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The kinetics of anisotropic P-Si,N4 grain growth in silicon 
nitride ceramics were studied. Specimens were sintered at 
temperatures ranging from 1600" to 1900°C under 10 atm of 
nitrogen pressure for various lengths of time. The results 
demonstrate that the grain growth behavior of P-Si,N, 
grains follows the empirical growth law LY - 0: = kt, with 
the exponents equaling 3 and 5 for length [OOl]  and width 
[210] directions, respectively. Activation energies for grain 
growth were 686 kJlmol for length and 772 kJ/mol for 
width. These differences in growth rate constants and expo- 
nents for length and width directions are responsible for the 
anisotropy of P-Si,N, growth during isothermal grain 
growth. The resultant aspect ratio of these elongated grains 
increases with sintering temperature and time. 

I. Introduction 

ILKON NITRIDE ceramics have become increasingly promis- S ing materials for heat engine applications because of their 
excellent performance in high-temperature environments. It 
is known that the interlocking elongated P-Si'N, grains are 
responsible for the high fracture toughness of these materials.' 

Silicon nitride ceramics with elongated P-Si,N, grains have 
been developed by pressureless sintering,4 hot-pressing,5." hot 
isostatic p r e s ~ i n g , ~  and gas pressure sintering.'-x-"' However, 
previous studies on the development of silicon nitride ceramics 
have been limited to observation of the relations between 
mechanical properties and compositions of the ceramics. Only 
a few a ~ t h o r s ~ . ~ l - ~ '  have contributed to the understanding of the 
grain growth mechanisms of elongated P-Si,N, grains. By con- 
sidering the anisotropy of interfacial energy of facet grains such 
as P-Si,N,, Lee et al." concluded that the mechanism of a-P 
phase transformation, as well as the grain growth of P-SiAION, 
were interface-reaction-controlled, which implies that the 
growth exponent n = 2. However, they determined the grain 
size of elongated P-Si,N4 grains in such a way that anisotropy 
of elongated grains was ignored. Their results" therefore can 
lead to erroneous conclusions. 

In contrast, Hwang4 and Mitomo et al." incorporated shape 
and size factors and considered the dimensions of length and 
width, which correspond to the crystal axes of [OOI] and [210] 
of P-Si,N,, for the measurements of an elongated grain. The 
aspect ratio was defined as the ratio of length to width. In gen- 
eral, the aspect ratio is an indication of the anisotropy of the 
elongated grain. They found that the growth behaviors of the 
elongated P-Si,N4 grains followed the empirical grain growth 
equation with cubic exponent in both [OOI] and [210] direc- 
tions. These results are analogous to the Ostwald ripening 
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m ~ d e l . ~ . ~ '  The growth mechanism was believed to be diffusion- 
controlled. More specifically, the previously dissolved atoms 
diffused through the grain boundary layer during the liquid 
phase sintering of P-Si,N, and sequentially precipitated onto 
the surface of existing P-Si,N, nuclei.I4 

Many efforts have been made to elucidate the mechanism for 
the development of microstructures containing interlocking 
elongated grains. Several models have been proposed: ( I )  high 
interfxial energy of facet grain that leads to a lateral spreading 
of atom layers around either two-dimensional nuclei or screw 
dislocations;".'5 (2) surface roughness of the facet plane that 
results in a high precipitation rate along the long (3) 
anisotropic grain boundary energy that causes the growth expo- 
nent to increase from 2.4 to 4;17 and (4) shape preservation of 
grains that results in a rapid growth rate on the long 
None of these models, however, can account for the fact that the 
grains grow isothermally along the preferential direction of P- 
Si,N4 grains, i.e., the [OOI] direction. This problem might be 
due to the difficulty of determining the grain size of anisotropic 
grains using micrographs of two-dimensional (polished and 
etched) surfaces. These micrographs may not be sufficient for 
determining growth exponents accurately. 

A method for measuring the grain length and width of elon- 
gated grains directly was developed in the present study. Indi- 
vidual P-Si,N, grains were taken from the surface of the bulk 
specimen that was overetched by dissolving the grain boundary 
phases. Loose grains on the surface were disintegrated using an 
ultrasonic vibrator, collected at the bottom of a beaker, and used 
for grain size measurement. This step eliminates stereologic 
consideration of a two-dimensional configuration due to sec- 
tions of random array grains. More consistent results were 
therefore obtained for successful interpretation of the growth 
preference of P-Si'N, grains during isothermal sintering. 

11. Experimental Procedure 

High a-content silicon nitride powders (SN-El0 Si'N,, Ube 
Co., Tokyo, Japan) (a  > 95.5%, 1.57 wt% 0) were attrition 
milled with 10 wt% Y,O, (99.99% Y,03, Aldrich Chemical 
Co., Milwaukee, WI) and A1,0, (AKP-50 AI,O,, Sumitomo 
Chemical Co., Osaka, Japan) (with aratio of Y,A1,OI2, labeled 
as B 1OY) in iso(propy1 alcohol) using -2-mm-diameter alu- 
mina ball media for 2 h. Slurries were then dried at -85°C on a 
hot plate with magnetic stirring to prevent any sedimentation of 
coarse particles. Approximately 2 g of the dried powder was 
uniaxially pressed under 14 MPa in a die 12.5 mm in diameter. 
The pellet was then isostatically cold-pressed under a pressure 
of 160 MPa. The compact was placed in a BN crucible with a 
cover and heated under 10 atm (980 kPa) of N, pressure at 
1600" to 1900°C in a high-pressure furnace (Centorr Associ- 
ates, Suncook, NH) for various times. To assure a minimum 
variation of temperature (within 5°C) during sintering, a two- 
color pyrorneter (Model ROS, Capintec Instruments, Ramsey, 
NJ) was used. Phases existing in the ceramics were determined 
by XRD. 

Sintered samples were polished and etched for microstruc- 
ture observation using scanning electron microscopy. Etching 
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was done by immersing the specimens into molten mixed alkali 
hydroxides (with a composition of Li0H:NaOH:KOH = 1 :2:2) 
in an Mo crucible at about 500°C for 15 to 30 s, depending on 
the porosity of the specimen. A layer of approximately 0.2 mm 
was removed from the etched surface (about five etchings) of 
the sintered specimens to eliminate the edge effect. The surface 
was then washed and disintegrated in water with an ultrasonic 
vibrator. The loose grains were collected at the bottom of a bea- 
ker and were used for grain size measurement. 

A typical micrograph of disintegrated grains is shown in Fig. 
1. The grain sizes of these disintegrated grains are clearly 
revealed and can be determined without any stereological con- 
sideration. Length and width of individual grains were mea- 
sured and the results were recorded. To ensure the etching did 
not introduce erroneous results, measurements were made on 
samples etched for different lengths of time. In Fig. 2, there are 
no significant variations of grain size among the etchings, indi- 
cating that neither etching nor the use of ultrasonic vibration 
had any observable effect on the grain size measurement of sili- 
con nitride grains. 

111. Results and Discussion 

All the a-Si,N, phases were transformed into P-Si,N, after 
sintering for 0.5 to 5 h at temperatures ranging from 1600" to 
1900°C. Grain boundary phases in this system were identified 
as yttrium aluminum garnet (YAG) and residual glassy phase at 
room temperature. The range of relative density achieved was 
98.5% to 99.3% theoretical density. Figure 3 is a typical micro- 
graph of an etched surface of polished silicon nitride ceramics. 

Results of measured average grain length, width, and the 
resultant aspect ratio of these samples are given in Table I .  At 
least 500 grains were measured for each datum point to obtain 
essential consistent results. Average grain size for each speci- 
men was calculated arithmetically from these individual 
measurements. 

As Fig. 2 illustrates, the aspect ratio of the P-Si,N, follows a 
normal distribution. The broad distribution of the aspect ratio is 
in contradiction with an assumption proposed in previous stud- 
ies4.11,13 where a constant aspect ratio was suggested. In regard 

Fig. 1. Typical micrograph of the disintegrated grains of BIOY- 
Si,N, ceramics. Sample was sintered at 1800°C under 10-atm Nz for 1 
h. 
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Fig. 2. Measured grain size distributions of disintegrated specimens. 
Sample was sintered at 1700°C for 1 h.  -0- 30-s etching and 4-h 
sedimentation, -+ 120-s etching and 4-h sedimentation, -.- 
120-s etching and 24-h sedimentation. 

to the nature of the a-P phase transformation of Si,N, ceram- 
ics, it is known that the a-P phase transformation is a recon- 
structive process. l 4  This relatively sluggish process results in a 
situation in which both a-P transformation and the coarsening 
of P-Si,N, grains occur simultaneously. It is therefore not sur- 
prising that the aspect ratio is not a constant, but rather follows 
a normal distribution function. 

Figure 4 presents normalized grain size (LIE and W / r ,  where 
L and w are average grain length and width, respectively) dis- 
tributions of samples isothermally sintered at 1800°C for vari- 
ous times. All distributions amear  to be log normal. indicating 
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Measured Average Grain Sizes and Aspect Ratios of Table I. 
P-Si,N, Ceramics Sintered under 10-atm N, 

Sinrering time (h) 
Grain size (pn) 0.5 I 2 5 

1900°C-L 5.860 7.610 9.440 12.130 
1800°C-L 2.910 3.890 4.860 5.790 
1700°C-L 1.392 1.855 2.313 2.987 
1600°C-L 0.794 0.848 1.210 I .590 
1900°C-W 0.740 0.848 0.955 1.120 
1800°C-W 0.441 0.523 0.565 0.657 
1700°C-W 0.281 0.320 0.369 0.419 
1600°C-W 0.186 0.211 2.252 0.284 
1900°C-A 7.920 8.960 9.880 10.830 
1800°C-A 6.590 7.430 8.300 9.090 
1700°C-A 4.950 5.790 6.270 7.120 
1600°C-A 4.260 4.810 4.830 5.690 

Fig. 3. 
sintered at 1900°C under 10-atm N, for I h .  

Typical microstructure of B IOY-Si,N, ceramics. Sample was 

that normal grain growth has been reached. The broad distribu- 
tion indicates that the growth mechanism reconciles with the 
diffusion-controlled Ostwald ripening.2" As sintering time 
progresses, the distributions become broader and flatter. These 
broadened and flattened distributions might be due to the aniso- 
tropic grain boundary energies that were proposed by Grest, 
Srolovitz and Anderson. " 

The grain growth of the anisotropic @-SIN4 grains is 
expressed by the empirical equation4 

( 1 )  L'' - L:il = K,t 

where L and W are grain length and width after time t ,  and L,, 
and W,  are the initial grain length and width, which can be 
neglected if a high a-Si,N, starting powder is used. K ,  and K ,  
are rate constants in the length and width directions, respec- 
tively. The aspect ratio (AR) can be further written as 

The rate constant of the growth equation".'* can be expressed as 

(4) 

where D is the volume diffusivity of the diffusing species, y is 
the specific surface free energy of the particleimatrix interface, 
V,,, is the molar volume of the precipitate, C, is the equilibrium 
solute content in the matrix, and R,T have the usual meaning. 
The results of the present study, as depicted in Figs. 5(A) and 
(B), show the growth of P-Si,N, grains along the length and 
width directions. The slopes, corresponding to the growth 
exponents of the growth equation, are calculated to be close to 
3 and 5 for length and width directions, respectively. Table I1 
lists the differences in growth exponents along both directions. 
Figure 6 gives the resulting variations of the aspect ratio with 
sintering time. 

Based on our experimental results, the growth behavior of 
P-Si,N4 grains seems to agree with the following empirical 
equation: 

4.6 -0.4 -0.2 0.0 0.2 0.4 0.6 

IAgWjiT) 

" 
4.6 -0.4 -0.2 0.0 0.2 0.4 0 6  

Fig. 4. 
increases. 

Normalized grain size distributions of B IOY-Si,N, isothermally sintered at 1800°C. Distributions become broader as sintering time 
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Fig. 5. 
B IOY-Si,N, in width direction. Samples wcre sintercdunder IO-alm N2. 

(A) Grain growth behavior of BIOY-Si,N, in length direction. Samples were sintered under 10-atm N,. (B) Grain growth behavior of 

L' = K,t 

W s  = K,t or W = (Kwt)li5 

or L = (K,t ) l i i  

The rate constant K can be expressed in terms of the Arrhenius 
equation separately: 

K ~ ,  = K,, exp -I- i 3 
Table 11. Measured Rate Constants and Exponents of P-Si,N, 

Ceramics Sintered under 10-atm N, 

1900 3.12 438.976 5.46 0.4385 0.138 
1800 2.86 58.864 5.45 0.0459 0.166 
1700 2.80 6.383 5.31 0.0036 0.169 
1600 3.07 1.049 5.21 0.0005 0.134 

T("C) n, K,* (wm'/h) n., K,'(~.~rn'/h) An' 

I 1  
wm'ih. 'An = - - - 

11, n, L K , , ,  = 1.226 x 1O"'pn'ih ' K , , ,  = 1.328 x 

100 j 1 
0 y = 8.8462 * ~"0.13820 R"2 = 0.986 
0 y = 7.0926 * ~"0.16615 R"2 = 0.980 
0 y = 5.5403 * ~"0.16988 R"2 = 0.988 

y = 4.4449 * ~"0.13492 R"2 = 0.983 

1 
. 1  1 10  

Time (hr) 

Fig. 6. Aspect ratios of B IOY-Si $N, as  a function of sintering time at 
various isothermals. Function of the lines after curve fitting is indicated 
in the plot. Note that the slopes are approximately equal to An, 2/15, as 
derived in Eq. (9). 

where Q,, and Qw are activation energies, and KO,. and KO, are 
preexponent factors in length and width directions, respec- 
tively. Figure 7 is a plot of rate constants versus reciprocal tem- 
peratures in log scale. Activation energies are calculated from 
the slope of the lines which correspond to 686 and 772 kJimol 
for length and width directions, respectively. It appears that the 
lower activation energy of grain growth in the length direction 
is equivalent to the growth preference, which was discussed 
earlier. 

Since the growth exponents are experimentally determined 
as n l  = 3 and n2 = 5 ,  then the aspect ratio of P-Si,N, can be 
written as 

6 -  

4 -  

2 -  

0 -  
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-10 - 
4 . 4  4 . 6  4 . 8  5 . 0  5 . 2  5 .4  5 .6  

1/T (x10*4) 

Fig. 7. Rate constants of grain growth of BIOY-Si,N, along length 
and width directions are plotted with respect to reciprocal temperature. 
Activation energies are calculated from the slope of the lines. 
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ratio with resDect to the sintering temperature. The slope proves 
to be equal ;o the value of -YQ[,/i - QW/5)/R,  which was 
derived from Eq. ( 1  I ) .  It appears, therefore, that the grain 
growth mechanisms along the length and width directions are 
revealed for the grain growth of P-Si,N, under N2 pressure. 

Hwang4 and Mitomo” have studied the grain growth of Si,N, 
and independently obtained the growth exponents of n,  = n7 = 
3. Thus, the aspect ratio of Si,N, grains in Eq. (3) can be further 
reduced to 

Slope = - 
(3R 5R) 

0 BlOY/10 am N2 

1 

4 . 4  4.6 4.8 5 . 0  5 . 2  5 . 4  5.6 

1/T (x10*4) 

The aspect ratio is plotted with respect to reciprocal tempera- Fig. 8. 
ture. The slope related lo activation energies i s  given in Eq. ( 1  1). 

Therefore. 

A slope of 2/15 can be obtained when a plot of In (AR) vs 
In ( t )  is made. Also, a slope of minus [(QL/3) - (Qw/5)]/R can 
be obtained from the plot of In (AR) vs 11T. Figure 6 shows the 
trend of the aspect ratio with respect to the sintering time. All 
these slopes are approximately equal to 2/15. The slope of 2/15 
is equivalent to the difference of reciprocal growth exponents in 
both directions, (113) - (115) = 2115, which were obtained 
previously. Figure 8 illustrates the dependence of the aspect 

AR = (zr (12) 

For the same system at a specific temperature, the rate con- 
stants, K ,  and K ,  in Eqs. ( I )  and (2) should remain unchanged, 
because rate constant varies only with temperature. This 
implies that the aspect ratio expressed in Eq. (12) should equal 
a constant during isothermal sintering. However, this conclu- 
sion conflicts with our observation in this study. The micro- 
graphs in Fig. 9 show specimens that were isothermally 
sintered at 1900°C for various lengths of time. The specimens 
were overetched and the micrographs were taken correspond- 
ingly as 3-dimensional microstructures in which elongated 
P-Si,N, grains can be observed directly. The aspect ratios of the 
samples appear to increase with increasing sintering time dur- 
ing isothermal sintering under high nitrogen pressure, indicat- 
ing that Eq. (12) is not valid, since aspect ratio is still a function 
of sintering time. There is a further indication that the rate 
exponents of these two directions differ with each other. 

The activation energy of 686 kJ1mol along the length direc- 
tion lies in the range of 580-730 kJ/mol,”-” which is equiva- 
lent to the activation energy of Si diffusion in silicate glasses. 
Consequently, the grain growth mechanism of P-Si,N, along 
the length direction would be diffusion-controlled. The growth 
rate in the width direction was much slower than in the length 
direction. This can be interpreted by using Jackson’s modellh of 
the roughness of the solidiliquid interface (a). According to 
this model, Hwang’ calculated the a’s to be 2.05 and 1.75 at 
1800°C for the (100) prism and (001) basal planes of P-Si,N,, 
respectively. An a > 2 represents a relatively smooth plane in 
the solidiliquid interface. This smoothness was also verified 
through transmission electron microscopy performed by 
Hwang.4 It is this smoothness that results in the low precipita- 
tion rate of P-Si,N, on the prism plane, which might increase 
the kinetic barrier for grain growth of P-Si,N, along the width 
direction. The high activation energy (772 kJimol) for grain 

(A) (B) 
Fig. 9. 
24 h. 

Micrographs of overetched B IOY-Si,N, ceramics show an increasing aspect ratio during isothermal sintering at 1900°C for (A) 0.2 h, (B)  
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growth along the width direction is also indicative of this 
phenomenon. 

Grest, Srolovitz and Anderson” have developed a model of 
grain growth with a case of anisotropic grain boundary ener- 
gies, using a Monte Carlo computer simulation technique. 
They found that the anisotropic grain boundary energies can 
result in preferred grain growth. The resulting growth exponent 
can increase from n = 2.4 for an isotropic case up to n = 4 for 
the extreme anisotropic case. It appears that the anisotropic 
grain boundary energies might be a driving force that results in 
the change of the growth exponent from 3 to 5 for the width 
direction of P-Si,N,. 

IV. Conclusion 
Grain growth of P-Si,N, sintered in 10-atm N, pressure at 

1600” to 1900°C follows the empirical grain growth equation 
with the growth exponents of 3 and 5 for length and width 
directions, respectively. This dissimilarity of growth exponents 
is most likely due to the anistropic grain boundary energies. 
The aspect ratio is found to be proportional to 2/15 power of 
sintering time. The activation energy is 686 kJ/mol for grain 
growth along the length direction, which is equivalent to the 
energy for Si diffusion in silicate glasses. The high activation 
energy of 772 kJimol for growth along the width direction is 
probably due to the relative smoothness of the ( 1  00) prism 
plane. 
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