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Evaluation of the microstructure of 
I -SiAION solid solution materials 
containing different amounts of 
amorphous grain boundary phase 

P. G R E I L ,  J. WEISS 
Max-Planck-lnstitut fi)r Metallforschung, Institut f6r Werkstoffwissenschaften, Stuttgart, 
W. Germany 

In order to test the possibility of quantitative microstructural anlaysis in Si3N 4 ceramics, 
solid solution materials containing different amounts of an amorphous phase were 

examined by transmission electron microscopy. The results show the amount and 
distribution of the amorphous phase and the influence of this phase on the grain mor- 
phology. This shows that within certain limits, set by the transmission electron 
microscopy, such a characterization is possible. 

1. Introduction 
Recent investigations in Si3N4 ceramics using 
transmission electron microscopy (TEM) show the 
presence of small fractions of an amorphous phase 
present between grain boundaries and in triple- 
points [1-9] .  This oxygen-rich silicate-type phase 
yields a strength degradation at high temperatures 
by a grain boundary sliding mechanism [10-13]. 
The factors responsible for its formation are: 

(i)The densification of Si3N4 ceramics in 
general is produced by a transient liquid phase 
[14, 15] which crystallizes incompletely upon 
cooling. This too applies for SiA1ON materials 
[16, 17] and is of special importance for the 
sintering of compositions of ~-Si3N4 solid solution 
(~ss) [18-20]. 

(ii)/~ss materials with a low A13+ content can 
only be totally densified by the presence of excess 
oxygen which then yields an amorphous phase 
upon cooling [19-22].  

(iii) Impurities can be the cause of glass for- 
mation [6, 7, 23-26].  

The present paper investigates materials with a 
composition of/3 11 (11 eq% A13+). This compo- 
sition was chosen to avoid crystallization of 
Si2 N20 and the mulllte-type X1 (Si12 AllaN8 O39) 
phase [17], in order to obtain a two-phase 
material of/3ss and amorphous phase only. 
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For the comparison of material properties of 
Si3N4 ceramics of different composition and pro- 
cessing the microstructure is an essential para- 
meter. In connection with the properties it allows 
a complete characterization of these complex 
materials. 

This investigation is aimed at testing: 
(1) The possibility of quantitative microstruc- 

rural analysis in such materials. 
(2) The amount and distribution of the amor- 

phous phase. 
(3) The influence the amorphous phase has on 

the microstmcture formation in regard to: (a) 
porosity, total and relative density; (b)grain size 
and shape. 

2. Experimental procedure 
2.1. Sample preparation 
The starting compounds used for these investi- 
gations are listed in Table I. The powders were 
weighed, milled and mixed in an attritor mill with 
A1203 balls for 12h in n-hexane. The wear of the 
balls was taken into account for the final compo- 
sition. The mixtures were then dried, sieved and 
hot-pressed in BN coated graphite dies under a 
pressure of 35 MPa at 2043 K for 45 or 60rain. 
After firing, the surface layer was ground off and 
the density was measured by the Archimedes 
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TAB L E I Specification of the starting powders 

Type Source Chemical 
composition 
(wt%) 

Specific 
surface 
(m 2 g- l )  

c~-Si3N 4 Starek, Berlin 37.1 N 
HCST 3510 Qu. 2 60.1 Sitotal 

0.5 Sifree 
A1N Starck, Berlin 31.85 N 

HCST 530 
A1203 ALCOA A 16 52.9 A1 47.00 

0.01 Fe 
0.03 Ca 
0.003 Mg 
65.03 A1 

0.06 A1 0.001 K 0.4 C 
0.002 Ti 0.0005 Li 2.00 8.8 
0.003 Na 0.01 W 
3.12 O 

o.1 MgO 8.7 

method. The phase analyses of the crystalline 
phases were performed using a Philips goniometer 
with CuKa radiation and with a IAF single crystal 
monochromator. The specimen composition, fabri- 
cation conditions and the results of the density 
measurements and phase analysis are listed in 
Table II. Fig. 1 shows the SIMON system [17] 
with the five compositions A to E prepared. 

2.2. Transmission electron microscopy 
2.2. 1. Specimen preparation 
Discs of about 3 mm diameter were drilled out by 
ultrasonic cutting from the hot-pressed pellets. 
The discs were ground down to a thickness of  
about 50/am and subsequently ion-beam thinned 
by argon. Finally a thin layer of carbon or alumin- 
ium was evaporated on to the sample to inhibit 
electric charging during the observations in the 
TEM. 

2.2.2. Evaluation of TEM micrographs 
The TEM micrographs were taken in a JEM 200 A 
microscope with an accelerating voltage of 200 kV. 
Several overview pictures were taken with a high 
voltage microscope operated at 1 MV. From the 
TEM micrographs the minimal prism diameter of 
the ~ss grains together with a shape parameter, 
describing the preferential shape of the/3ss grains, 
were determined. Furthermore, the volume-fraction 
of the amorphous phase was determined. The 
minimal prism diameter was evaluated by directly 
measuring the minimal length between two oppo- 
site {10 10} prismatic planes which are projected 

T A B L E t I Composition, hot-pressing conditions, phase 

into the optical plane. For the determination of 
the shape parameter the cross-sectional area of tile 
grains in the optical plane was measured together 
with their circumference by semi-automatic image 
analysis. Point and area analyses were used to esti- 
mate the content of  amorphous phase in the triple- 
points where three or more grains join. For a first 
estimation of the thickness of  the grain boundary 
layer, direct measurements can be used. However, 
these measurements include two possibilities for 
errors: First, the absorption of the carbon coating 
may yield a too small value for the grain boundary 
width. Secondly, surface cavity formation can 
yield too large values by image broadening of the 
amorphous phase. These surface cavities form at 
the grain boundaries upon ion thinning because of 
the uneven hardness of crystalline and amorphous 
phases. Another more accuratemethod is described 
by Clarke [9] and Krivanek etal. (27) who use 
microdensitometry: from the micrograph an 
intensity profile is taken across the grain boundary 
and across an adjacent triple-point. This was done 
20 times for each specimen with consistently good 
results. 

3. Experimental results 
3.1. Phase analysis and density 

measurements 
The X-ray phase analysis shows ~ss as the pre- 
dominant phase in all samples. X~ and Si could be 
detected in minimal amounts just above the detect- 
ability limit. The TEM investigations show the few 
X1 grains reprecipitated as long needles from the 

composition and density 

Sample Si (eq %) AI (eq %) O (eq %) N (eq %) T(K) t (min) d(g cm -3) Phases (X-ray) 

A 89.4 10.6 7.5 92.5 2050 60 2.67 ass, (Si) 
B 89.4 10.6 9.2 90.8 2040 45 3.150 t3ss, (Si) 
C 89.4 10.6 10.9 89.1 2040 45 3.136 ass, (Si) 
D 89.4 10.6 12.6 87.4 2040 45 3.116 ass, (xt), (si) 
E 89.4 10.6 14.0 86.0 2040 45 3.103 ass, (Xl), (Si) 
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Figure I The SiA1ON system 
after Nail{ etal.  [17]: (a) at 
2023 K with the compositions 
of the specimen prepared and 
(b) sub-solidus phase equilibria 
with X 1 (= Si12AllsNsO39) crys- 
taUized from the liquid phase 
L. 

SiO 

Si20N 

0 
Si3N4 

(b) 

~b 2'0 3b 4'o sb 6'0 
Equivalent - % AI 

7b 8b 9b 

100 

A '8/3§215 OL-,N~ 

80 

70 

60 o 

i 

50 ~ 

LO -> 
c r  

W 

3O 

20 

10 

100 
AIN 

1573 



% 

L" 

3.17 

3.15 

3.10 

Pr " " - .  

O 

E 

I 

6 7 8 9 10 11 12, 13 1L 15 

- g 

100 a 

�9 . -7  
~8 

97 

E q . %  0 2-  [ A[3§ t l  E q , % l  

Figure 2 Densities measured by Archimedes method and 
density relative to the X-ray density of ~ 11, at is the 
theoretical density of # 11. 

amorphous phase upon cooling. The amorphous 
phase was detected by TEM only. No detectable 
porosity was found by light microscopy and SEM 
in all samples except in those of the composition 
A, which revealed about 14% porosity. 

The densities shown in Fig. 2 exhibit a nearly 
linear decrease with increasing oxygen content. 
These results were used in a first approximation 
for the estimation of the volume-fraction of  the 
amorphous phase. This estimation can be made, if 
the density of the amorphous phase is known as 
well as the overall density and the/3ss density and 
if no porosity ks found which is the case in the 
samples of  the Compositions B to E. For the X-ray 
density of/3ss the lattice parameters measured by 
Gauckler etal. [28] were used, which correlate 
the lattice parameters to the A13+ concentration. 
The density of the amorphous phase has to be esti- 
mated by the numerous results for compositions 
and densities of glass found in the literature [6, 7, 
27 ,29-31]  and listed in Table lII. Pure SiO2 
glasses have a density of 2.3 g cm -3; MgO and CaO 
additions can raise it to 2.68g cm -3 and higher. 
Nitrogen should also increase the density of such 
glasses [31]. From these results a constant glass 
density of 2.5 g cm -3 was estimated. This is of 
course only an approximation because the amount 

of amorphous phase has an influence on the 
impurity concentration, which decreases with 
increasing volume-fraction and thus lowers the 
density. However this shift in the density should 
be small and thus the constant value of 2.5 gcm -3 
is justified for a first approximation. These results 
are discussed and compared to the evaluation of 
the TEM micrographs later on. 

3.2.  TEM mic ros t ruc tu re  evaluat ion 
Several examples of TEM micrographs are shown 
in Figs 3 and 4. They allow a determination of the 
influence that the amount of the amorphous phase 
has on the preferred grain shape, prism diameter, 
grain boundary geometry and dislocation density 
in the/~ss crystals near the grain boundaries. 

3.2, 1. Grain shape 
In the presence of the amorphous phase, the/~ss 
crystals generally show a more prismatic mor- 
phology. To describe this preferential shape a 
shape parameter F1, generally used in stereology, 
is introduced 

4IIA 
Fz = U 2 ,  ,(1) 

where A is the cross-sectional area of one grain in 
the optical plane determined by area analysis with 
the MOP (semi-automatic image analyser) and U is 
the circumference of this grain. Fz represents the 
deviation from an isometric crystal growth, pro- 
jected and measured in the optical plane. The stan- 
dard deviation of F 1 indicates the difference in 
shape measurements and their consequences for 
the three.dimensional orientations. The shape 
parameter is shown in Fig. 5 together with the 
standard deviation and correlation to the oxygen 
content. For the 13ss crystals F1 represents 
the elongation along the c-axis. In the presence of 
sufficient amounts of liquid, the <0001 > direction 
is the preferred growth direction except for 

T A B LE I I I Densities of various glass compositions from literature 

Reference Composition in mole numbers 

CaO MgO A120 ~ SiO 2 SiaN 4 d(gcm -3) 

[22] 0.4 0.75 - 2 - 
[29] 0.15 0,64 0.22 2 - 
[29] 0.076 0.42 0.22 2 - 
[29] - 2 2 5 - 
[261 1 1 - 2 - 
[301 - 4 - 7 0.5 
[61 - 0.14 0.08 3 - 

2.54 calculated 
2.45 calculated 
2.41 calculated 
2.36 calculated 
2.68 calculated 
2.58 measured 
2.28 calculated 
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Figure 3 TEM bright-field mierographs (a) Composition A revealing 14% porosity, (b) Composition E with prismatic 
flss crystals. 

Sample A, where more isometric-shaped cyrstals 
are found. 

3,2.2. Prism diameter 
The determination of the minimal prism diameter 
avoids the influence of the grain orientation 
relative to the optical plane. Fig. 6 shows that 

this average minimal prism diameter is hardly 
affected by the amount of  oxygen present. How- 
ever, from the grain shape parameter, the con- 
clusion can be drawn that the needle length in the 
(0001) direction increases with increasing oxygen 
content. However, absolute values of the length 
cannot be estimated by this method. 

Figure 4 TEM dark-field micrographs: (a) and (b) Composition E, showing amorphous phase content in triple-points. 
(c) and (d) Compositions B and E, showing amorphous grain boundary phases between flss crystals. 
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Figure 5 Grain shape parameter F t = (4ILA)/U 2 and the 
standard deviation of F~. 

3.2.3. Grain boundary geometry 
As shown in Fig. 4a to d, grain boundaries contain- 
ing an amorphous phase are to a large extent 
planar without significant curvature except in the 
triple-points and without influence of the amount 
of the glassy phase. Materials of composition A 
show different results with many bent grain 
boundaries and a higher dislocation density at 
some grain boundaries. An example of this pheno- 
menon is shown in Fig. 7. The bent lines and the 
occurrence of tension contrast, both indicate that 
there are dislocations and not moir6 patterns. 
Several thickness contrasts can be seen parallel 
to the grain boundaries. 

3.3. Determinat ion o f  the volume-fract ion 
o f  the amorphous phase by TEM 
methods 

In order to determine the thickness and content of 
the grain boundary phase, two different TEM 
methods can be chosen [9, 27]: 

3.3. 1. Direct lattice imaging technique 
This method yields the most accurate results 
[32-35] but requires much experimental effort 
and only reveals small regions of the specimens. 

Thus it can hardly be used in order to obtain 
statistical results. 

3.3.2, Dark-field imaging 
This method is less accurate because the grain 
boundary does not form a sharp contrast for direct 
measurements. More accurate results can be esti- 
mated by microdensitometry. The actual layer 
thickness was estimated in analogy to [9, 27] and 
calculated from the intensities by the formula 

f J(Xgb)" dX.b 
Ax ~ Y~r ' (2) 

where Ax is the grain boundary thickness, J(xgu) 
is the intensity across the grain boundary, Xgb is 
the place at which the intensity J(xgu) is measured 
and f~r is the intensity at the adjacent triple-point. 
The results obtained by this method (Fig. 8) reveal 
that the amount of amorphous phase only slightly 
influences the layer width. In order to see if the 
amorphous carbon coating influences the apparent 
grain boundary width-one sample was coated with 
aluminum. Aluminium yields a crystalline surface 
coating and thus produces sharp diffraction 
patterns: the selected-area aperture only 
samples the actual grain boundary material. 
Under these conditions a comparison of the car- 
bon and aluminum coated samples yielded values 
within the error bars. This shows that the carbon 
coating has no influence on the width as measured 
by microdensitometry. 

4. Discussion 
In order to estimate with this knowledge the 
volume-fraction of the glassy phase present in the 
grain boundaries, Vgb, the grain boundary surface 
area per unit volume has to be known. This volume 
can be estimated [36] by 

2N 
Ag b - L t ,  (3) 
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Figure 6 Minimal average grain prism diameter a ', measured at samples of the Composition B and E. 
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Figure 7Material of Composition A with bent grain 
boundaries and significant dislocation density near grain 
boundaries. 

hence, 

2N Ax 
Vgb - - - ,  .(4) 

Lt 
where Agb is the grain boundary area per unit vol- 
ume, 5x  is the grain boundary width (by TEM 
clark-field), N is the number of grains (by TEM 
bright-field) and Lt is the length analysed (by 
TEM bright-field), under the assumption of a 
constant grain boundary layer thickness and the 
presence of such a phase in between all grain 
boundaries. The first assumption neglects possible 
anistropy effects [33] but according to the present 
TEM investigations it should apply with good 
approximation. The latter neglects the various 
types of grain boundaries, where such a phase 
cannot be observed [34]. Therefore, this esti- 
mation yields the maximum possible value shown 
in Fig. 9 together with the volume-fraction in the 
triple-points. It shows that as soon as the amor- 
phous phase has wetted all grain boundaries the 
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Figure 8Thickness of the amorphous grain boundary 
layer. 
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~gure9 Volume-fraction amorphous phase in triple- 
points and grain boundaries (% of total volume). 

surplus gathers in the triple-points. In Fig. 10 the 
estimation of the total content of amorphous 
phases estimated by TEM (triple-points + grain 
boundaries) is compared to those values obtained 
by density measurements and an estimation by 
the lever rule from the phase diagram of the 
SIMON system. This estimation using the lever 
rule was done by assuming: 

The amount of liquid is found if the compo- 
sition of the nitrogen rich liquid shown in Fig. 1 
[17] is used. The Si4+: A13+ ratio is assumed to be 
constant in the overall and liquid compositions. 
However, the range of the values obtained by these 
three estimations is comparatively small and this 
shows the possibility of quantitative estimation of 
freely distributed amorphous phases by TEM 
methods. 
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Figure 10 Volume-fraction of the total content of amor- 
phous phase estimated by TEM, density and lever rule 
( L I I I I error bars of TEM evaluation). 
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Future measurements will be aimed at  corre- 
lating these observations to  high temperature 

strength and creep. 

5. Conclusions 
In this investigation the possibility of  a quanti- 
tative microstructure analysis in SiaN4 ceramics 
has been tested. For this test a fl solid solution 
material  (flss) with 11 eq% A1 a§ and varied 
oxygen/nitrogen ratio has been examined. The 
results show that such an analysis is possible 
within certain limits, set by  the necessary use of  

transmission electron microscopy (TEM). For the 
flss material  investigated, the results show the 
influence of  the amorphous phase: 

(1)Increasing amounts of  amorphous phase 
increase the preferential  orientation leading to a 

more fibrous prismatic grain morphology.  
(2) Parallel to this behaviour goes an increase 

of  the grain size along the c-axis while the prism 
diameter stays nearly constant.  Without the pres- 
ence of  any amorphous phase the grain mor- 
phology alters completely to more irregular shapes. 

(3) The grain boundary width is rather insensi- 
tive to the content  o f  the amorphous phase. 

(4) When all grain boundaries are wetted with a 
grain boundary phase, all the surplus of  this phase 
is contained in the triple-points. 

(5) The TEM estimations yield a value of  the 
volume fraction in good agreement with direct 
density measurements and estimations from the 
phase diagram by  the level rule and thus outline 
the possibility of  such a procedure for freely dis- 

t r ibuted grain boundary  films. 
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