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Abstract

Two silicon nitride powders were investigated by high resolution X-ray diffraction. The first sample was crystallized from the
powder prepared by the vapour phase reaction of silicon tetrachloride and ammonia while the second was a commercial powder
produced by the direct nitridation of silicon. Their particle size and dislocation density were obtained by the recently developed
modified Williamson–Hall and Warren–Averbach procedures from X-ray diffraction profiles. Assuming that the particle size
distribution is log-normal the size distribution function was calculated from the size parameters derived from X-ray diffraction
profiles. The size distributions determined from TEM micrographs were in good correlation with the X-ray results. The
area-weighted average particle size calculated from nitrogen adsorption isotherms was in good agreement with that obtained from
X-rays. The powder produced by silicon nitridation has a wider size distribution with a smaller average size than the powder
prepared by vapour phase reaction. The dislocation densities were found to be between about 1014 and 1015 m−2. Published by
Elsevier Science S.A. All rights reserved.
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1. Introduction

Dense silicon nitride ceramics are important struc-
tural materials because of their good room and high
temperature mechanical properties. Silicon nitride ce-
ramics of low porosity are usually densified by liquid-
phase sintering [1]. Consequently, the average particle
size and the particle size distribution have a great
influence on the density, the phase composition and the
microstructure, and therefore on the mechanical prop-
erties of the resulting ceramics [2–4]. Cambier et al.
have found that the density of the specimen at the
beginning of sintering is larger if the particle size distri-
bution of the starting powder is wider [4]. It has been
also established that during sintering the densification
depends mainly on the inverse of the average particle

size. On the other hand, if the particle size distribution
at the beginning is wide then coarsening of the particles
can occur leading to lower sinterability as densification
proceeds [4].

The particle size of silicon nitride powder can be
measured by transmission electron microscopy (TEM),
however this is a laborious and time consuming proce-
dure. Furthermore, the volume that one can examine in
a microscope is always very small in comparison with
the entire sample leading to uncertainty as to whether a
truly characteristic region of the sample was investi-
gated. On the other hand, X-ray diffraction examines a
much larger fraction of the specimen, and the prepara-
tion of the sample and the evaluation of the measure-
ments are not so laborious. Krill and Birringer have
recently developed a procedure to determine size distri-
bution from the Fourier transform of X-ray diffraction
profiles [5]. In this procedure, however, the anisotropic
strain broadening has not been accounted for and only
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the Fourier coefficients of diffraction profiles were used.
It has been shown recently that strain anisotropy can be
well accounted for by the dislocation model of the
mean square strain [6–12]. The model described in
these papers takes into account that the contrast caused
by dislocations depends on the relative directions of the
line and Burgers vectors of the dislocations and the
diffraction vector, respectively. Anisotropic contrast
can thus be summarised in contrast factors, C, which
can be calculated numerically on the basis of the crys-
tallography of dislocations and the elastic constants of
the crystal [8–12]. By appropriate determination of the
type of dislocations and Burgers vectors present in the
crystal, the average contrast factors, C, for the different
Bragg reflections can be determined. Using the average
contrast factors in the modified Williamson–Hall plot
and in the modified Warren–Averbach procedure, the
different averages of particle sizes and the dislocation
density can be obtained [6,7]. It has also been shown
that the volume-weighted and the area-weighted aver-
age particle sizes determined from the integral breadths
and the Fourier coefficients of the diffraction profiles,
respectively, can be used for the determination of parti-
cle size distributions [5].

The aim of the present paper is
1. to compare the particle size distribution and the

dislocation density in two silicon nitride powders
produced by essentially different methods of synthe-
sis and

2. to investigate the correlation between the particle
size distribution determined by TEM measurements,
the area-weighted average particle size calculated
from the specific surface area and those obtained by
X-ray diffraction line profile analysis.

2. Experimental details

2.1. Powder preparation

Two kinds of silicon nitride powders were investi-
gated. The first one (SN1500) was a laboratory pro-
duced powder synthesized by the vapour-phase reaction
of silicon tetrachloride and ammonia in a radiofre-
quency thermal plasma reactor under conditions given
previously [13,14]. The as-synthesized powder was sub-
jected to a two-step thermal processing to remove
NH4Cl and Si(NH)2 by-products formed due to the
NH3 excess in the plasma synthesis. The powder was
treated in nitrogen at 400°C for 1 h and subsequently at
1100°C for 1 h to achieve the complete decomposition
of by-products. This resulting powder was predomi-
nantly amorphous with a crystalline content of about
20 vol.%. The crystallization procedure was performed
in a horizontal laboratory furnace in flowing nitrogen
at 0.1 MPa, at annealing temperature of 1500°C for 2

h. After crystallization the crystalline content of the
powder was about 80 vol.%. The second powder was a
commercial one produced by nitridation of silicon and
post-milling (LC12, Starck, Germany).

2.2. X-ray diffraction technique

The crystalline phases were identified by X-ray dif-
fraction (XRD) using a Guinier–Hagg focusing camera
and CuKa1 radiation. The relative amounts of a- and
b-Si3N4 phases were determined from the XRD pattern
using the Gazzara and Messier method [15]. In this
procedure the intensities of the 201, 102 and 210 reflec-
tions of a-Si3N4 and the 200, 101 and 210 reflections of
b-Si3N4 were averaged to minimize preferred orienta-
tion effects and statistical errors. The ratio of the
amounts of a- and b-Si3N4 phases was calculated from
these averaged intensities using the formula proposed
by Camuscu et al. [16].

The diffraction profiles were measured by a special
double crystal diffractometer with negligible instrumen-
tal broadening [6,17]. A fine focus rotating cobalt an-
ode (Nonius FR 591) was operated as a line focus at 36
kV and 50 mA (l=0.1789 nm). The symmetrical 220
reflection of a Ge monochromator was used in order to
have wavelength compensation at the position of the
detector. The Ka2 component of the Co radiation was
eliminated by an 0.16 mm slit between the source and
the Ge crystal. By curving the Ge crystal sagittally in
the plane perpendicular to the plane-of-incidence the
brilliance of the diffractometer was increased by a
factor of three. The profiles were registered by a linear
position sensitive gas flow detector, OED 50 Braun,
Munich. In order to avoid air scattering and absorption
the distance between the specimen and the detector was
overbridged by an evacuated tube closed by mylar
windows.

TEM (JEOL JEM200CX) has been used for direct
measurement of the particle size and size distribution.
Bright field images of the particles were used to mea-
sure the particle size in both powder samples.

The specific surface areas of the powders were deter-
mined from the nitrogen adsorption isotherms by the
BET (Brunauer–Emmett–Teller) method [18]. Assum-
ing that the particles have spherical shape, the area-
weighted average particle size (t) in nm was calculated
as t=6000/qS where q is the density in g cm−3 and S
is the specific surface area in m2 g−1.

3. Evaluation of the X-ray diffraction profiles

3.1. The modified Williamson–Hall and
Warren–A6erbach methods

Assuming that strain broadening is caused by dislo-
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cations the full widths at half maximum (FWHM) of
diffraction profiles can be given by the modified
Williamson–Hall plot as [6,7]:

DK=g/D+a(KC( 1/2)+O(K2C( ) , (1)

where D is a size parameter characterising the column
lengths in the specimen, g equals to 0.9, a is a constant
depending on the effective outer cut-off radius, the
Burgers vector and the density of dislocations, C is the
contrast factor of dislocations depending on the relative
positions of the diffraction vector and the Burgers and
line vectors of the dislocations and on the character of
dislocations [6,8–12] and O stands for higher order
terms in KC1/2. K is the length of the diffraction vector:
K=2 sin u /l, where u is the diffraction angle and l is
the wavelength of X-rays. DK=cos u [D(2u)]/l, where
D(2u) is the FWHM of the diffraction peak. The size
parameter corresponding to the FWHM, D, is obtained
from the intercept at K=0 of a smooth curve accord-
ing Eq. (1) [6]. The modified Williamson–Hall proce-
dure was also applied for the integral breadths of the
profiles. In this case g was taken as 1 and the obtained
size parameter denoted by d gives the volume-weighted
average column length in the sample [19]. We note that
in the present case shape isotropy is assumed which
holds to a great extent as supported by TEM
observations.

C( is the weighted average of the individual C factors
over the dislocation population in the crystal. In the
present case the C factors could not be calculated
directly since, to the knowledge of the authors, the
anisotropic elastic constants of Si3N4 are not available.
Therefore the average C( factors were determined by the
following indirect method. Based on the theory of line
broadening caused by dislocations it has been shown
that the average dislocation contrast factor in an untex-
tured hexagonal polycrystalline specimen is the follow-
ing function of the invariants of the fourth order
polynomials of Miller indices hkl [20]:

C( =C( hk0

<
1+

[A(h2+k2+ (h+k)2)+Bl2]l2�
h2+k2+ (h+k)2+

3
2
�a

c
�2

l2n2

=
, (2)

where C( hk0 is the average dislocation contrast factor for
the hk0 reflections, A and B are parameters depending
on the elastic constants and on the character of disloca-
tions in the crystal and c/a is the ratio of the two lattice
constants of the hexagonal crystal (c/a=0.7150 and
0.3826 for a- and b-Si3N4, respectively [21]). Inserting
Eq. (2) into Eq. (1) the latter one was solved for D, a,
A and B by the method of least squares. As C( hk0

1/2 is a
multiplier of K in Eq. (1), its value can not be deter-
mined by this method. The value of C( hk0 was calculated
numerically assuming elastic isotropy because of the
lack of the knowledge of anisotropic elastic constants.

The isotropic C( hk0 factor was evaluated for the most
commonly observed dislocation slip system in silicon
nitride [21]: �0001�{1010}. Taking 0.24 as the value of
the Poisson’s ratio [22] C( hk0=0.0279 was obtained for
both a- and b-Si3N4.

The modified Warren–Averbach equation is [6]:

ln A(L)$ ln AS(L)−rBL2 ln(Re/L)(K2C( )+O(K4C( 2) ,
(3)

where A(L) is the real part of the Fourier coefficients of
the diffraction profiles, AS is the size Fourier coefficient
as defined by Warren [23], r is the dislocation density,
B=pb2/2 (b is the length of the Burgers vector), Re is
the effective outer cut-off radius of dislocations and O
stands for higher order terms in K2C. L is the Fourier
length defined as [23]:

L=na3, (4)

where a3=l/2(sin u2−sin u1), n are integers starting
from 0, l is the wavelength of X-rays and (u2−u1) is
the angular range of the measured diffraction profile.
The average dislocation contrast factors C determined
from the modified Williamson–Hall plot of FWHM
were also used in Eq. (3). The size parameter corre-
sponding to the Fourier coefficients is denoted by L0. It
is obtained from the size Fourier coefficients, AS, by
taking the intercept of the initial slope at AS=0 [23]
and it gives the area-weighted average column length
[19].

3.2. Determination of the a6erage particle size and the
particle size-distribution from X-ray diffraction

Three size parameters were determined by the
modified Williamson–Hall and Warren–Averbach pro-
cedures: D from the FWHM, d from the integral
breadths and L0 from the Fourier coefficients. It can be
shown that d and L0 are the volume- and the area-
weighted average column length in the specimen [19].
For spherical particles the volume-weighted and the
area-weighted average particle sizes, �x�vol and �x�area,
can be calculated from the volume and the area-
weighted average column lengths, respectively, as fol-
lows: �x�vol=4d/3 and �x�area=3L0/2 [5,24,25]. These
two independent weighted averages of particle size can
be used for the determination of particle size distribu-
tion if it is approximated by a known function having
two free parameters. It was observed by many authors
that the particle size distribution of nanocrystalline
materials is log-normal [5,26,27]:

f(x)=
1


2p ln s

1
x

exp
!

−
[ln(x/m)]2

2 ln2 s

"
, (5)

where x is the particle size, s is the variance and m is
the median of the size distribution function f(x). The
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parameters s and m for a log-normal distribution are
given in terms of the average particle sizes [28]:

s=exp
��

ln
�x�vol

�x�area

�0.5n
, (6a)

m= (�x�vol)−2.5(�x�area)3.5 . (6b)

Using these expressions, s and m were calculated for
the two silicon nitride powders.

4. Results and discussion

Fig. 1 shows the X-ray diffractograms of the two
powders. The X-ray phase analysis shows that in both
powders the major phase is a-Si3N4. Beside this phase
b-Si3N4 was also identified in the powders. The mass
ratios of a- to b-Si3N4 were 5.1 and 13.4 for samples
SN1500 and LC12, respectively. A small amount of
Si2N2O was also found in powder SN1500. The Si2N2O
phase in powder SN1500 and b-Si3N4 in material LC12
will be neglected in the following calculations because
of their small amounts compared with a-Si3N4.

The values of C( hk0, A and B were calculated by the
method described in Section 3.1 for a- and b-Si3N4 in
powder SN1500 and for a-Si3N4 in sample LC12, and
are listed in Table 1. The modified Williamson–Hall
plots of the FWHM and the integral breadth for a-
Si3N4 phase in powder SN1500 according to Eq. (1) are
shown in Figs. 2 and 3, respectively. The linear regres-
sions to the FWHM and the integral breadth give
D=103 nm and d=91 nm, respectively. The results
obtained from similar procedures for b-Si3N4 in powder
SN1500 and a-Si3N4 in material LC12 are listed in
Table 2.

A typical plot according to the modified Warren–
Averbach procedure given in Eq. (3) is shown in Fig. 4
for a-Si3N4 in sample SN1500. From the quadratic
regressions the particle size coefficients, AS were deter-
mined. The intersections of the initial slopes at
AS(L)=0 yield the area-weighted average column
length: L0=62 and 57 for a-Si3N4 and b-Si3N4 in
powder SN1500, respectively, and 41 nm for a-Si3N4 in
sample LC12 (see also Table 2). It can be seen that in
the sample produced by vapour-phase reaction
(SN1500) the weighted average column lengths of a-
Si3N4 agree with those of b-Si3N4 within experimental
error, therefore the average particle sizes calculated for
the major a-Si3N4 phase were taken as characteristic
parameters for sample SN1500. The volume- and the
area-weighted average particle sizes calculated from the
average column lengths for a-Si3N4 in powders SN1500
and LC12 are shown in Table 2. It can be also estab-
lished that the average column lengths and particle sizes
for a-Si3N4 in powder prepared by silicon nitridation
(LC12) are significantly lower than those for sample
SN1500.

Fig. 1. X-ray diffractograms of the powders produced (a) by vapor-
phase synthesis in thermal plasma followed by crystallization
(SN1500) and (b) by silicon nitridation and postmilling (LC12).

Table 1
The values of the parameters Chk0, A and B used for the calculation
of the average dislocation contrast factors for a- and b-Si3N4 in
powder SN1500 and for a-Si3N4 in sample LC12

BAChk0

a-Si3N4SN1500 0.0279 3.271 −1.673
b-Si3N4 44.89−28.520.0279

0.0279a-Si3N4 −1.778LC12 3.329

Fig. 2. The FWHM as a function of KC1/2 for a-Si3N4 in powder
SN1500, the modified Williamson–Hall plot according to Eq. (1).
The numbers at the symbols represent the Miller indices.
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Fig. 3. The integral breadth as a function of KC1/2 for a-Si3N4 in
powder SN1500, the modified Williamson–Hall plot according to Eq.
(1). The numbers at the symbols represent the Miller indices.

Fig. 4. The logarithm of the real part of the Fourier coefficients
versus K2C, for a-Si3N4 in powder SN1500, the modified Warren–
Averbach plot according to Eq. (3).

Log-normal particle size distribution functions were
determined for the major a-Si3N4 phase in powders
SN1500 and LC12 by the procedure described in Sec-
tion 3.2. As the result of this calculation the two
parameters, s and m corresponding to the log-normal
size distribution are obtained and listed in Table 2. The
log-normal size-distribution functions, f(x), corre-
sponding to the s and m values are shown as solid lines
in Fig. 5a and b for powders SN1500 and LC12,
respectively. The size distributions obtained from the
TEM micrographs are shown as bar-graphs in Fig. 5a
and b. (The scales of the bar-diagrams and the size-dis-
tribution functions are on the left- and the right hand
side of the figures.) In the TEM measurements 300
particles were chosen at random in different areas in
each powder. A typical TEM micrograph of powder
LC12 is shown in Fig. 6. It can be established that the
powder produced by silicon nitridation and milling
(LC12) has lower value of m and higher s than the
powder synthesized by vapour phase reaction. This
observation is supported by TEM results (see Fig. 5).
The agreement between the bar-diagrams and the size-
distribution functions is good for both samples. The
small quantitative difference between the X-ray and the
TEM results is probably due to the fact that the
bar-diagram was obtained from a relatively small num-
ber of grains and that in the size distribution functions

obtained by X-rays only the particles of the major
a-Si3N4 phase were taken into account. To increase the
number of grains for counting in TEM micrographs
would need formidably greater efforts. About five or-
ders of magnitude more grains contribute to the X-ray
measurements. The good qualitative and quantitative
agreement between the TEM and X-ray determined size
distributions indicates that
1. the size distribution is log-normal in accordance

with observations by other authors in many
nanocrystalline materials [5,26,27]and,

2. the X-ray procedure described in Section 3.2 yields
the size distribution in good agreement with direct
observations.

The t value calculated from the specific surface area
determined by BET method is given in Table 2. It can
be seen that for both powders this value agrees well
with the �x�area determined from X-rays. It should be
mentioned, however, that within the present experimen-
tal conditions only those particles or domains cause
observable size broadening which are smaller than
about 0.5 mm.

The dislocation density has been determined from the
modified Warren–Averbach plot as follows [6,7]. The
second coefficients in the quadratic regression to the
Fourier coefficients provide the values of rBL2 ln(Re/
L) as a function of L (see Eq. (3)). Plotting rB ln(Re/L)

Table 2
The values of the three size parameters D, d, L0 determined from the FWHM, the integral breadth and the Fourier coefficients of the X-ray line
profiles, respectively; the �x�vol and the �x�area average particle sizes obtained from X-rays; the two parameters characterizing the log-normal size
distribution functions, s and m ; the t average particle size calculated from specific surface area; and the dislocation density (r) for a- and b-Si3N4

in powder SN1500 and for a-Si3N4 in sample LC12

D (nm) d (nm) �x�area (nm)L0 (nm) �x�vol (nm) s r (m−2)t (nm)m (nm)

10394a-Si3N4 5.7×101462949194
121SN1500 93 1.68 47 94

5793b-Si3N4 7.1×10159995 9494

LC12 4193a-Si3N4 88 62 1.82 25 71 7.7×10148995 6694
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versus ln L enables the graphic determination of r

and Re. The dislocation densities were obtained to be
5.7×1014 and 7.1×1015 m−2 for a-Si3N4 and b-
Si3N4 in powder SN1500, respectively, and 7.7×1014

m−2 for a-Si3N4 in material LC12 (also listed in
Table 2). As it can be seen there is no significant
difference between the dislocation densities for a-
Si3N4 in the powders produced by essentially different
methods. However, b-Si3N4 in SN1500 sample has
one order of magnitude higher dislocation density
compared to a-Si3N4.

5. Conclusions

(1) It has been found that the silicon nitride pow-
der produced by silicon nitridation and by post-
milling had lower average particle size and wider size
distribution than the sample obtained by crystalliza-
tion of an amorphous thermal plasma silicon nitride
powder.

(2) It has been established that the particle size dis-
tribution determined by X-ray line profile analysis
agreed well with that obtained by direct TEM mea-
surements for both silicon nitride powders.

Fig. 6. TEM micrograph of powder LC12.

Fig. 5. Bar-diagrams of the size distributions obtained from TEM
micrographs and the size distribution functions, f(x) (solid lines),
determined by X-rays for powders (a) SN1500 and (b) LC12, respec-
tively.

(3) The area-weighted average particle size obtained
by X-rays is in good agreement with that calculated
from specific surface area for both silicon nitride
samples.

(4) No significant difference was found between the
dislocation densities for a-Si3N4 in the powders pro-
duced by crystallization of an amorphous thermal
plasma powder (5.7×1014 m−2) and by nitridation of
silicon and post-milling (7.7×1014 m−2). At the same
time b-Si3N4 in the sample crystallized after plasma
synthesis had one order of magnitude higher disloca-
tion density (7.1×1015 m−2).
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