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Phase transformation and microstructural changes 
of Si3N4 during sintering 
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National Center for Electron Microscopy, Lawrence Berkeley Laboratory, and Department of 
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Changes of density, the ~-[3 phase transformation, and composition of grains and grain 
boundaries during sintering of Si3N4 with various sintering conditions using additives of 
Y203 and AI203 were investigated. The phase determination of individual Si3N4 grains was 
performed by convergent beam electron diffraction. The relations between densification and 
transformation were divided into two groups, depending on the additive compositions. 
Aluminium dissolution into Si3N4 grains occurred mostly during ~-J3 transformation process. 
The concentrations of aluminium and oxygen in the grain boundaries decreased as the ~-[3 
transformation progressed. 

1. Introduct ion 
Increasing attention is being directed toward Si3N4 
ceramics for structural applications at high temper- 
ature' because of their high resistance to thermal 
shock, together with high strength, good fracture 
toughness, and high resistance to chemical attack. 
Mechanical properties depend on microstructure, 
which is dependent on the sintering history and com- 
position of additives. Recently, the mechanical proper- 
ties of Si3N4 have been improved greatly and exten- 
sive efforts have been made by many investigators. 
However, further improvement is still required for 
applications at extremely high temperature, such as 
for gas turbine parts [1]. 

There are numerous complicated changes in the 
heating process of Si3N4, including densification, 
transformation of ~- to [3-Si3N4, grain growth, alumi- 
nium dissolution into the Si3N 4 grains which forms 
the [3'-phase, and grain-boundary composition changes. 
In spite of much research on the microstructure and 
sintering behaviour (e.g. [,2-4]), the identification 
of these relationships is still not clear; for example, the 
relations between aluminium dissolution, transfor- 
mation, and grain-boundary composition changes. 
Grain-boundary composition has been linked to high- 
temperature strength and oxidation resistance [-5-8]. 

It is believed that high strength and high fracture 
toughness of Si3N4 ceramics are brought about by 
a microstructure characterized by elongated ~-Si3N4 
grains which are closely entangled and linked together 
[-9]. This microstructure is closely related to the 0~-]3 
transformation and densification. Aluminium dissolu- 
tion into SigN4 grains affects the elongation of 
[3-Si3N4 grains. 

In order to clarify further the structural, microstruc- 
tural, and compositional changes during sintering of 

Si3N4, the present study by X-ray diffraction and 
electron optical methods was undertaken, with special 
emphasis placed on microdiffraction by convergent 
beam electron diffraction ~ (CBED) and microanalysis. 
Attention was focused on the ~-13 transformation 
and compositional changes in Si3N4 grains and 
at grain boundaries. Thus, samples from various 
stages of the sintering process were used, and the 
phase and composition of grains and grain boundaries 
were analysed. 

2. Experimental procedures 
2.1. Material fabrication 
The starting powders were prepared by ball-mill mix- 
ing a commercial grade Si3N4 powder (E-10, Ube 
Industry Co. Ltd., Tokyo, Japan) with various com- 
position of A1203 and YzO3 powders as sintering 
additives for 24 h, using n-butanol as a liquid medium. 
The additive compositions are listed in Table I. The 
notations of additive composition in Table I are used 
in the remainder of this paper. After drying, the pow- 
ders were cold-pressed at the pressure of 60 MPa to 
shape the green compacts of 18 mm diameter and 
9 mm thick. Hot-pressing was done in a carbon die at 
temperatures of 1550-1800~ and at a pressure of 
40 MPa with no holding time under 0.1 MPa N2. The 
heating rate was 17~ -1. After the prescribed 
temperatures were reached, the samples were rapidly 
cooled by heater shutdown and by removal of samples 
from the heating zone to a cooling zone where cold 
nitrogen gas was flowing, in order to suppress signifi- 
cant changes from occurring in the samples during 
cooling. To complete densification, one sample for 
each composition was hot-pressed at 1800~ for 
60 min. 
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TABLE I Additive composition (wt %) 

Y203 A1203 

10A 0 10 
1Y6A 1 6 
3Y4A 3 4 
5Y2A 5 2 

2.2. M ic ros t ruc tu ra l  charac ter iza t ion  
The density and [3-Si3N4 content were measured for 
each sample. The density was determined by measure- 
ments of shrinkage and weight. In assessing the den- 
sity achieved during hot-pressing, the relative density 
was calculated based on the assumption that the den- 
sity of the sample hot-pressed at 1800 ~ for 60 rain 
was the full density. The J3-phase content was meas- 
ured by X-ray diffraction using CuK= radiation. The 
f3-phase concentration in Si3N4 was derived from the 
X-ray intensities of (1 02) and (2 1 0) reflections of 
7-Si3N4 and (1 0 1) and (2 1 0) reflections of f3-Si3N4 
[10]. 

Selected specimens were examined by transmission 
electron microscopy (TEM) and energy dispersive 
X-ray spectroscopy (EDS). Specimens were prepared 
from Si3N 4 samples by ion-beam thinning to achieve 
electron transparency. A thin layer of carbon was then 
evaporated on to the specimen to minimize charging 
under the electron beam. Microstructures of the Si3N4 
samples were examined in a 120 kV TEM (Model 
400T, Philips Gloeilampenfabrieken NV, Eindhoven, 
The Netherlands) using conventional techniques of 
bright- and dark-field imaging and diffraction. Ana- 
lytical electron microscopy was performed on 
a 200kV instrument (Model JEM-200CX, JEOL 
Corp., Foster City, CA) equipped with an ultra-thin- 
window spectrometer (Model Microanalyst-8000, 
Kevex Corp., Foster City CA), allowing detection of 
elements having atomic number >5. The Cliff  
Lorimer k factors were determined experimentally for 
the analytical microscope used in this study [11]. 

The crystalline phases of each Si3N4 grain were 
identified by microdiffraction using the CBED tech- 
nique ]-12-14], which allows identification of both 

and ~3 phases. These phases are hexagonal modifica- 
tions, with lattice parameters along the a-axis being 
almost the same, but the c-parameter of ~-Si3N4 is 
above twice as large as that for the 13-modification [2]. 
Thus, differences in higher-order Laue zone ring spac- 
ings allow for rapid identification. Only in special 
cases (orientations) can selected-area electron diffrac- 
tion (SAD) distinguish between these phases, but with 
much poorer spatial resolution than is possible with 
CBED ( --~2 nm). 

3. Resul ts  and  d iscuss ion 
3.1. Dens i f i ca t ion  and t r a n s f o r m a t i o n  
The relative densities and ~-Si3N4 content as a func- 
tion of sintering temperature are shown in Figs 1 and 
2, respectively. Both the densification and transforma- 
tion rates are dependent on the additive composition. 
The 1Y6A additive had the highest densification rate 
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Figure 1 Variation of relative density with sintering temperature for 
various additive compositions: (D) 10A, (~) 1Y6A, (O) 3Y4A, (/X) 
5Y2A. 
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Figure 2 Variation of ~3-Si3N4 content with sintering temperature 
for various additive compositions: (g) 10A, (~)IY6A, (O) 3Y4A, (A) 
5Y2A. 
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Figure 3 Variation of relative density with 13-S%N4 content for 
various additive compositions: ([3) 10A, (O) 1Y6A, (O) 3Y4A, (A) 
5Y2A. 

while the 3Y4A additive and the highest transforma- 
tion rate. To examine the relation between densifica- 
tion and transformation, both sets of data can be 
compared, as shown in Fig. 3. This plot reveals that 
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Figure 4 Transmission electron micrographs of Si3N4 with 5% Y203 and 2% A1203. 

Figure 5 Transmission electron micrographs of SigN4 with 10% AI_~O3. 

the additive composition were divided into two 
groups. The first, for A1203-rich additives, indicates 
that densification was completed before full trans- 
formation occurred. The second, for Y203- rich addi- 
tives, shows that densification and complete trans- 
formation were achieved at nearly the same time. 
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3,2. Mic ros t ruc tu re :  g e n e r a l  m o r p h o l o g y  
Figs 4 and 5 show the bright-field transmission elec- 
tron micrographs indicating morphological changes 
with sintering temperature for the 5Y2A and the 10A 
additives, respectively. For both additives, the grain 
size did not change much in the temperature range 



Figure 6 (a, b) Selected-area electron diffraction (SAD) patterns and (c, d)convergent beam electron diffraction (CBED) patterns for a- and 
[~-Si3N4. The former do not allow a and 13 to be distinguished, whereas the latter do. 

1600-1750 ~ but grain growth was observed in the 
samples hot-pressed at 1800 ~ for 60 rain. The grain 
shape changed from granular to hexagonal shape fol- 
lowing the a-]3 transformation for samples with 5Y2A 
additive but did not change for the 10A additive. The 
equi-axed grain shape for the Si3N4 with the 10A 
additive was probably caused by the fact that the ~-[~ 
transformation did not progress until after the com- 
pletion of densification. Thus, elongation of columnar 
D-Si3N4 grains was inhibited by full densification. 

3.3. Identification of ~ and ~-Si3N4 by CBED 
SAD patterns and CBED patterns of ~- and 13-Si3N4 
are shown in Fig. 6 in the case of (0 0 I )  beam inci- 
dence. No difference between the conventional SAD 
patterns was apparent, while the CBED patterns dis- 
played clear differences between a- and [3-Si3N4. The 
SAD pattern shows diffraction only from the zero- 
order Laue zone (ZOLZ). However, if the electron 
beam is converged, diffraction from the first-order 
Laue zone (FOLZ), the second order Laue zone 

(SOLZ), and higher order Laue zones (HOLZ) can be 
observed as rings whose spacing is dependent on the 
c-axis parameter. 

Fig. 7a shows SAD patterns from other zone axis. 
Because these diffraction spots can be indexed for 
both <z- and [3-SiaN4 as shown in Fig. 7b and c, phase 
identification is not possible. At this beam incidence, 
a- and [3-Si3N4 also have a different distance, H, 
between the ZOLZ and FOLZ lines indicated in 
Fig. 7e and f, as well as in the simple case of (0 0 1) 
beam incidence. The FOLZ ring radius, R, of 0t-Si3N 4 
is, therefore, different from that of 13-Si3N4, and can be 
calculated from the following equation [12] 

2H ~- 
R = -~--LX (1) 

where L is the camera length and X is the wavelength 
of the electron beam. By comparison of the R value 
derived from Equation 1 with the experimental value 
shown in Fig. 7d, the cz- and [3-phases could be identi- 
fied. Fig. 8 shows the results of a detailed CBED 
analysis in the sample prepared with 5Y2A additive. 
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Figure 7(a-f) Electron diffraction patterns and reciprocal lattices of SiaN4. 

SOLZ 
FOLZ 
ZOLZ 

011~ 

F ~ o . / / ~  --:FOLZ 

0 0 1 ~ _  10 

~-Si3N4 

Figure 8 Transmission electron micrograph of Si3N4 with 5% Y203 and 2% A1203 quenched from 1701). 
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Figure 9 Typical EDS spectra of(a) ~- and (b) ~-Si3N4 (SY2A). The 
carbon peak comes from the carbon-coating film of the sample. 
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Figure 20 Variation of A1/Si atomic ratio in ~- and ~3-Si3N 4 grains 
with sintering temperature (5Y2A). 

3.4. Compos i t ion  analyses  
The compositions of Si3N4 grains and grain bound- 
aries were measured by EDS. Fig. 9 shows typical 
spectra from 0~- and 13-Si3N4 grains for the samples 
with the 5Y2A additive. The aluminium peak was 
clearly recognized for f3-SigN4 grains. The results of 
the quantitative analysis for aluminium and silicon in 
the Si3N4 grains are shown in Fig. 10 as a function of 
sintering temperature for the samples with the 5Y2A 
additive. There is little aluminium ( <  0.01 atomic 
ratio of A1/Si) in 0~-SiaN4, whereas 13-Si3N4 grains 
contained significant amounts of aluminium ( > 0.03). 
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Figure t t  Typical EDS spectrum of a grain boundary in 
Si3N4(5Y2A). The molybdenum 'signal comes from the specimen 
holder following ion milling. 
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Figure 12 Variation of A1/Y atomic ratio in grain boundaries with 
sintering temperature (SY2A). 

This aluminium concentration did not change con- 
siderably with temperature, implying that the alumi- 
nium was incorporated into t3-Si3N4 grains during the 
transformation, rather than during growth. 

Fig. 11 shows a typical EDS spectrum of a grain 
boundary in Si3N4 with the 5Y2A additive. The grain- 
boundary compositions were quantitatively analysed 
and the results are shown in Fig. 12. The aluminium 
and oxygen concentrations were expressed as atomic 
ratios to yttrium, because the amount of  yttrium in the 
grain boundaries is expected to be constant, while the 
X-ray intensities of silicon and nitrogen are influenced 
by the surrounding Si3N4 grains. Both AI/Y and O/Y 
ratios decreased with the sintering temperature. These 
results mean that the aluminium and oxygen concen- 
trations in grain boundaries decreased as a result of 
diffusion into the Si3N4 grains during the 0~-13 trans- 
formation. 

The aluminium concentration in 0~- and 13-Si3N4 
grains of the samples with the 10A additive was also 
measured (Figs 13 and 14). The c~-Si3N~ grains had 
only a small amount of aluminium ( < 0.02 atomic 
ratio of A1/Si), whereas the 13-Si3N4 grains contained 
a large amount of aluminium ( > 0.02). This means 
that most of the aluminium was incorporated into the 
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Figure 13 Variation of O/Y atomic ratio in grain-boundaries with 
sintering temperature (5Y2A). 
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Figure 14 Variation of A1/Si atomic ratio in ~- and [3-Si3N4 grains 
with sintering temperature (10 A). 

Si3N4 grains during transformation. The aluminium 
concentration in ~-Si3N4 of the sample hot-pressed at 
1800 ~ for 60 rain was lower than that of the samples 
at lower temperatures. It is thought that a large 
amount of aluminium is incorporated into the grains 
during the early stages of transformation. In the later 
stage, the aluminium concentration in grain bound- 
aries decreased and solution of aluminium into Si3N~ 
grains decreased. During holding at 1800~ alumi- 
nium migrated from aluminium-rich grains to alumi- 
nium-poor grains. The difference of aluminium migra- 
tion behaviour during the heating process between the 
sintering additives of 5Y2A and 10A is probably re- 
lated to the presence of yttrium in grain boundaries. 

4. Conclusions 
The following conclusions may be made from the 
results of this investigation. 

1. CBED techniques are efficient methods to differ- 
entiate between individual grains of ~- and ~-Si3N4. 

2. Densification of ~-Si3N4 with A1203-rich addi- 
tives was completed before full [3-phase transforma- 
tion had occurred. In the case of Si3N4 with Y203-rich 
additives, densification and complete ~-13 transforma- 
tion were achieved at nearly the same time. 

3. Samples with 5Y2A and 10A additives showed 
grain growth after completion of transformation and 
densification. Si3N4 grains in the sample with the 
5Y2A additive exhibited predominantly hexagonal 
shapes following transformation. 

4. Most of the dissolved aluminium in Si3N4 was 
incorporated within [3-grains during the transforma- 
tion. The aluminium concentration in [3-grains of 
Si3N~ with the 5Y2A additive was relatively constant, 
but that of Si3N4 with the 10A additive decreased with 
temperature and holding time. 

5. The concentration of aluminium and oxygen in 
the grain boundary of Si3N4 with the 5Y2A additive 
decreased as the ~-13 phase transformation pro- 
gressed. 
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