impurities seriously affect the properties of the 
intergranular glassy phases. 

Several researchers12-is reported the influence of 
impurities on high-temperature mechanical prop- 
erties and densification of silicon nitride ceramics. 
Ca had significant effects on high-temperature 
strength and deformation.‘2:13,‘5 Halogens (Cl and 
F) are also typical impurities in Si3N4 raw pow- 
ders, and degrade the high-temperature properties 
because of lowering the softening (melting) 
temperature of the intergranular glassy phases.‘41s 
In this study, two kinds of raw Si3N4 powders with 
different impurity contents, especially in fluorine 
(F) content, were used for investigation into the 
effect of impurities on the mechanical properties of 
silicon oxynitride ceramics. Besides, two types of 
sintering aids (Gd203 and Y2O3 +A1203) were 
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Table 1. Impurity contents in two kinds of Si3N4 raw powders (A and B) 

M. Ohashi et al. 

ppm Fe Al Ca M9 

A 55 75 20 3 
B 47 11 7 2 

u/(cr+p): c1 phase fraction, SSA: specific surface area. 

Cl F O(%) C(%) al(m+P) SSA(m*/g) 

36 1480 1.21 0.16 0.96 22 
25 130 1.24 0.16 0.96 11 

Table 2. Starting compositions of all the Si2N20 ceramics investigated 

(wt%) S&N4 Si02 

DYA22.UYA22 70.84 22.74 
DGI 5.UG15 71.73 23.02 

UGI 5F 71.64 23.00 

y203 A1203 

4.46 1.96 
- - 

- - 

Gd203 GdF3 

- - 
5.25 - 

3.86 I.50 

added to equimolar Si3N4/SiOz powder mixtures 
because the basic chemical composition of the 
intergranular phase was also expected to affect the 
properties of the ceramics. The purpose of this 
study is to understand the variation in 
properties among the several kinds 
ceramics. 

mechanical 
of Si2N20 

2 EXPERIMENTAL PROCEDURE 

Impurity contents in two kinds of starting Si3N4 
powders (A and B) are summarized in Table 1. 
Powder (A) contained larger amounts of impurities 
than powder (B). F, Al and Ca contents in the 
powder (A) were approximately 11 times, 7 times 
and 3 times as much as those in the powder (B), 
respectively. There were no appreciable difference 
in Fe, Mg, 0, C and Cl contents between these 
powders. Starting oxide powders (SiO2, Gd203, 
YzOs and Al,Os; Hokko Chemical Industry Co. 
Ltd, Tokyo, Japan) were derived from alkoxides 
and had a purity of more than 99.9%. GdFs (Rare 
Metallic Co. Ltd, Tokyo, Japan) was also used for 
investigation into the effect of fluorine on the 
properties of the bulk bodies or the intergranular 
phases, and had a purity of 99.9%. The equimolar 
SisN4/Si02 powder was mixed with the metallic 
oxide and fluoride powders with a vibrational 
mill for 6 h in methanol using a silicon nitride 
container and balls. The starting compositions 
are given in Table 2. DYA22 and DG15 were 
prepared from the relatively impure Si3N4 powder 
(A), and UYA22, UG1.5 and UGlSF from the 
relatively pure S&N4 powder (B). The amount of 
oxygen in the Si3N4 powders was counted as 
another Si02 source. In this study, oxygen content 
of the Si3N4 powders was determined to be 
approximately 1.2 wt%, but they were estimated 
to be more (4 wt%) by considering the effect of 
oxidation through processings when the starting 

compositions were calculated. After drying, the 
mixed powder was passed through a 60 mesh sieve 
and then hot-pressed under 29 MPa at 1750°C for 
0.556 h in 0.1 MPa nitrogen atmosphere. The 
heating rate was lO”C/min. 

Three-point flexural strength was measured at 
room temperature to 1500°C on bars 3 x3x26 mm, 
ground with a #400 diamond wheel, and cham- 
fered with #600 diamond disk. A span of 20 mm 
was used with a crosshead speed of 0.5 mm/min. 
More than 3 bars were used in a measurement at 
each temperature. Fracture toughness (Ktc) was 
measured by the indentation microfracture (IM) 
method. It was calculated using the equation by 
Marshall and Evans.” A Vickers indenter was 
pressed in under a load of 98-196 N. The average 
values (strength and Kt,-) of the specimens hot- 
pressed for 2-6 h were used as the representative 
values because the variations in strength and Ktc 
were independent of the hot-pressing time within 
2-6 h. Young’s modulus was measured by an 
ultrasonic pulse echo method. Bulk density was 
measured by Archimedes’ method, using distilled 
water. The Young’s modulus and the bulk density 
were used for the calculation of the fracture 
toughness. 

Crystalline phases present were identified by an 
X-ray diffractometer (XRD) (CL&, 40 kV, 
100 mA). Microstructures were examined by a 
scanning electron microscope (SEM). Energy 
dispersive X-ray spectroscopy (EDS) analysis was 
conducted on a transmission electron microscope 
(TEM) in a STEM mode for determination of the 
chemical composition of the intergranular glasses. 

Oxynitride glasses with compositions close to 
those of the intergranular glasses were synthesized 
because some physical properties of the inter- 
granular glasses were necessary for the calculation 
of residual thermal stresses in the ceramics. 
The fabrication and evaluation method of the 
oxynitride glasses were described elsewhere.” 



Properties qf silicon oxynitride ceramics 29 

0 

c UYA22(2-6) 

. DYA22( 2-6) 

A DYA22(1) 

n DYA22(30) 

1 

0 200 400 600 800 100012001400 

Temperature (x) 

Fig. 1. Temperature dependence of flexural strength of 
YIOi + Alz03-doped Si,N20 ceramics. 

3 RESULTS 

3.7 Flexural strength 

Figure 1 shows the temperature dependence of 
flexural strength of S&N20 ceramics doped with 
Y203+A1203. The hot-pressing time (h) of the 
sample is designated in parentheses following the 
sample name, except for the sample hot-pressed for 
0.5 h which is referred to as DYA22(30). The 
strength of DYA22 derived from the powder (A) at 
room temperature and intermediate temperatures 
increased with the hot-pressing time, whereas the 
strength at high temperatures degraded at a lower 
temperature with the hot-pressing time. In the case 
of UYA22 derived from the relatively pure powder 
(B), the strength of the specimens hot-pressed for 
2-6 h was very high (> 1 GPa) at room tempera- 
ture and decreased drastically at an intermediate 
temperature. However, the strength was main- 
tained until a higher temperature than that of 
DYA22(2-6). As mentioned above, the average 
strengths were plotted as the representative values 
for the specimens hot-pressed for 2-6 h because 
the variation in strength was independent of the 
hot-pressing time within 2-6 h. 

The flexural strengths of S&N20 ceramics doped 
with Gd203 are plotted as a function of temperature 
in Fig. 2. The strength of DG 15 at room temperature 
increased with the hot-pressing time in a similar 
manner to that of the ceramics doped with Y203 + 
A1203. The strength increased to a maximum at 
approximately 12OO”C, then fell slightly to 1500°C 
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Fig. 2. Temperature dependence of flexural strength of 
Gdz03-doped SizNzO ceramics. 

in the Gd203-doped ones hot-pressed for 1 h 
(DG15(1)). The strength of the ones hot-pressed for 
24 h (DG15(2-6)) fell progressively up to SOO”C, 
and sharply at higher temperatures. The use of the 
pure powder (B) improved the strength at high tem- 
peratures. The strength of UG15(2-6) remained 
almost steady up to 12OO”C, and then decreased gra- 
dually but still remained relatively high (505 MPa) 
even at 14OO”C, as compared with DGl5(2-6). 

3.2 Fracture toughness 

Figure 3 shows the fracture toughness values of all 
the Si2N20 ceramics in this study, which were mea- 
sured by the indentation microfracture method. In 
both cases of the Y203+A1203 and Gd203 addi- 
tions, the fracture toughness values increased with 
increasing the hot-pressing time from 0.5 (or l)-2 h, 
as shown in Fig. 4. As mentioned above, the aver- 
age KIc values were used as the representative 
values for the specimens hot-pressed for 2-6 h 
because the variations in KIc were independent of 
the hot-pressing time within 2-6 h. The samples 
(UYA22(2-6) and UG15(2-6)) prepared from 
the pure powder (B) had relatively low fracture 
toughness, as compared to those prepared 
from the impure powder (A) (DYA22(2-6) and 
DG15(2-6)). The influence of fluorine on fracture 
toughness was examined. An intentional addition 
of 4000 ppm F as GdF3 (UG15F(6)) made the 
fracture toughness of UG15(2-6) rise to a level 
comparable to that of DG15(2-6) prepared from 
the impure powder. 
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Fig. 3. Fracture toughness values of all the Si2N20 ceramics investigated. 
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Fig. 4. Variation in fracture toughness of Si2N20 ceramics 
during hot-pressing at 1750°C. 

4 DISCUSSION 

4.1 Reaction sintering model 

S&N20 is formed by the following reaction: 

Si3N4 + Si02 --) 2Si2N20 

This reaction occurs via a liquid phase which 
as a result of the presence of the metallic 

forms 
oxide 

additive. Me/Si ratio (where Me = the metallic ele- 
ment of oxides added as sintering aids) of the 
(intergranular) liquid phase increases as the forma- 
tion of Si2N20 proceeds, because S&N20 is formed 
through a process whereby S&N4 dissolves and 
reacts with the Si02 component of the intergranular 
liquid phase, as reported in the previous work4 
(Fig. 5). Si2N20 grains grow and the fraction of the 
intergranular phase reduces as the reaction sintering 
proceeds.h7 Therefore, impurities are concentrated 

in the intergranular phase progressively. The inter- 
granular liquid phase remains as a glass on cooling 
until the Me/Si ratio exceeds a certain level, at 
which point the liquid phase crystallizes at triple 
grain junctions4 With the crystallization, impurities 
are further concentrated in residual intergranular 
(glassy) films at two-grain junctions and glassy 
phases remaining partly at triple grain junctions. 

4.2 Y,O, + A1203 addition 

Figure 6 shows the microstructures of DYA22 
hot-pressed for 0.5-6 h and UYA22 hot-pressed 
for 2 and 6 h. Elongated Si2N20 grains in DYA22 
gradually grew with increasing the firing time from 
0.5-2 h. Additional grain growth of Si2N20 by 
hot-pressing for periods from 2 to 6 h was 
observed for neither of the samples (DYA22 and 
UYA22) as shown in Fig. 7. The Si2N20 crystal 
morphology is that of elongated pseudo-hexagonal 
prism with the maximum dimension along [OOl].20 
The average diameters perpendicular to the major 
prism axis [OOl] were plotted as the grain sizes 
along minor axis in Fig. 7. UYA22 prepared from 
the pure powder had a larger average grain size 
than DYA22. No crystallization occurred in the 
intergranular phases of all the samples with Y203 
+ A1203 addition during cooling. The samples 
hot-pressed for 2 h and more consisted of SizNzO 
and a small amount of P-Si3N4 as crystalline pha- 
ses identified by XRD. a-SisN4 remained in the 
sample hot-pressed for 0.5 or 1 h. A larger amount 
of a-Si3N4 was left in the sample hot-pressed for 
shorter time. 

The onset temperature, at which the degradation 
of strength started to occur, shifted toward lower 
temperature with increasing the hot-pressing time 
from 0.5 to 2 h, as shown in Fig. 1. As mentioned 
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Fig. 5. Diagrammatic summary of the reaction-sintering process of SilNzO ceramics. 

above, the reduction of the volume fraction and the 
change of the chemical composition (i.e. the 
increase of Me/Si ratio and the concentration of 
impurities) in the intergranular glassy phase are 
considered to occur as the reaction sintering pro- 
ceeds. Chemical analyses were carried out on triple 
grain junctions using EDS mounted on TEM. 
Chemical compositions were calculated on the 
assumption that the intergranular phase was com- 
posed of Y, Al, Si and 0 without any nitrogen 
atoms, because oxygen and nitrogen could not be 
measured by the EDS. The average (Y +Al)/Si 
ratio of the intergranular glassy phases (triple 
junctions) increased with the hot-pressing time 
from 0.5 to 2 h, as shown in Table 3. Impurity 
elements (e.g. Fe, Ca) were not detected. F could 
not be measured by the EDS used in this study; 
however, Isozaki et al. confirmed the existence of 
halogens (Cl, F) in the intergranular phase of a 
SisN4 ceramic. The ceramic was prepared from a 
powder containing 440 ppm F and 10 ppm Cl, and 
3lOppm F and 30ppm Cl were determined in the 
ceramic by a chemical analysis using a higher 
resolution TEM + EDS system. The powder (A) 
was prepared by the same method (nitridation of 
silicon) as that of the powder used in their study 

and included more amounts of F. Therefore, 
appreciable amounts of F probably exist in the 
intergranular phases of DYA22 prepared from 
powder (A). The high-temperature strength of 
UYA22(2-6) prepared from the pure powder was 
higher than that of DYA22(2-6). The results 
obviously suggest great influence of impurities in 
the starting Si3N4 powder on the viscosity of the 
intergranular glass at high temperatures. The shift 
of the onset temperature with the hot-pressing time 
for DYA22 was influenced by the lowering of the 
viscosity with not only the concentration of impu- 
rities in the intergranular glass but also the increase 
in the (Y + Al)/Si ratio, which probably corre- 
sponded to an approach to a eutectic composition 
in the system. The reduction in volume fraction of 
the intergranular phase and the grain growth gen- 
erally improve the refractoriness, but actually did 
not affect it in DYA22. 

DYA22(2-6) UYA22(2-6) DYA22( 1) and 
DYA22(30) had higher strengths at moderate 
temperatures (400-800 or lOOO”C), in that order 
(Fig. 1). It primarily depends on their fracture 
toughness (o= Kit/( Y.C”*) : o; strength, Kit; 
fracture toughness, C; flaw size, K constant). The 
increase of fracture toughness value was observed 
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Fig. 6. Microstructure development of Y203 + A1203-doped Si2N20 ceramics. The samples were plasma-etched using an etchant 
gas of CF4 before SEM observation. 

in DYA22 with the hot-pressing time, as shown in 
Fig. 4. The fracture modes of polycrystalline 
ceramics are roughly divided into intergranular 
and transgranular fractures. The crack in DYA22 
propagated more intergranularly with increasing 
hot-pressing time, as shown in Fig. 8. Therefore, 
the increase in fracture toughness probably is 
ascribed to grain bridging and wedging following 
crack deflection (i.e. intergranular fracture). The 
intergranular fracture of liquid-phase sintered 

ceramics such as the Si2N20 ceramics is dependent 
on the thermal residual stress in the vicinity of the 
intergranular phase. The residual stress is pri- 
marily developed by a thermal expansion mis- 
match between S&N20 grains and the 
intergranular glassy phase. 

Taya et al, 21 determined the thermal residual 
stresses in a spherical particulate composite using 
the modified Eshelby model. The average thermal 
stresses in the particulate (Si2N20 grain) < cr > ,, 
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Fig. 7. Average grain size (minor axis) of elongated grains in 
the S&N20 ceramics. (SC30*: Ref. 4). 

and in the matrix (the intergranular glass) < G > m 
are given by the following equations: 

< c pp l& = -2(1 -.~,)B(ol, - G)AT/A (1) 

< 0 >m I&, = ‘?f,B(ol, - G)ATIA (2) 

where 

A = (1 -,&)(B + 2)(1 + GJ + 3Bf,(l - urn) 

p= (F$) (Z) 
In order to calculate the thermal stress in the com- 
posite (the Si2N20 ceramics) at room temperature, 

Table 3. Chemical compositions of the intergranular 
glassy phases in the Si2N20 ceramics doped with 

Y203+A1203 or Gd203. (Me’=Y or Gd) 

Eq% 

DYA22(30) 
DYA22( 2) 
UYA22( 30) 
UYA22(2) 
DG15(1) 
UG15(1) 

Me’ Al Si 

25.8 15.0 59.2 
35.7 18.8 45.5 
26.2 16.4 57.4 
35.1 20.0 44.9 
44.1 55.9 
42.0 - 58.0 

TR, the composite is assumed to be subjected to 
a temperature change, AT = TR- Tg, where Tg 

denotes the glass transition temperature at which the 
stresses are no longer relaxed. Ej, vi and ai are 
Young’s modulus, Poisson’s ratio and the coefficient 
of thermal expansion (CTE) of the ith phase, where 
i= m and p represent the matrix and particulate, 
respectively.f, is the volume fraction of the particles. 

Y-Al-Si-O-N glasses (Synthesized glasses) with 
compositions close to the measured compositions 
of the intergranular glasses were fabricated and 
evaluated as shown in Table 4. The synthesized 
glasses were nearly saturated with nitrogen. (When 
greater amounts of nitrogen were added into 
the glasses, they devitrified during cooling.) The 
average thermal residual stresses in the Si2N20 
ceramics were calculated using the room-temp- 
erature properties of Si2N20 and the synthesized 
Y-AI-Si-O-N glasses. fr were estimated from the 
starting composition, the composition of the inter- 
granular phase and the specific gravities of the 
glasses and Si2N20. 

Fig. 8. Representative crack deflection profiles of the Y20~ + A120j-doped Si&O ceramics (DYA22, UYA22). 
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Table 4. Chemical compositions, properties (density(p). Young’s modulus (E), Poisson’s ratio (v), the coefficient 
of thermal expansion (~1) and glass transition temperature (Ts)) of synthesized oxynitride glasses and Si2N20, the 
volume fraction of Si2Ns0 grains in the ceramics (f,,), and the average thermal residual stresses in the grains 

< o > ,, and in the inter-granular glassy phase < o > ,,, 

Synthesized glass (eq%) P E axlo-” Tg m>, K+ 

Me* Al Si 0 N (g/cm3) (GPa) v (“C) (“C) fr, (MPa) (MPa) 

DYA22(30), UYA22(30) 26.0 18.5 55.5 80.0 20.0 3.66 137 0.28 6.9 934 0.92 374 -33 
DYA22(2),UYA22(2) 36.0 19.2 44.8 75.0 25.0 4.01 146 0.29 7.1 945 0.94 440 -28 
DG15(1),UG15(1) 40.0 - 60.0 80.0 20.0 5.67 136 0.26 7.7 951 0.95 467 -25 
Si2N20(SC30-120)” - 2.81 b 239 0.21 3.4 - - - - 

l Me=Yor Gd. 
?ef. 4. 
The theoretical densities calculated from the lattice constants of Si2N20, 

0.0 0.2 0.4 0.6 0.8 1.0 
Grain Size, minor axis (pm) 

Fig. 9. Fracture toughness (&) of the Si2N20 ceramics 
doped with Y203 +A1203 or Gdz03 as a function of grain 

size (minor axis). 

The CTEs of the synthesized glasses are greater 
than that of Si,N,O; therefore, the average stresses 
in S&N20 grains (particulates) < cr > P and the 
intergranular glassy phases (matrices) < cr > m are 
in compression and tension, respectively, as shown 
in Table 4. A high tensile stress in the intergranular 
phase seems to lead to the intergranular fracture; 
however, the difference in the calculated tensile 
stress in the matrix between DYA22(2) (UYA22(2)) 
and DYA22(30) (UYA22(30)) is not so large that 
the variation in fracture mode (intergranular and 
transgranular fracture) is ascribed to only the dif- 
ference in the tensile stress. The high average tensile 
residual stress in the intergranular glassy phase must 
be one of the important factors for the intergranular 
fracture, but not the sufficient condition for it. 

Lange** showed that the particle size is one of 
the factors that governs the criterion of crack 
instability. The grains in all the Si2N20 ceramics 
were not so large that microcracks occurred 
around the grains during cooling. Therefore, the 
greater residual thermal stresses were localized 
in the intergranular phase around the larger grains 
after cooling. As shown in Figs 6 and 7, the large 

grain growth was observed in the ceramics hot- 
pressed for 2 h (DYA22(2) and UYA22(2)). Figure 
9 shows the relation between the average grain size 
and Ktc for DYA22 and UYA22. The fracture 
toughness values seem to depend on the grain size, 
and increase with it. The crack is expected to pro- 
pagate more preferentially in the intergranular 
glassy phase in the higher residual tensile stress 
localized around the larger grain, instead of pro- 
pagating through the large grain in the residual 
compressive stress, especially when the crack tip 
reaches the large elongated grain oriented to the 
direction with a low incident angle for the crack. 
As a result of this, the grain bridging following the 
deflection would occur effectively. The development 
of large grains in DYA22(2-6) (or UYA22(2-6)) is 
considered to be one of the factors leading to the 
intergranular fracture. 

The model proposed by Cutler and Virkar23 
provided the fracture toughness of a particulate 
composite caused by periodic residual stress field as: 

qc = @c + Alal @,)I’* (3) 

where Ai is a constant which is dependent on dl/d2 

and is dependent on crack length, dl and d2 are the 
particle size and the thickness of the intergranular 
phase, respectively, and oi is the residual compressive 
stress in the particle. Therefore, the apparent tough- 
ness K’;, of the composite increases with the particle 
size even if the fracture is predominantly trans- 
granular. In this case, the increase by the mechanism 
substantially is small because the average residual 
compressive stress in the S&N20 grain is low. 

Further, the effects of the concentration of 
impurities have to be considered. UYA22(2-6) had 
a slightly larger grain size than DYA22(2-6) and an 
intergranular phase with a basic chemical 
composition similar to that of DYA22(2-6). How- 
ever, the fracture toughness of UYA22(2-6) is low 
when compared to that of DYA22(2-6). The inter- 
granular phase of UYA22(2-6) has the low con- 
centration of impurities because the intergranular 
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phase in UYA22(2-6) derived from the pure S&N4 
powder evidently contains smaller amounts of 
impurities than that in DYA22(2-6). The residual 
stresses possibly are enhanced in DYA22(2-6) 
because the CTE of the intergranular phase gen- 
erally is expected to increase with the concentration 
of impurities, especially F. The thermal expansion 
of glasses is inversely related to the strength of 
interatomic bond of glass network. The addition of 
impurities (especially F) generally increases non- 
bridging anions and leads to a reduction in con- 
tinuity of the glass network. Besides, the chemical 
bonding (interfacial bonding) between Si2N20 and 
the intergranular phase possibly was weakened by 
the concentration of impurities on the interface. 
These factors affected the development of inter- 
granular fracture and the increase in fracture 
toughness in DYA22(2-6). 

As shown in Fig. 1, the strengths of UYA22(2-6) 
and DYA22(2-6) were very high at room tem- 
perature, but dropped sharply at intermediate 
temperatures. When the specimens were annealed 
at 400°C before the bending test at room 
temperature, the room-temperature strength of 
UYA22(2-6) was reduced to a level comparable to 
the strength at 400°C. This reveals that the high 
strength at room temperature is ascribed to a sur- 
face compressive residual stress induced during the 
grinding process before the bending tests, as 
reported by Johnson-Walls et a1.24 

4.3 Gd203 addition 

Elongated Si2N20 grains also grew with increasing 
the hot-pressing time from I to 2 h, but with no 
additional increase by hot-pressing for a period 
from 2 to 6 h in the case of Cd203 addition, as 
shown in Fig. 7. Impurities hardly affected the grain 
growth in the Gd203-doped samples. Crystalliz- 
ation in the intergranular phase occurred in both the 
samples (DG 15 and UG 15) hot-pressed for 2 h and 
more during cooling. Gd-N-apatite (Gd5(Si04)3N) 
precipitated at triple grain junctions. 

The onset temperature, at which the degrada- 
tion of strength started to occur, shifted toward 
lower temperature with increasing the hot-pressing 
time from 1 to 2 h (Fig. 2) as shown in the case 
of the Y203+A1203 additions. The retention in 
strength at high temperatures is roughly depen- 
dent on the refractoriness (the viscosity) of the 
residual intergranular glassy phases in the sam- 
ples. The high strength of DG15(1) at 1500°C is 
believed to be the result of the high refractoriness 
of a Gd-Si-O-N glass of the intergranular phase in 
it. Plastic deformation occurred slightly at 1400°C 
and more in the bending tests at a lower crosshead 

speed because of its small grain size and the rela- 
tively large amounts of the intergranular glassy 
phase. The strength of DG15(2-6) started to drop 
sharply as low as 800°C. In the previous work,4 
the temperature dependence of flexural strength of 
Ce-doped Si2N20 ceramics (SC30) prepared from 
the impure powder was examined, and a similar 
shift was observed. It was suggested that the 
degradation of strength in the high temperature 
range resulted from the intergranular crystalline 
phase (Ce-N-apatite) instability in air and the low 
softening temperature of (1) the intergranular 
amorphous phase produced by the decomposition 
of the intergranular crystalline phase, and/or (2) 
residual glassy films containing large concentra- 
tions of impurities which remained at grain 
boundaries following crystallization. In this case, 
GddN-apatite (Gd5(Si0&N) is more stable in air 
than CeeN-apatite, and not easily oxidized during 
the brief exposure at the bending tests. In addition, 
when the ceramics were prepared from the pure 
Si3N4 powder, the high-temperature strength was 
improved appreciably (see the temperature depen- 
dence of strength of UG15(2-6) in Fig. 2). There- 
fore, the degradation in strength of DG 15(2-6) was 
probably caused by the low softening temperature 
of the residual glassy films with large concentra- 
tions of impurity elements. Moreover, with the 
crystallization in the intergranular phase, the com- 
position of the residual glassy film approached to a 
eutectic point of the system, at which point the 
softening temperature is generally low. It also led 
to the degradation. 

The fracture toughness in the Gd203-doped sam- 
ples increased with increasing the hot-pressing time 
from 1 to 2 h as shown in the case of the 
Y203 +Al,O, additions (Fig. 4). The crack in 
DG 15(2-6) propagated along the intergranular 
phase, whereas it propagated transgranularly in 
DG15( 1). The average thermal stresses in the 
S&N20 grains < cr > r and in the intergranular 
phase co>, in DG 15( 1) are calculated and given 
in Table 4. The tensile stress in the intergranular 
glassy phase was greater than that of DYA22(2-6) 
with a relatively high fracture toughness of 
4.4 MPa.m’,‘; however, the fracture in DG15(1) 
was predominantly transgranular and the fracture 
toughness was low. Figure 9 shows the relation 
between the average grain size and Kit for UG15 
and DG 15. The fracture toughness depended on the 
grain size, and increased with it in the same manner 
as that in the case of the Y203+A1203 additions. 
DG 15( 1) had a small average grain size of 0.2 1 pm 
(minor axis) like DYA22(30). The transgranular 
fracture in DGI 5( 1) seems to be the result of the 
small grain size of the Si2N20 and possibly the low 
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concentrations of impurities in the intergranular 
glass without crystallization, as can be inferred from 
the high strength at high temperatures. 

The intergranular fracture was observed in 
DG15(2-6) with a higher fracture toughness value 
than DG15(1). It is roughly estimated that the 
Si2N20 grains in DG15(2-6) were in a more com- 
pressive stress field because the crystallization of 
the N-apatite with a high CTE* seemed to occur 
in triple grain junctions at a relatively high tem- 
perature as compared to Tgs in the intergranular 
glasses, whereas the average residual tensile stress 
in the intergranular glassy phase did not increase 
substantially with the crystallization because there 
is no appreciable difference in CTE between Gd- 
N-apatite* and the Cd-%-O-N glass (7.7x 10P6/ 
“C) (or the CTE of the apatite is considered to be 
somewhat greater than that of the glass) and the 
decrease in volume fraction of the glassy phase by 
crystallization does not affect the tensile stress so 
much. (*The CTE of La-N-apatite (La5(Si04)sN) 
has already been measured as 10.1 x 10-6/“C,25 and 
the CTE of Gd-N-apatite was estimated to be a 
little smaller than that of La-N-apatite because Gd 
has a relatively small ionic radius and a high catio- 
nit field strength (z/r2: where z=valence and 
Y = bond length) as compared to La). However, the 
grain in DG15 grew appreciably with the increase 
of the hot-pressing time from 1 to 2 h, as shown in 
Fig. 7. A greater thermal stress was consequently 
localized in the intergranular glassy phase around 
the larger grains in DG15(2-6) with the grain 
growth than in DG15( l).The effect of impurities on 
toughening in DG15(2-6) was also examined. The 
fracture toughness of UG15(2-6) prepared from the 
pure powder was lower than DG 15(2-6) (Fig. 3) as 
shown in the case of the Y203 +A120, additions. 
Besides, the fracture toughness increased to the 
level of DG15(2-6) with 4000 ppm F doped to 
UC15 (see UG15F(6) in Fig. 3). They also reveal 
that impurities (e.g. F) are effective not only on the 
fracture toughness of Si2N20 ceramics, but on 
high-temperature strength. The toughening of the 
Gd-doped Si2N20 ceramics was also effected by the 
following three factors: (1) the thermal tensile stress 
in the residual glassy films and the compressive 
stress in the Si2N20 grains, (2) the large grain size, 
and (3) the impurities concentrated in the glassy 
films, in analogy with that of the Y203+A1203- 
doped ones. (Needless to say, the three factors are 
not independent of each other.) The difference in 
fracture toughness between DG15(2-6) and DG15(1) 
was primarily caused by factors (2) and (3). 

In the previous work, 4 it was suggested that the 
toughening in the Ce-doped ones hot-pressed for 
2 h (SC30-120) was primarily dependent on the 
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crystallization of Ce-N-apatite with a higher CTE 
in the intergranular phase. However, the precipita- 
tion of the apatite phase probably affected the ther- 
mal stress in the Si2N20 grains, but not in the 
intergranular glassy films as mentioned above. The 
toughening in the Ce-doped ones is also considered 
to depend not only on the enhancement of the resi- 
dual stress by the crystallization, but also the same 
mechanisms as that of the Gd-doped ones. (The 
average grain size of SC30-120 is relatively small, as 
shown in Fig. 7, when compared with those of 
UYA22(2) and DG15(2), but the toughening 
by crack deflection/grain bridging was observed 
with relatively large elongated Si2N20 grains in the 
sample (Fig. 3 in the previous article4).) 

5 CONCLUSIONS 

The high-temperature strength degradation of the 
Si2N20 ceramics was governed by the refractori- 
ness (viscosity) of the intergranular glassy phase. 
The refractoriness was dependent on the basic 
chemical composition (the kind of additives and 
Me/Si ratio) of the intergranular glassy phase 
and impurities included in raw powders, but not 
seriously the grain size of S&N20 and the volume 
fraction of the intergranular phase in the case of 
the bending tests in the high crosshead speed. The 
strength at low temperatures was primarily caused 
by the fracture toughness. 

The toughening of the ceramics was believed to 
be ascribed to grain bridging and wedging follow- 
ing intergranular fracture. The intergranular frac- 
ture of the ceramics was affected by the following 
three factors: (1) the average thermal tensile stress 
in the intergranular glassy phase and the compres- 
sive stress in Si2N20 grains, primarily developed by 
the thermal expansion mismatch between S&N20 
grains and the intergranular glassy phase, (2) the 
higher tensile residual stress localized in the inter- 
granular glassy phase (film) around the larger 
Si2N20 grains, and the increase in CTE of the inter- 
granular glass, and (3) the decrease in the chemical 
bonding on the interface between Si2N20 grains 
and the intergranular glass with the concentration 
of impurities in the intergranular glassy phase. 
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