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Nanodisperse silicon nitride has been synthesized by vapor phase reaction of silicon
tetrachloride and ammonia in a thermal plasma reactor and crystallized at temperatures
1250, 1350, 1450 and 1500°C. The average grain-size and the dislocation density of the
samples were determined by the recently developed modified Williamson-Hall and
Warren-Averbach procedures from X-ray diffraction profiles. A new numerical method
provided log-normal grain-size distributions from the size parameters derived from X-ray
diffraction profiles. It has been shown that the average grain-size in the amorphous phase
is lower than that observed in the crystalline fraction. On the other hand, the average
grain-size in the crystalline fraction decreases up to 1450°C while it increases during
heat-treatment at 1500°C. The size distribution and the area-weighted average grain-size
obtained by X-rays were in good agreement with those determined by TEM and from the
specific surface area, respectively. The dislocation density was found to be of the order of
10" and 10" m~2. © 2000 Kluwer Academic Publishers

1. Introduction that during sintering the densification depends mainly
Dense silicon nitride ceramics are important structurabn the inverse of the average grain-size. On the other
materials because of their good room and high temhand, if the grain-size distribution at the beginning is
perature mechanical properties. Silicon nitride powdersvide then coarsening of the grains can occur leading to
produced in thermal plasmas are predominantly amorower sinterability as densification proceeds [5]. Conse-
phous with a minor crystalline phase content due toguently, the investigation of the changes of the average
the very rapid cooling downwards the plasma flame regrain-size and the grain-size distribution of the thermal
gion [1]. The amorphous silicon nitride powders can beplasma powders during crystallization has particular
processed in different ways to produce dense ceramicselevance.

The traditional way involves annealing of powders to The grain-size of silicon nitride powder can be mea-
produce crystalline material having highSisN4 con-  sured by transmission electron microscopy (TEM),
tent that can be doped, compacted and sintered at highowever this is a laborious and time consuming pro-
temperatures [2]. Consequently, studying the crystaleedure. Furthermore, the volume that one can exam-
lization of amorphous thermal plasma powders is veryine in a microscope is always very small in compari-
important from both the theoretical and practical pointson with the entire sample leading to uncertainty as to
of view. The average grain-size and the grain-size diswhether a truly characteristic region of the sample was
tribution of the crystallized powders have a great in-investigated. On the other hand, X-ray diffraction ex-
fluence on the density, the phase composition and thamines a much larger fraction of the specimen, and the
microstructure, and therefore on the mechanical propempreparation of the sample and the evaluation of the mea-
ties of the resulting ceramics [3-5]. Cambétal.have  surements are not so laborious. Krill and Birringer have
found that the density of the specimen at the beginningecently developed a procedure to determine size distri-
of sintering is larger if the grain-size distribution of the bution from the Fourier transform of X-ray diffraction
starting powder is wider [5]. It has been also establishegbrofiles [6]. In this procedure, however, the anisotropic
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strain broadening has not been accounted for and onlgedure the intensities of the 201, 102 and 210 reflec-
the Fourier coefficients of the diffraction profiles were tions of «-Si3N4 and the 200, 101 and 210 reflections
used. It has been shown recently that strain anisotropgf 8-SisN4 were averaged to minimize preferred ori-
can be well accounted for by the dislocation model ofentation effects and statistical errors. The ratio of the
the mean square strain [7—-13]. The model described iamounts ofr- andB-SizsN4 phases was calculated from
these papers takes into account that the contrast caustitese averaged intensities using the formula proposed
by dislocations depends on the relative directions oby Camusctiet al.[18].
the line and Burgers vectors of the dislocations and The diffraction profiles were measured by a special
the diffraction vector, respectively. Anisotropic contrastdouble crystal diffractometer with negligible instru-
can thus be summarised in contrast fact@swhich  mental broadening [7, 19]. A fine focus rotating cobalt
can be calculated numerically on the basis of the crysanode (Nonius FR 591) was operated as a line focus at
tallography of dislocations and the elastic constants 086 kV and 50 mA £ =0.1789 nm). The symmetrical
the crystal [9—-13]. By appropriate determination of the220 reflection of a Ge monochromator was used in or-
type of dislocations and Burgers vectors present in theler to have wavelength compensation at the position of
crystal, the average contrast fact@@sfor the different  the detector. The & component of the Co radiation
Bragg reflections can be determined. Using the averwas eliminated by an 0.16 mm slit between the source
age contrast factors in thmodifiedWilliamson-Hall  and the Ge crystal. By curving the Ge crystal sagittally
plot and in themodifiedWarren-Averbach procedure, inthe plane perpendicular to the plane-of-incidence the
the different averages of grain-sizes and the dislocatiobrilliance of the diffractometer was increased by a fac-
density can be obtained [7, 8]. In a recently publishedor of 3. The profiles were registered by a linear position
paper a new pragmatical and self-consistent procedurgensitive gas flow detector, OED 50 Braun, Munich. In
has been proposed for the stable determination of grairerder to avoid air scattering and absorption the distance
size distribution using the three size parameters obbetween the specimen and the detector was overbridged
tained from the full widths at half maximum (FWHM), by an evacuated tube closed by mylar windows.
the integral breadths and the Fourier coefficients of the Transmission electron microscopy (TEM, JEOL
diffraction profiles [14]. JEM200CX) has been used for direct measurement of
The aim of the present paper is i) to investigate thethe grain-size and size distribution. Bright field images
correlation between the grain-size distribution deter-of the grains were used to measure the grain-size in
mined by TEM measurements, the average grain-sizpowder samples.
calculated from the specific surface area and those ob- The specific surface areas of the powders were de-
tained by the recently developed X-ray diffraction pro-termined from the nitrogen adsorption isotherms by
cedure and ii) to study the influence of the crystal-the BET (Brunauer-Emmett-Teller) method [20]. As-
lization temperature on the average grain-size and theuming that the grains have spherical shape, the area-
grain-size distribution of the silicon nitride powders weighted average grain-sizg (n nanometers was cal-
produced in a thermal plasma reactor. culated a$ = 6000/q Swhereq is the density in g/cfh
andSis the specific surface area irffy.

2. E i tal detail
rperimenta’ detar's 3. Evaluation of the X-ray diffraction profiles

2.1. Powder preparation e s
" o ; 3.1. The modified Williamson-Hall and
Silicon nitride powder was synthesized by the vapor Warren-Averbach methods

phase reaction of silicon tetrachloride and ammonia : ) Lo .
in a radiofrequency thermal plasma reactor under con£\SSUming that strain broadening is caused by dislo-
ditions given previously [15, 16]. The as-synthesizedcations the full widths at half maximum (FWHM)
powder was subjected to a two-step thermal processing_diffraction profiles can be given by theodified

to remove NHCI and Si(NH) by-products formed due  VVilliamson-Hall plot as [7, 8]:

to the NH; excess in the plasma synthesis. The powder y _ _

was treated in nitrogen at 400 for 1 h and subse- AK = = + a(KCY?) + O(K?C), 1)
quently at 1100C for 1 h toachieve the complete de- D

composition of by-products. This resulting powderwasyhere b is a size parameter characterising the col-
predominantly amorphous with a crystalline content of , ,n lengths in the specimep, equals to 0.9¢ is a

about 20 vol%. The crystallization was performed in¢onstant depending on the effective outer cut-off ra-
a horizontal laboratory furnace in flowing nitrogen at giys, the Burgers vector and the density of disloca-

0.1MPa, atannealing temperatures of 1250, 1350, 145@,s C is the contrast factor of dislocations depending

and 1500C for 2 h. on the relative positions of the diffraction vector and
the Burgers and line vectors of the dislocations and on
the character of dislocations [7, 9—13] afdstands
2.2. X-ray diffraction technique for higher order terms irK C¥?. K is the length of
The crystalline phases were identified by X-ray diffrac-the diffraction vector:K =2sing/A, whereé is the
tion (XRD) using a Guinier-Hagg focusing camera anddiffraction angle and. is the wavelength of X-rays.
Cu K,1 radiation. The relative amounts af and8-  AK = cosf[A(20)]/A, whereA(20) is the FWHM of
SisN4 phases were determined from the XRD patternthe diffraction peak. The size parameter correspond-
using the Gazzara and Messier method [17]. In this proing to the FWHM,D, is obtained from the intercept at
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K =0 of a smooth curve according Equation 1 [7]. Thefrom themodifiedWilliamson-Hall plot of FWHM were
modified Williamson-Hall procedure was also appliedalso used in Equation 3. The size parameter corre-
for the integral breadths of the profiles. In this casesponding to the Fourier coefficients is denotedlly
y was taken as 1 and the obtained size parameter dé-is obtained from the size Fourier coefficients’, by
noted byd gives the volume-weighted average columntaking the intercept of the initial slope &= 0 [25]
length in the sample [21]. We note that in the presentind it gives the area-weighted average column length
case shape isotropy is assumed which holds to a gref21]. Assuming that the grains are spherical, the area-
extent as supported by TEM observations. weighted average grain-size of the crystalline phases
C is the weighted average of the individu@lfac-  ((x)§,J was calculated from the area-weighted average
tors over the dislocation population in the crystal. Incolumn length as follows(x)$,.,= 3Lo/2 [6, 26, 27].
the present case th@ factors could not be calculated The area-weighted average grain-size of the amor-
directly since, to the knowledge of the authors, thephous phase was calculated from those of the entire
anisotropic elastic constants ogSj are not available. powder €) and the crystalline fractionX)S,. as fol-
Therefore the averagefactors were determined by the lows. For spherical grains the area-weighted average
following indirect method. Based on the theory of line grain size of a powder sample can be obtained as the
broadening caused by dislocations it has been showratio of the third and the second moments of the grain-
that the average dislocation contrast factor in an unsize distributionf (x) [6]:
textured hexagonal polycrystalline specimen is the fol-
lowing function of the invariants of the fourth order fooo x3f(x)dx 6V

, 1 the 1n ! X)areq 20~ OOV 5
polynomials of Miller indiceshkl [22]: (X)area et - A (5)

C = Cho |:1 n [A(? + K+ (h+K)%) + B|2]|2i| . WwhereV is the volume and\ is the surface area of the
[h2 + k2 4+ (h+ k)2 + %(%)ﬁ 2)2 sample. Assumlng for our specimens that the surface
(2) areaof the entire powdeA¢) equals to the sum of the

B surface areas of the crystallinad) and the amorphous
whereCy o is the average dislocation contrast factor for (Ay) fractions and using Equation 5 one can get
thehkOreflections,A and B are parameters depending
on the elastic constants and on the character of disloca- (Ve + Va) c A
tions in the crystal and/a is the ratio of the two lattice t = Ve/ (X)areat (xya_’ 6)
constants of the hexagonal crystafg=0.7150 and area

0.3826 fora- and 8-SizN4, respectively [23]). Insert- whereV, and V, are the volumes(x)S,., and (x)2 .
ing Equation 2 into Equation 1 the latter one was solvedyre the area-weighted average grain-sizes of the crys-
f9r1/|23; «, AandB by the method of least squares. AS t5)jine and the amorphous fractions of the powder, re-
C pio IS amultiplier ofk in Equation 1, its value cannot gectively, andis the area-weighted average grain-size
be determined by this method. The valuedylo Was  f the entire powder. Rearranging Equation 6 the fol-

calculated numerically assuming elastic isotropy beyq,\ing equation can be obtained for the average grain-
cause of the lack of the knowledge of anisotropic elasticj,q of the amorphous fraction

constants. The isotropiChko factor was evaluated for

the most commonly observed dislocation slip system vV 1

in silicon nitride [23]: (0001 {1010}. Taking 0.24 as (X)2 ea= 2 . (7)
the value of the Poisson’s ratio [28},o = 0.0279 was Ve [} <1 + E) 1 a]
obtained for bothy- and 8-SisNa. t Ve (X)&re

ThemodifiedWarren-Averbach equation is [7]:
Using Equation 7 the determination of the area-
In A(L) = In AS(L) weighted average grain-size of the amorphous frac-
5 0= 4= tion for the samples having small amount of amor-
—pBLIN(Re/L)(K“C) + O(K"C?),  (3)  phous phase is uncertain. Therefore the area-weighted
average grain-size of the amorphous fraction was de-
whereA(L) is the real part of the Fourier coefficients of termined only for the powders having high amorphous
the diffraction profilesAS is the size Fourier coefficient phase content.
as defined by Warren [25), is the dislocation density,
B =xb?/2 (bis the length of the Burgers vectoRe is
the effective outer cut-off radius of dislocations @d 3 2 Determination of grain-size distribution

stands for higher order terms i6*C. L is the Fourier from X-ray diffraction
length defined as [25]: Three size parameters were determined byribdified
Williamson-Hall and Warren-Averbach procedurés:
L = nag, (4)  from the FWHM,d from the integral breadths arid

from the Fourier coefficients. These three gauges are
whereaz = 1/2(sind, — sind1), n are integers starting stable and only restrictedly sensitive to experimental
from zero,x is the wavelength of X-rays ané{—6;)  errors or fluctuations [13]. In a recent work a pragmat-
is the angular range of the measured diffraction profileical and self-consistent numerical procedure has been
The average dislocation contrast fact@Grgletermined worked out to relate the experimentally determirzd
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d and Lo values to the parameters ofa grain-size distri-TABLE | The phase composition of the as-synthesized and the heat-
bution function, f (x) [14]. A brief description of this ~ {reated powders

procedure is given below. It was observed by many auremperature of amorphous  &-SigNa -SigNa
thors that the grain-size distribution of nanocrystallineneat-treatment (vol%s) (volos) (vol%s)
materials is log-normal [6, 14, 28]:
as-synthesized 80 17 3
1250C 70 27 3
F(x) = 1 1 {_ [In(x/m)]? } (8) 1350C 65 32 3
V27 Ino X 2o 1450C 25 67 8
1500C 20 67 13

wherex is the grain-sizes is the variance annh is the
median of the size distribution functiofh(x). Guinier

has shown that i_f the crystallites_are distortion free the,; crystallization temperatures up to 1360x-SisN,
Bragg peak profile can be described as [21]: crystallized from the predominantly amorphous silicon
] nitride powder while the amount ¢#-SisN,4 did not
() = /OO Slnz(ﬂMS)g (M) dM (9) change. Attemperatures above 135Ghe crystalline
M (77 S)? ’ content of the samples became very higtY$ vol%)
and botha- and B-Si3Ng4 crystallized from the amor-
wheres= A(20)/x, M is the column length and(M)  phous phase. In samples heat-treated up to A3%ae
is the volume fraction distribution function of the B-SisN4 phase will be neglected in the calculation of
columns in the sample. Thg(M)dM represents the average grain-size and grain-size distribution because
volume fraction of the columns for which the length of its small amount compared with-SisN4.
parallel to the diffraction vector lies betwedn and The modifiedWilliamson-Hall plots of the FWHM
M +dM. As can be seen from Equation 9, X-ray and the integral breadth far-SisN4 phase in pow-
diffraction directly measures the volume fraction distri- der crystallized at 150@ are shown in Figs 1 and 2,
bution of the column lengths. The relationship between
g(M) and f (x) depends on the shape of the crystallites
since the volume fraction of the column lengths ina 0.03
given grain is related to the geometric boundaries o a-SigN, crystallized at 1500°C
the grain. The shape of the grains was approximated b ]
spheres supported by TEM observations. For spheric:
grains the relationship betwegr{fM) and f (x) can be
given in the following form:

0.02 +

[1/nm]

X

°° 0.01+
g(M) = NMZ/ f (x) dx, €10) B
M
whereN is a normalization factor. Substituting Equa- 0.00
t?on 8into Equation 1(_), calculati_ng the i_ntegral in I_Equa— 00 05 10 15
tion 10 and substituting Equation 10 into Equation 9, KT [1/nm]

for the intensity distribution one obtaines:

Figure 1 The FWHM as a function oK C%/2 for a-SigNy4 in powder
crystallized at 1500C according to the modified Williamson-Hall plot
dMm, in Equation 1. The Miller indices of the reflections are also indicated.

(11) 0.03

©  sir’(r Ms) In(M/m)
I(s):/0 M (w5 erfc[ﬁlna

a-Si;N, crystalized at 1500°C
where erfc is the complementary error function. It can 1 321
be seen from Equation 11 that the shape of the pea
profile depends oa andm. The parameters andm 0.02+
corresponding to our samples were determined fronE
Equation 11 by a computer program satisfying the coné
dition that the sum of the squares of the difference bex , . |
tween theD, d and Lo of the numerically calculated <

| (s) function and the experimental values of these pa
rameters is minimum.

301
> 211

0.00 . .
0.0 0.5 1.0 1.5

4. Results and discussion KCY [1/nm]
The phase composition of the powders can be seen in

. Figure 2 The integral breadth as a function KC/2 for «-SisN4 in
Table I. The X-ray phase anaIySIS shows that the maf)owder heat-treated at 150D according to the modified Williamson-

jor phase'i.&‘a-.Si3N4. Beside this phasﬁ'SiBNA: Was  Hall plot in Equation 1. The Miller indices of the reflections are also
also identified in the powders. It can be established thahdicated.
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TABLE Il The values of the three size parameté&rsd, Lo determined from the FWHM, the integral breadth and the Fourier coefficients of the
X-ray diffraction profiles, respectively; the area-weighted average grain-size obtained from Xx)4ys)(and calculated from the specific surface
area {); the two parameters characterizing the log-normal size distribution functicaredm; and the dislocation density) in powders heat-treated

at different temperatures

temperature of D d Lo (X)Srea t m o
heat-treatment [nm] [nm] [nm] [nm] [nm] [nm] o [m—3

as-synthesized  «-SisNy 108+5 88+5 49+3 74+5 35+2 26+3 1.88+0.07 4.9x 1014

1250C a-SizNg 113+ 4 89+5 48+ 4 72+6 51+3 23+3 1.95+0.08 1.2x 101
1350C «-SizNg 102+5 72+3 40+3 60+5 52+3 16+ 2 2.03+0.08 1.8x 104
a-SizNg 96+4 70+ 4 42+ 4 7.7x 101
1450C 63+6 75+3 1842 1.95+0.07
B-SizNg 82+5 67+3 40+ 4 3.6x 1015
«-SizNg 103+ 4 91+4 62+4 5.7x 1014
1500C 93+ 6 94+3 53+7 1.60+0.07
B-SisNg 9945 94+4 57+3 7.1x 1015
1 ] lline fracti
| a-Si N, crystalized at 1500°C L [nm) ®  crystaline fraction
'§ 150 A O entire powder
O —\@_e—@ & e 10 k=
M Q
14 20 >
a
< ] 30 ®
< 2 40 > . u .
] g u
g 50 & 501 °© ©
_3 - g o
v 60 ©
-4 70 0L——o ; ; : ;
: ; . : : : . : : as synthesized 1250°%C  1350%C  1450%C  1500%C
0.0 0.4 0.8 1.2 1.6 2.0 Temperature of heat-treatment
K*C [nm?]

Figure 4 The area-weighted average grain-size of the crystalline frac-
Figure 3 The logarithm of the real part of the Fourier coefficients versus fion and that of the entire powder heat-treated at different temperatures.

K2C , for «-SisN4 in powder crystallized at 150C according to the
modified Warren-Averbach plot in Equation 3. .
45 and 49 nm for the as-synthesized sample, the pow-

ders heat-treated at 1250 and 1350respectively. It

respectively. The linear regressions to the FWHM ancdtan be established that in these samples the average
the integral breadth giv® =103 nm andd =91 nm, patrticle size of the amorphous phase is lower than that
respectively. The results obtained from similar proce-of the crystalline fraction and it increased during heat-
dures fora-SizNg4 and 8-SisN4 in the as-synthesized treatments. The average size of the crystalline grains de-
and the crystallized powders are listed in Table II. creased slightly at temperatures up to 145@robably

A typical plot according to thenodifiedWarren-  because of the crystallization of the smaller amorphous
Averbach procedure given in Equation 3 is showngrains, while it significantly increased during heat-
in Fig. 3 for a-SisN4 in sample crystallized at treatment at 150 (see Fig. 4). The average grain-
1500 C. Fromthe quadratic regressions the particle sizeize of the entire powdet)increased with increasing
coefficients,AS were determined. The intersections of temperature that is caused by the grain-coarsening in
the initial slopes at\S(L) =0 yield the area-weighted the amorphous phase and the increase of the amount of
average column length:y =62 and 57 nmfox-SisNg  the crystalline phase having large grains. For the pow-
andg-SizN4. The values ol for the powders can be der having high amount of crystalline phases (crystal-
seen in Table Il. It can be established that in sample$zed at 1500C) the average grain-size ofthe crystalline
heat-treated at 1450 and 15@0the size parameters fraction obtained by X-rays agrees well with that of the
of a-SizN4 are very close to those @f-SisNg, there-  entire powder calculated from the specific surface area.
fore the average grain-size and the grain-size distribu- Log-normal particle size distribution functions were
tion calculated for the majar-SisN4 phase were taken determined for the crystalline fraction of the powders
as characteristic parameters for the entire crystallindy the procedure described in Section 3.2. As the re-
fraction of these samples. The area-weighted averagault of this calculation the two parametets,and m
grain-size calculated frofing for the crystalline fraction  corresponding to the log-normal size distribution are
({(X)$rea is shown in Table II. The area-weighted aver- obtained and listed in Table IlI. Fig. 5 shows the grain-
age grain-size of the entire powdéy ¢an be also seen size distribution function,f (x), corresponding to the
in Table Il. The area-weighted average grain-size of thealculatedm and o values of the crystalline fraction
amorphous phaséx)3.) was calculated from Equa- of the as-synthesized powder and the samples heat-
tion 7 for the powders having high amorphous fraction.treated at 1350 and 15@0. It can be established that for
The values of the amorphous average grain-size are 3ihe powders crystallized at temperatures up to €50
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< —— as-synthesized
= ooad fvo crystallized at 1350°%C
5 77y s crystallized at 1500°C
5
2
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© :
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000 = e
0

120

grain-size [nm]

Figure 5 The grain-size distribution functiort,(x), of the crystalline
fraction of the as-synthesized powder and the samples heat-treated ¢
1350 and 1500C.

— f(x)
1204 crystailized at 1500°C
@ 100 4
® - -0.02
[o)} 80 +
5 / size distribution function
5 60
3 °] —
§ 404 -0.01
20 T Figure 7 TEM micrograph of powder crystallized at 150
— 1 . ; 000 o
0 40 g 120 160 200 itative and quantitative agreement between the TEM
grain size [nm] and X-ray determined size distributions indicates that

) . N _ . i) the size distribution is log-normal in accordance with
Figure 6 Bar-diagram of the size distribution obtained from TEM mi- . . .
crographs and the size distribution functidifx) (solid line), determined Obser\_/atlons by othe[ authors in many nanocrySt‘?‘"me
by X-rays for powder heat-treated at 1500 materials [6, 14, 28], ii) the X-ray procedure described

in Section 3.2 yields the size distribution in good agree-

ment with direct observations.
the median 1)) of the size distribution decreased and The dislocation density has been determined from
the variance €) increased. It was probably occuring the modifiedWarren-Averbach plot as follows [7, 8].
because of the crystallization of the smaller amorphoud he second coefficients in the quadratic regression
grains. After the heat-treatment at 1500the median to the Fourier coefficients provide the values of
of the size distribution increased and the variance dep BL?In(Re/L) as a function ofL (see Equation 3).
creased because of the extensive grain-coarsening fotting pBIn(Re/L) versus IrL enables the graphic
the sample. The log-normal size-distribution functiondetermination op andR.. The dislocation densities ob-
corresponding to the and m values for the powder tained fora-SisN4 and -SigN4 are listed in Table 1.
heat-treated at 150 is shown as solid line in Fig. 6. The dislocation densities were found to be of the or-
The size distribution obtained from the TEM micro- der of magnitude between ¥0and 16° m~2. It can be
graphs is shown as bar-graph in Fig. 6. (The scales ci€en thatthere is no significant change in the dislocation
the bar-diagram and the size-distribution function aredensity fora-SisN, during heat-treatment arg#SisN4
on the left- and the right hand side of the figure.) Inhad a bit higher dislocation density tharSisNa.
the TEM measurements 300 particles were chosen at
random in different areas in the powder. A typical TEM
micrograph of this powderis shownin Fig. 7. The agree-5. Conclusions
ment between the bar-diagram and the size-distributioNanodisperse silicon nitride powder was synthesized
function is good. The small quantitative difference be-by vapor phase reaction of silicon tetrachloride and am-
tween the X-ray and the TEM results is probably duemonia in a thermal plasma reactor and crystallized at
to the facts that the bar-diagram was obtained from d&mperatures 1250, 1350, 1450 and I%D0The ef-
relatively small number of grains and that the smallerfect of crystallization on the phase content, the average
particles of the amorphous phase were not taken intgrain-size and the grain-size distribution was studied.
account in the size distribution function determined by
X-rays. To increase the number of grains for counting 1. At crystallization temperatures up to 1380
in TEM micrographs would need formidably greater «-SisN4 crystallized from the predominantly amor-
efforts. About five orders of magnitude more grainsphous silicon nitride powder while the amount §f
contribute to the X-ray measurements. The good qualSizN,4 did not change. At temperatures above 1350
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the crystalline content of the samples became very highs.
(=75 vol%) and botlx- andg-SizN4 crystallized from
the amorphous phase.

2. The average grain-size of the amorphous phase
is lower than that of the crystalline fraction in the as-
synthesized state. It was shown that the grain-size ofs.
the amorphous phase increased during heat-treatments.
The average size of the crystalline grains decreased
slightly at temperatures up to 148Dprobably because
of the crystallization of the smaller amorphous grains,
while it significantly increased during heat-treatment 7.
at 1500C. The average grain-size of the entire powder
increases with increasing temperature that is caused by
the grain-coarsening in the amorphous phase and thg
increase of the amount of the crystalline phase having
large grains. For the powder having high amount ofio.
crystalline phases (crystallized at 15Q) the average 11.
grain-size of the crystalline fraction obtained by X-rays1
agrees well with that of the entire powder calculated, 5
from the specific surface area.

3. The size distribution obtained by X-rays was in
good agreement with that determined by TEM for the
powder having high crystalline phase content (crystal+>-
lized at 1500C). It was shown that for the materials ;.
crystallized at temperatures up to 1480the median
(m) of the size distribution decreased and the variance7.
(o) increased probably because of the crystallization of
the smaller amorphous grains. After the heat-treatment®
at 1500C the median of the distribution increased and, 4
the variance decreased because of the extensive grain-
coarsening in the sample. 20.

4. The dislocation densities were found to be of
the order of magnitude betweenftand 13> m=2.
B-SisN4 had a bit higher dislocation density than ,,
Ol-Si3N4.

6.

14.

21.

23.
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