
J O U R N A L  OF  M A T E R I A L S  S C I E N C E  19 ( 1 9 8 4 )  7 4 5 - - 7 5 2  

Hot isostatic pressing of Si3N, with Y203 
additions 
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Israel 

The effect of Y203 additive on the properties of hot isostatically pressed silicon nitride 
w a s  studied. The influence of small additions of Y203 on the densification of silicon 
nitr[de was investigated. The density and elastic moduli of the product increase with 
increasing of the Y203 additions. The hot isostatically pressed pure silicon nitride con- 
sists of a-Si3N4, ~-Si3N4 and Si2N20; phase content of the hot isostatically pressed silicon 
nitride with 10wt % Y203 addition consists of ~-Si3N4, yttrium silicate and Y2Si~O3N4. 
The effect of the outgassing of the specimens prior to hot isostatical pressing on the 
properties of the final material is discussed. 

1. Introduction 
Silicon nitride is one of the leading ceramic 
materials with wide applications at elevated tem- 
peratures, when high strength and resistance to 
oxidation, creep and thermal shock are needed. 
The process of sintering of pure Si3N4 is difficult 
because of the low self-diffusivity of this covalent 
material [1]. It is well known, however, that the 
additions of some oxides to powder of pure Si3N4 
provide the formation of intergranular liquid phase 
which aids the densification of the silicon nitride 
during the sintering process. Another way to den- 
sify the material is by applying high pressure to 
the heated silicon nitride power, i.e. hot pressing. 
Hot pressed silicon nitride with various oxide 
additives has been extensively studied [2-8].  
Gazza [4, 5] was the first to use Y203 additions 
in the hot pressing of Si3N4. He found that Y203 
additive not only results in dense high-strength 
specimens of Si3N4 but also improves refractory 
properties of the material. The amount of about 
3 wt % of Y203 was essential for achieving high 
density of commercial silicon nitride [4], however 
greater amount of Y203 were needed to densify 
Si3N4 of higher purity [5]. 

During the last decade a new process for fabri- 
cation of fully dense silicon nitride has been 

developed. This process which promises to com- 
bine the most attractive features of both sintering 
and isostatic-pressing technologies is called hot iso- 
static pressing (HIP) [9, 10]. 

In the HIP process a gas at high pressure acts 
via a gas impermeable envelope on a powder of the 
material during its sintering. The gas pressure in 
HIP-process is typically higher up to an order of 
magnitude than that used for uniaxial hot pressing 
in graphite tools. Hot isostatic pressing offers the 
possibility of high degree densification of material 
combined with the ability of fabricating intricately 
shaped parts. 

Larker [9] used the HIP of silicon nitride in 
order to manufacture integrated turbine wheels. 
Yeh and Sikora [10] consolidated pure Si3N4 at 
1760 ~ C at a pressure of 276 MPa, thus obtaining 
95% of the theoretical density for the material. 

The present study was undertaken to investi- 
gate the effect of small amounts of Y203 additive 
on the properties of the silicon nitride material 
fabricated by hot isostatic pressing. Actually the 
studies were performed within a pseudoternary 
Si3N4--SiO2-Y203 system for which phase 
relations obtained at temperatures between 1600 
and 1750~ [11] are represented in Fig. 1. Solid 
circles, corresponding to 0.5, 2, 5 and 10wt% of 
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Figure I Phase relations in the 
system Si3N4-SiO~-Y~O 3 deter- 
mined from hot pressed speci- 
mens at temperatures between 
1600 and 1750 ~ C [11]. 

Y2Oz, represent the powder compositions exam- 
ined in our HIP experiments. 

2. Experimental procedures 
The powder used were high purity silicon nitride* 
and high purity Y203 r (99.999%). The chemical 
analysis of metallic impurities in Si3N4 was per- 
formed by emission spectroscopic method, the 
oxygen content was determined by gas chromato- 
graphy in helium carrier gas after fusion in 
graphite crucible in the presence of platinum, and 
the Leco apparatus was used to determine the 
carbon content. The list of impurities in Si3N4 is 
presented in Table I. Traces of free silicon were 
revealed by X-ray diffractometry. 

Mixtures of 0.5, 2, 5 and 10wt% of Y203 and 
Si3N4 were blended for 24h in plastic jars. Powder 
grinding was not employed in order to avoid 
further contamination. The mean particle size 
according to Fisher subsieve sizer was 0.75#m. 
The blended mixtures were cold isostatically com- 
pacted in rubber bags to 200 MPa. Each compact 
was machined to about the specimen with diam- 
eter of about 13 mm and height of 7 mm. Differ- 
ent specimens were placed into two tantalum 

T A B  LE I Impurities in the Si3N 4 (AME) powder (wt%) 

canisters which were outgassed during 1 h in 
vacuum of 6 Pa at 1223 and 823 K, respectively. 
Then the tantalum canisters were sealed by elec- 
tron beam welding. 

The HIP process was carried out in a laboratory 
apparatus with a graphite furnace. The HIP regime 
is given in Fig. 2. The maximum temperature was 
2073 +--20K and the maximum pressure was 
90 MPa. The temperature was measured and con- 
trolled by W5Re-W26Re thermocouples, and the 
pressure was measured with both pressure trans- 
ducer and a Bourdon type gauge. At the end of the 
HIP cycle the tantalum canisters were broken and 
residues were ground on SiC papers. 

The density of the specimens was determined 
by the water immersion method. The water den- 
sity was determined by a standard weight prior to 
the measurement of the specimens. In order to 
avoid water absorption a thin lacquer film ~ was 
sprayed on the porous specimens. The accuracy of 
determination of the density was -+ 0.3%. 

The elastic moduli were determined by ultra- 
sonic measurements. For ultrasonic measurements 
the faces of the specimens were ground to parallel- 
ism that was better than 3#m. The sound vel- 

Fe A1 Ca Mg Cx Ti Mn Ni Mo V Sn C O 
0.15 0.05 0.015 0.005 0.05 0.01 < 0.005 < 0.005 0.01 0.01 0.01 0,16 1.75 
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Figure 2 Schematic diagram of the HIP cycle. 

ocities were measured by the pulse-echo overlap 
technique [12] using fundamental frequency of 
10MHz. The sound velocities were computed 
according to the equations: 

2L 
longitudinal velocity, q = - -  (1) 

tl 

2L 
transverse velocity, v t = - -  (2) 

tt 
where t 1 and h are the elapsed time between the 
pulse and the echo of longitudinal or transverse 
waves respectively, and L is the thickness of the 
specimen. The accuracy of sound velocity meas- 
urement was better than 1%. 

The elastic moduli were Calculated from the 
following equations: 

shear modulus, G = #v~ (3) 

Young's modulus, E = pv~ 3v~ - -  4v~ 
v? v~ (4) 

Poisson's ratio, u - 2 v? - -  v~ (5) 

EG 
bulk modulus, B - 3 ( 3 G - - E )  ' (6) 

X-ray diffraction analysis was made using CuKa 
radiation. The diffraction patterns for phase iden- 
tification were run at 1 ~ 20 min -1. 

The specimens for transmission electron micro- 
scopy were prepared from the bulk materials using 
the following technique. Thin slices, about 0.2 mm 
thick, were cut from the bulk material using a 
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Figure3 Relative density Ps/Om of hot isostatically 
pressed SiaN 4 against Y~O3 additions. Ps is the specimen 
density and Om is the theoretical density of the mixture. 

diamond saw. The slices were mechanically ground 
to a thickness of--~ 50#m and then were mounted 
on a special electron microscope grid with a slot 
2 mm x 1 mm. The ion milling apparatus with 5 kV 
argon ions was used for the final thinning of the 
specimens. Before examination in the electron 
microscope JEOL-200B the specimens were coated 
slightly with the carbon to avoid the charging 
effect. 

3. Results and discussion 
3.1. Density 
The density of the specimens increased with the 
increase of amount of Y203. Such increase was 
accompanied by changes in the colour of  the 
specimens from light grey to black. 

The measured density, Ps, and the colour of  the 
specimens are given in Table II. The relative den- 
sity is defined as Ps/Pm, where Pm is the theoretical 
density of the mixture of Si3N4 and Y203. The 
theoretical density of pure Si3N 4 w a s  taken as 
3190 kg m -3 and that of pure Y203 as 5030 kg m -3. 

The plot of relative density against Y203 
addition is shown in Fig. 3. It is worth noting the 
rapid increase in the density of Si3N4 doped with 
0.5 wt % Y203, as compared with pure Si3N4. Such 
a density increase of the Si3N4 doped with Y203 
appears to be due to the formation of inter- 
granular glass phase. This intergranular phase has 
been clearly observed in the electron microscope 
for the specimens with 5 and 10wt% of Y203. 

The increase in the density of hot isostatically. 

T A B L E I I Density (kg m -3) and  colour o f  hot  isostatically pressed Si3N 4 

Y203 addit ion (wt %) 0 0.5 2 5 10 
Outgassing 823 K - 2726 2850 2928 3282 
Outgassing 1223 K 2105 2797 2910 3280 

Colour light grey grey dark grey dark grey black 
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Figure 4 SEN micrographs of the microstructure of the 
silicon nitride. (a) Starting power, (b) fracture of cold 
isostatically pressed specimen (P = 200 MPa), (c) fracture 
of hot isostatically pressed Si3N$ with 10 wt % Y~03. 

slightly higher densities. It can be explained by 
suggesting that during the outgassing the impuri- 
ties partially evaporated. At lower outgassing tem- 
perature less evaporation occurred, thus more 
impurities could contribute to the formation of 
intergranular liquid phase providing better densifi- 
cation of the specimens. The specimens with 
10wt % Y203 contained sufficient amount of the 
glass-forming agent, therefore the effect of out- 
gassing temperature difference became insignifi- 
cant. 

pressed material is almost linear with the Y203 
addition. I t  indicates that the amount of glass 
phase increases with the amount of additive used. 
From Fig. 3 it can be seen that approximately 
11 wt% Y203 is needed to densify Si3N4 com- 
pletely. There is no substantial difference in the 
density of the specimens which were outgassed at 
two different temperatures, however, the speci- 
mens outgassed at the lower temperature exhibit 
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3.2. Micros t ruc ture  
Figs. 4a to c show the microstructure of the 
starting powder (Fig. 4a), the fracture of the cold 
isostatically compacted specimen (Fig. 4b) and the 
fracture of the hot isostatically pressed Si3N4 
doped with 10wt% Y203 (Fig. 4c). Both in the 
starting material and in the cold isostatically com- 
pacted specimens the particles have sharp edges, 
while in the hot isostatically pressed specimen the 
intergranular fracture and rounded edges of the 
grains are observed. It is assumed that the rounded 
edges were formed by dissolution of the sharp 
grain edges in the intergranular liquid phase during 
the sintering. The intergranular fracture of the hot 



Figure 5 Bright-field transmission electron micrographs 
showing the same area of the specimen under different 
diffraction conditions. The regions indicated by arrows 
ate identified as amorphous. The specimen is a hot iso- 
statically pressed Si3N 4 with i 0 wt % Y2Ov 

isostatically pressed specimen is an indication of a 

lower adhesion strength between the grains as 
compared to the strength of the grains. The for- 

mation of the liquid phase in the course of sinter- 
ing results in the appearance of intergranular 
amorphous solid as was observed by transmission 

electron microscopy. Those regions of the speci- 
men which show no contrast variation with the 
specimen tilt were interpreted as amorphous. For 
example, the transmission electron micrographs 
in Figs. 5a to c were recorded from the same area 
of the specimen under different diffraction con- 
ditions. The regions in Figs. 5a to c marked by 
arrows did not  reveal a visible change in contrast 

when the specimen tilt was performed. Such 
regions of the specimen were identified as amorph- 
ous. 

3.3. X-ray analysis 
The phase content of the starting materials and the 

hot isostatically pressed specimens were examined 

by X-ray diffraction. The starting powders con- 

sisted of a-SiaN4, t3-SiaN4 and traces of silicon. 
The relative a/c~ +/3 content was calculated from 

the peak heights according to: 

a(210) + a(210) 
- ( 7 )  

+/3 a(201) + o~(2 lO) +/3(101) +/3(210) " 

T A B LE I I I Observed and calculated diffraction data 
of the F-phase in hot isostatically pressed Si3N 4 + 10 wt % 
Y203 

h k l dob s (rim) dea 1 (nm) (I/Io)ob s 

2 0 0 0.4040 0.4049 27 
1 1 1 0,3852 0.3841 19 
00 2 0.3370 0.3369 22 
1 0 2 0,3105 0.3111 32 
21 0 0.3053 0.3061 39 
21 1 0.2791 0.2787 100 
1 1 2 0.2728 0.2733 37 
3 0 0 0.2694 0.2699 34 
2 0 2 0.2592 0.2590 27 
3 1 1 0.2129 0.2131 12 
3 0 2 0.2108 0.2107 19 
4 0 0 0,2014 0.2025 25 
2 2 2 0.1926 0.1921 50 
3 1 2 0.1864 0.1869 22 
3 2 1 0.1794 0.1791 17 
4 1 0 0.1771 0.1767 25 
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T A B L E I V Lattice parameters of silicon yttrium oxynitride and of yttrium orthosilicate 

Chemical Formula Structure Lattice parameters Reference 

a (nm) c (rim) 

Ys(SiO,)3N Hexagonal 0.941 0.676 [14] 
Y~o(SiO4)6N2 Hexagonal 0.9368 0.6355 [16] 
10Y203" 9SiO2" Si3N4 Hexagonal 0.9436 0.6822 [ 17 ] 
Y4.67(SiO,)30 Hexagonal 0.9347 0.6727 [ 18 ] 
Assumed Y,.67(SiO4)30 Hexagonal 0.9351 0.6738 Present work 

The relative amount of a-phase in the powder of 
pure Si3N4 was ~- 70%. After hot isostatic pressing 
of pure Si3N4 X-ray analysis revealed the reflec- 
tions of/~-SiaN4, a-Si3N4 and reflections of silicon 
oxinitride (Si2N20). The relative amount of a- 
phase decreased to "~ 40%. The specimens with 
10wt % Y203 consisted mainly of/~-Si3N4. Neither 
a-Si3N4 nor Si2N20 could be detected. However, 
an appreciable amount of an additional phase 
designated here as F-phase, and traces of 
Y2Si303N4 compound were observed. 

The X-ray data (see Table III) related to the 
F-phase were indexed in terms of a hexagonal 
cell. A computer program [13] was employed to 
calculate the lattice parameters of the F-phase 
which were a = 0.9351 nm and c = 0.6738 nm, 
and there was good agreement between the 
observed and the calculated values. As it can be 
seen from Table IV the lattice parameters for the 
F-phase were slightly different from those 
reported by Jack [14] and Rae et al. [15] for the 
H-phase, which was identified as the N-apatite 
with the chemical formula Ys(SiO4)3N. In other 
works Gauckler et al. [16] reported that the lattice 
parameters of  the apatite Ylo(SiO4)sN2 were 
a = 0.9368 nm and e = 0.6355 nm and Wills et al. 

[17] obtained a = 0.9436nm and c = 0.6822nm 
for the compound 10Y203" 9SIO2" Si3N4. In their 
other study Wills et  al. [18] oxidized an apatite 
Ys(SiO4)3N and the product was identified as 
Y4.67(SIO4)30 with the lattice parameters a = 
0.9347nm and c =0.6727nm.  The lattice par- 
ameters of the F-phase were in best agreement 
with the latter results of Wills et al. [ 18 ], therefore 
the F-phase was identified as yttrium orthosilicate 
Y 4 . 6 7 ( 8 i O 4 ) 3 0 .  

3.4. Elastic moduli 
Figs. 6a and b represent the increase in the elastic 
moduli of hot isostatically pressed specimens with 
the addition of Y203. The graphs in Figs. 6a and b 
and Fig. 3 look very much alike, but with respect 
to the same increase in the Y203 content the 
elastic moduli increase faster than the density. 
The plausible explanation of this difference is that 
the change of the elastic moduli with the addition 
of Y203 reflects the increaase of the contact area 
between the adjacent particles, whilst the density 
change reflects the decrease in the volume of the 
pores. With the same increase in Y203 content 
(and the consequent increaase of the intergranular 
amorphous phase) the contact area between the 
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Figure 6 Change of the elastic moduli with Y2Oa addition. (a) Young's modulus, shear modulus and bulk modulus. 
(b) Poisson's ratio. 
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Figure 7 Change of the sound velocities of hot isostati- 
cally pressed Si3N 4 with specimen density. 

particles changes faster than the volume of the 
pores. 

It should be noted that in Fig. 6 there is no 
significant difference in the elastic moduli of the 
specimens outgassed at different temperatures. On 
the other hand, the effect of the outgassing tem- 
perature on v 1 and vt can be discerned in Fig. 7, 
where the sound velocities ~h and vt are given 
against the specimen density. Three features can 
be deduced from Fig. 7. The first is the increase 
of the v 1 and v t with the density, which logically 
has to be expected. The second is that the sound 
velocities of the material for which outgassing was 
carried out at higher temperatures are slightly 
higher than those for which outgassing was con- 
ducted at lower temperature. Such a result can be 
probably interpreted as an indication that the 
elastic moduli of the intergranular amorphous 
phase for these two cases are slightly different. 
It might be that at higher outgassing temperature 

less impurities remain, thus leading to the appear- 
ance of more refractory and hence more rigid 
intergranular phase. The third feature is that the 
difference between sound velocities measured for 
the same Y~O3 content but corresponding to 
different outgassing temperatures diminishes with 
the increase of density. Such tendency might also 
be related to the assumption that the outgassing 
temperature influences the amount of impurities 
and hence the rigidity of the amorphous phase. 
Since the changes in the rigidity due to different 
outgassing temperatures are minor, their influence 
upon the sound velocities can be detected only 
for low Y203 content. When the Y203 content 
increases and thus the amount of amorphous 
phase is high enough, then the effect of different 
outgassing temperatures should not be distinguish- 
able, being overwhelmed by the formation of the 
amorphous phase itself. 

Analysis of Figs. 3 and 7 shows that at the 
proper YzO3 content a complete densification can 
be achieved by HIP process. It can be calculated 
that the Young's modulus for completely dense 
material should be 310GPa, shear modulus G =  
125GPa, bulk modulus B = 2 2 0 G P a  and the 
Poisson ratio should be 0.27. The values of the 
elastic moduli of the hot isostatically pressed 
silicon nitride are comparable to those of commer- 
cial silicon nitride produced by other technologies 
[19-22] (see Table V). 

4. Conclusions 
Hot isostatic pressing of silicon nitride doped with 
Y203 produces material with density and elastic 
moduli which are comparable to those of commer- 
cial silicon nitride manufactured by other tech- 

T A B L E V Room temperature elastic moduli of Si3N 4 fabricated by various techniques as measured by the sonic or 
the ultrasonic techniques 

Density Additives (wt %) E (GPa) G (GPa) B (GPa) ~ T e c h n o l o g y  Reference 
(kg m -3) or trade name 

3281 10Y~O3 283 111.$ 206 0.267 HIP Present work 
2920 5Y203 205 82.5 132 0.238 HIP Present work 
2105 - 79.6 35.7 34.4 0.115 HIP Present work 
3180 Norton 290 118 178 0.220 HP [21] 
3 0 5 0  Ceradyne 245 101 142 0.215 HP [21 ] 
2370 Alcan 128 55 63.4 0.170 SC* [21] 
>3100 8Y203 + 1MgO 240 94 179 0.275 HP [22] 
3178 Norton (HS-130) 313 121 252 0.290 HP [20] 
2000 ~1 wt % Fe 77 32.3 41.7 0.192 Flow RBt [19] 
2400 ~ 1 wt % Fe 157 63.4 100.2 0.239 Static RB [19] 

*SC = Slip Casting. 
?RB = Reaction Bonded. 
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nologies. The densification by HIP is determined 

by the amount  of Y203 and approximately 11 wt % 

Y=O3 is needed to densify Si3N4 completely, at 
2073 K and at 90MPa. The elastic moduli of the 

product increase systematically with density, and 

for completely dense material should reach the fol- 

lowing values: E =  310GPa, G = 125GPa, B = 

220GPa. The experimentally determined sound 

velocities depend linearly on the density and dis- 

play a slight dependence on outgassing tem- 

perature. 

The hot isostatically pressed silicon nitride with 

10wt % Y203 additive consists mainly of/3-Si3N4 

with appreciable amount of yt t r ium orthosilicate 

Y4.67(SIO4)30 and small amounts of Y2Si303N4. 
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