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Abstract 

The influence of the process atmosphere in the gas 
pressure sintering of silicon nitride has been investi- 
gated, particularly with regard to formation of the 
intergranular phase. The intergranular phases iden- 
tified after d@erent gas pressure sintering cycles 
were compared with that present in a material fab- 
ricated by the hot isostatic pressing of an identical 
powder composition, allowing comparison of the two 
processing methods. The results suggested infiltra- 
tion of the nitrogen processing gas into the sintering 
body, which adversely afleeted the intergranular 
phase formation in a composition that had been tai- 
lored for optimal mechanical behaviour. The dura- 
tion of exposure to the processing gas and the 
post-sintering cooling cycle were identtjied as being 
critical factors in the intergranular phase crystal- 
lisation. Copyright 0 1996 Elsevier Science Ltd 

Introduction 

The potential for improving the mechanical prop- 
erties of silicon nitride ceramics arises from 
greater microstructural control, mainly achieved 
by finely tailoring the initial powder composition 
and optimising the fabrication conditions. As is 
well known, limitations to the possible high-tem- 
perature applications of these ceramics are mainly 
imposed by the properties of the residual inter- 
granular phase formed after the reaction of sinter- 
ing additives with the silicon nitride grains. The 
chemical composition of this phase is critically 
important to the overall oxidation resistance while 
the viscosity of the liquid phase, formed above the 
eutectic temperature, influences the microstruc- 
tural development during sintering and also deter- 
mines the interfacial characteristics that affect 
creep behaviour. A considerable amount of 
research has been carried out specifically related 

to the composition of the intergranular phase, 
with sintering additives being selected for the opti- 
mum combination of their ease of sintering and 
the compatibility of the residual phase with Si,N, 
and its oxidation product, Si02. A well-known 
intergranular phase associated with improvements 
in high-temperature mechanical properties is 
Y2Si207, which has been formed in hot isostati- 
tally pressed (HIPed) S&N4 ceramics using a cor- 
rectly balanced mixture of Y203 and SiO, 
sintering additives.’ 

The powder composition used for this investiga- 
tion is one that has been well researched in HIPed 
ceramics and is associated with an absence of 
creep cavitation.’ In the research presented here, 
the ceramics have been fabricated using gas pres- 
sure sintering (GPS), a less expensive form of fab- 
rication, to enable the particular influence of the 
GPS processing method to be evaluated. 

The GPS process allows unusually high temper- 
atures to be reached during sintering while sup- 
pressing the thermal decomposition of S&N, via 
the application of external N2 pressure. The high 
sintering temperatures encourage the P-S&N, 
grains to grow abnormally and this leads to 
enhanced fracture toughness from mechanisms of 
crack bridging and pull-out and to improved relia- 
bility of the final ceramic. The ceramic powders 
are not generally encapsulated during the process- 
ing, in contrast to the HIPing procedure where 
encapsulation typically results in some surface oxi- 
dation to Si,N,O due to the interaction of the 
ceramic powders with the glass encapsulant. This 
means that the ceramic phase formation is much 
more susceptible to the atmospheric effects of the 
processing environment. For example, Neidhardt 
et aL2 found an oxygen/nitrogen gradient to exist 
in GPS-fabricated ceramics as a result of the 
reduction potential of the graphite sintering cru- 
cible in the nitrogen atmosphere. 
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Possible atmospheric effects of the nitrogen pro- annealing in air for 70 hours at 1200°C. After similar 
cessing atmosphere on the intergranular ceramic annealing treatments, the same intergranular phases 
phases were of particular interest in this investigation. were identified in the ceramics fabricated by GPS. 

Experimental Procedures 

The S&N, powder used was UBE SN-EIO, with 
the initial oxygen content found to be 1.6 wt%. 
The composition prepared was 7.5 wt% Y,03, 2.5 
wt% SiOz and 90 wt% S&N,. These powders were 
ball-milled together for 72 hours in propanol, then 
dried and cold isostatically pressed into billets at 
90 MPa. Two-stage GPS was carried out at T & N, 
Rugby, at 1800-1900°C and 10-100 bar. Addi- 
tionally, some fully densified material of the same 
composition, already fabricated by HIPing at 
1775°C and 150 MPa, was processed further by 
GPS for comparison of the resulting intergranular 
phases and microstructure. After sintering, the 
phases present in the ceramics were evaluated 
using Cu K, X-ray diffraction and the densities 
were determined according to Archimedes’ princi- 
ple. Annealing was carried out in argon, at 
1200°C for 24 hours, to promote crystallisation of 
the glassy phases. For more detailed investigation 
by transmission electron microscopy (TEM), slices 
of the resultant ceramics were diamond-ground to 
a thickness of 30 pm, polished to a finish of 1/4 
pm and finally thinned to electron transparency 
by argon ion beam bombardment. 

As was also found in the previous research on 
the HIPed Si,N,, carried out at Warwick and 
reviewed in Ref. 5, the post-sintering crystallisation 
of the residual intergranular phase was extremeiy 
sensitive to the cooling rate, with mainly glassy 
phase formation occurring at ‘natural’ cooling rates 
of 20_30”C/min. Therefore, the ceramics were 
annealed to promote crystallisation of the glassy 
phases. The results of this earlier research had 
shown that the p-Y&O, polymorph tends to 
crystallise in the range 150@-1400°C at the slowest 
cooling rates inside the HIP furnace (4”C/min), 
with subsequent nucleation of the a-Y&O7 poly- 
morph at temperatures below this. As the crys- 
tallisation proceeds, the likelihood of ‘y-phase’ 
formation is believed to increase as the liquid volume 
is reduced, which enhances the effect of impurities 
in stabilising this phase. 4 Liddell and Thompson4 
have discussed the various explanations for the 
‘y-phase’ occurrence, attributing its formation 
either to localised, high concentrations of impurity 
ions in the intergranular glass, which give rise to 
crystallisation of a phase with formula RY,Si,O,r 
where R represents the impurity cation or to the 
oxidation of the Y-Si-O-N intergranular glass. 

Ceramic Characterisation 

The major phase identified in all the GPS-fabri- 
cated ceramics was p-S&N,, indicating a complete 
phase transformation of the initial a-S&N4 pow- 
der. However, it should be noted that the occur- 
rence of this phase transformation during GPS is 
not necessarily accompanied by full ceramic 
densification.3 

(i) Intergranular phase 
The HIPed material contained o-Y,Si,07 as the 
intergranular phase prior to the additional GPS 
processing and was assumed to be fully dense. At 
the high sintering temperatures during GPS, the 
a-Y&O7 phase reverted to the liquid state and 
after GPS was recrystallised during post-GPS 
annealing at 12OO”C, forming a mixture of /3- 
Y&,0,, a-Y&O, and the ‘y-yttrium silicate’ 
phase,4 with no evidence of the higher temperature 
y-Y&O, and &Y&O, polymorphs. Figure 1 shows 
a comparison between the XRD spectra for the 
initial HIPed material and that from the same 
material after the additional GPS processing and 

It is well known that the simultaneous presence 
of both the (Y- and p-Y$i,O, polymorphs is detri- 
mental to the mechanical properties since tensile 
stresses are introduced by the different atomic 
volumes of the polymorphs causing isolated /3-Y&O7 
regions to be held in compression. From the ear- 
lier research,5 the crystallisation of p-Y,Si,O, 
seemed to occur readily during the annealing 
(1200°C) of residual glassy phases, except in those 
cases where the a-Y,SizO-I phase had already crys- 
tallised and then remained stable. Once formed, 
the p-Y&O, polymorph showed no tendency to 
transform into the a-Y&O, phase and a mixture 
of P_Y&O, and the ‘y-yttrium silicate’ has even 
been observed to remain after 500 hours at 
1400°C. Hence, to tailor the intergranular phase 
for the optimal mechanical properties, it is appar- 
ent that formation of the most desirable a-Y&O, 
polymorph and avoidance of p-Y&O7 are criti- 
cally controlled by the post-sintering cooling cycle. 

Further GPS runs were carried out to examine 
the frequency of the yttrium disilicate intergranu- 
lar phase formation with some variations in the 
GPS thermal cycle. Some typical results following 
annealing from the different GPS runs are given in 
Table 1. The intergranular phases identified after 
the shorter sintering cycles were comparable with 
those formed after HIPing this composition and 
the GPS environment appears to have had little 
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Fig. 1. XRD comparison of intergranular phases present in (a) HIPed material after additional GPS processing and annealing 

and (b) after HIPing only. Peaks marked ‘cY’, ‘p’ and ‘y’ refer to a-Y2Si,07, /3-YzSi207 and ‘y’-Y&O,, respectively. 

Table 1. Intergranular phase variation with different GPS cycles 

Temperature 
(stage I) 
(“C) 

Presstue 
(stage I) 
(bar) 

Dwell time 
(stage I) 
(h) 

Temperature 
(stage 2) 
(“C) 

Pressure 
(stage 2) 
(bar) 

Dwell time 
(stage 2) 
(h) 

Post-annealing 
intergranular 
phases 

1 1800 10 1 1900 70 1 

2 1800 10 1 1900 100 1 
3 1800 10 2 1900 70 1.5 

4 1725 2 2 1900 100 2.5 

5 1900 65 6 

6 1880 1 O-20 4 1950 100 4 

effect on the intergranular phase formation in 
these instances. However, from Table 1, it is 
apparent that the nitrogen content of the sintering 
liquid increased during longer exposures to the N, 
processing atmosphere, resulting in the formation 
of apatite (Y,N[SiO,],) and the more nitrogen-rich 
melilite (Y,Si,N,O,) phase, both of which are 
known to cause severe degradation in S&N, 
ceramics during oxidation. The nitrogen dissolu- 
tion into the sintering liquid is believed to arise 
from gaseous infiltration of the processing gas, 
aided by the relatively high liquid phase 
content, and hence good interconnectivity 
between the S&N, grains and also from the partial 
decomposition of S&N, at internal pore surfaces. 
Kang and Grei16 have investigated the influence 
of the gas pressure on densification during 
liquid phase sintering, finding that the difference 
between the internal pore pressure and exterior 
surface decreased with increasing applied gas 
pressure. Hence, the contribution of the internal 
S&N, decomposition to the nitrogen dissolution 

would be expected to become less significant 
with higher gas processing pressure and unlikely 
to occur during HIPing. Although one advantage 
of the GPS process over HIPing is that no 
encapsulation is required, an encapsulant might 
provide a protective barrier to prevent the forma- 
tion of more nitrogen-rich phases in this composi- 
tion during the longer ‘stage 2’ dwell times 
required to promote high temperature grain growth. 

(ii) Constitutional variations 
After prolonged GPS processing the HIPed mate- 
rial developed a mottled appearance, associated 
with a marked increase in porosity. Figure 2 is 
taken from a polished cross-section of the HIPed 
material after the additional GPS (there was no 
further heat treatment). This shows some evidence 
of gaseous evolution and as silicon and oxygen 
were the only elements identified by EDX analysis 
in this region, the oxygen being detected from the 
residual intergranular phase, it is believed that 
some thermal decomposition of the S&N4 had 

a and &Y&O, and 
y-phase (trace) 
a and /3-Y&0, 
P-Y&O,, y-phase, 
and apatite (trace) 
Apatite 
and melilite 
Apatite 
and melilite 
Melilite only 
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taken place. This may result from a reducing 
atmosphere existing inside the graphite sintering 
crucible,2 or may indicate that the applied nitro- 
gen pressure was insufficient to suppress decompo- 
sition within the pores.6 

In all the GPS-fabricated ceramics, some differ- 
ence between the surface region and the bulk was 
visible as optically diffuse bands extending 50-100 
,um from the outer surfaces. Figure 3, taken from 
a specimen fabricated in run 6 (see Table l), illus- 
trates the difference between the corresponding 
XRD spectra from the surface and the bulk 
regions and in which there is an apparent absence 
of any secondary phase in the bulk material. The 
reduction of any detectable crystalline intergranu- 
lar phase in the bulk material was linked to a 
decrease in density from the surface to the bulk 
region, since the smaller quantities of the inter- 
granular phase present in the central, porous 
regions were less easy to detect by XRD. An addi- 

Si 

I 
4 b 

100 pm 

Fig. 2. Secondary electron microscope image showing 
evidence for a burst gas bubble, with EDX analysis from the 

central region. 

Intensity 
S&N4 

m 

tional factor which may have inhibited the densifi- 
cation is the dissolution of nitrogen into the sin- 
tering liquid, which is believed to increase the 
liquid phase viscosity.’ 

The microstructure formed in this composition 
after GPS is shown in Fig. 4, taken from the same 
specimen as for Fig 3. The intergranular network 
is the phase of darker contrast surrounding the 
S&N, grains. The grain size variation seen in Fig. 
4 is typical of GPS-fabricated S&N, and, unlike 
the more uniform, fine-grained microstructure 
observed in HIPed ceramics, contains some 
anisotropic grains of several pm in diameter, 
which may contribute towards an enhanced frac- 
ture toughness. Although the intergranular phase 
could not be detected by XRD from the central 
regions, TEM revealed pockets of the intergranu- 
lar network, together with extensive porosity (not 
shown here). The intergranular phase in these 
regions was identified by electron diffraction as 
being the same nitrogen-rich phase as that present 
in the surface regions, suggesting that the nitro- 
gen/oxygen ratio remained constant from the sur- 
face to the bulk. As the relatively high sintering 
liquid content in this composition provides a con- 
tinuous network between the S&N, grains, this has 
enabled the uniform dissolution of the processing 
gas into this network. 

Conclusions 

The intergranular phases formed in the S&N, 
ceramics fabricated with this high-additive compo- 
sition were found to vary according to the length 
of exposure to the N, processing gas, which evenly 

Si; 

m 

Si7h 

25 26 2l 28 29 30 31 32 33 34 35 36 37 38 39 40 

Diffracted angle, 20 

Fig. 3. Comparison of the XRD spectra from two different regions of a ceramic fabricated from GPS run no. 6: (a) a few 
hundred pm into the bulk and (b) the outer surface. The peaks marked ‘m’ identify the melilite phase present in this ceramic. 
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Fig. 4. TEM microstructure of a GPS-fabricated ceramic 
from run no. 6 (see Table 1), with electron diffraction pattern 

identifying the melilite intergranular phase. 

infiltrated the sintering liquid. A substantial varia- 
tion in the oxygen/nitrogen ratio was detected in 
the intergranular phase found in ceramics fabri- 
cated according to different GPS cycles, although 
no phase variation was identified within individual 
ceramic specimens. It was found that the formation 
of nitrogen-rich phases could be avoided only for 
the shorter GPS cycles, which were of insufficient 
duration to promote more pronounced grain growth 
than is typically observed in GPS-processed Si3N4. 

The GPS process allows more rapid cooling 
than HIPing and the control of the post-sintering 
cooling cycle was found to have a significant infl- 
uence on the intergranular phase formation. This 
was particularly important since the annealing 
treatments to promote crystallisation from a 
rapidly-cooled glass often resulted in an undesir- 
able combination of the Y&O7 polymorphs. 
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