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The microstructure of three different nanocrystalline materials with hexagonal crystal

structure are studied by X-ray diffraction peak profile analysis. The crystallite size

distribution and the dislocation structure are determined in plasmathermal silicon nitride

powder, sintered tungsten carbide and severely deformed titanium and are compared

with transmission electron microscopy (TEM) results. In the case of the silicon nitride

powder the particle size determined by TEM is in good correlation with the coherently

scattering domain size provided by X-rays. In the case of bulk titanium the crystallite

size given by X-rays correlates well with the dislocation cell size obtained by TEM. It is

found that in tungsten carbide the dominant dislocation slip system is basal, whereas, in

plastically deformed titanium the basal slip is practically absent with the dominance of

pyramidal dislocations in good correlation with other investigations of the literature.
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1 Introduction

The relationship between the microstructure and the physical properties of

nanostructured materials is in due focus of materials science. The first step to

understand the correlation between the microstructure and the mechanical, magnetic and

thermal properties of nanomaterials is the correct characterization of their

microstructure. This can be done on the submicron to a few microns scale of specimen

size by transmission electron microscopy (TEM) or on the millimeter scale of specimen

size by X-ray diffraction (XRD) peak profile analysis. The two different techniques

sample very different specimen volumes, thus providing different details and different

averages of the parameters characterising the microstructure. On the other hand, for the

correct interpretation of the results obtained by either of the two methods the application

of the counterpart can be very helpful and in some cases even mandatory.

A large number of recent papers have shown that the crystallite size and size-

distribution and the dislocation structure can be well characterised by X-ray diffraction

peak profile analysis [1-11]. X-ray diffraction peak profiles are broadened due to small

crystallite size and lattice distortions. The two effects can be separated on the basis of

the different diffraction order dependence of peak broadening. The standard methods of



peak profile analysis based on the full widths at half maximum (FWHM), the integral

breadths and the Fourier coefficients of the profiles provide the apparent crystallite size

and the mean square strain [12-14]. Peak broadening is further complicated by strain

anisotropy. This means that neither the FWHM nor the integral breadth nor the Fourier

coefficients of the profiles are monotonous functions of the diffraction vector [15-16]. It

has been shown recently that strain anisotropy can be well accounted for by the

dislocation model of the mean square strain by introducing the contrast factors of

dislocations [1,2,4-6,17-19]. Since the values of the dislocation contrast factors depend

on the dislocation slip systems present in the crystal, under certain circumstances, the

evaluation of X-ray profiles for the contrast factors enables the determination of the

dislocation structure. An evaluation procedure of X-ray diffraction profiles was

elaborated recently for the determination of crystallite size distribution and the

dislocation structure in nanostructured materials [10-11]. In this method, the Fourier

coefficients of the measured physical profiles are fitted by the Fourier coefficients of

physically based theoretical functions of size and strain profiles.

In this paper the microstructure of three nanocrystalline specimens with

hexagonal crystal structure are studied by X-ray peak profile analysis. The mean

crystallite size, the size distribution and the dislocation structure of silicon nitride

ceramic powders, sintered tungsten-carbide and plastically deformed titanium are

determined and compared with the results obtained by other methods, especially by

TEM.

2. Experimentals

2.1. Sample preparation

Nanodisperse silicon nitride powder was synthesized by the vapor-phase reaction of

silicon tetrachloride and ammonia in a radiofrequency thermal plasma reactor under

conditions given previously [20]. The as-synthesized powder was subjected 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 400qC for 1

h and subsequently at 1100qC for 1 h to achieve the complete decomposition of by-

products. The powder was predominantly amorphous with a crystalline content of about

20vol%. The crystallization was performed in a horizontal laboratory furnace in flowing

nitrogen at 0.1 MPa, at annealing temperatures of 1250, 1350, 1450 and 1500qC for 2 h.

A nanocrystalline tungsten-carbide specimen was manufactured by the following

processing steps. Tungsten-carbide powder with submicron grain-size was mixed with

wax and acetone and subjected to high energy ball-milling producing nanocrystalline

powder. The milled powder was compacted under a pressure of 190 MPa to a density of

about 50%. Sintering was carried out on the compacted sample at 1420qC and 7 MPa.

The sintered specimen had a relative density of 92%.

A nanostructured titanium specimen was produced by severe plastic

deformation (SPD). The deformation was carried out by pressing a Ti billet with an

average grain size of 10 Pm through a 90° ECAP die following route BC for 8 passes at

400-450°C [21]. The ECAP was followed by cold rolling at room temperature to 73%

reduction in cross-section area.



2.2. X-ray diffraction technique

The diffraction profiles were measured by a special double crystal diffractometer with

negligible instrumental broadening [22]. A fine focus rotating cobalt anode, Nonius FR

591, was operated as a line focus at 36 kV and 50 mA. The symmetrical 220 reflection

of a Ge monochromator was used in order to have wavelength compensation at the

position of the detector. The KD2 component of the Co radiation was eliminated by an

0.16 mm slit between the source and the Ge crystal. The profiles were registered by a

linear position sensitive gas flow detector, OED 50 Braun, Munich. For titanium the X-

ray diffractograms were measured by a Philips X’pert powder diffractometer using Cu

anode and pyrolitic graphite secondary monochromator. The instrumental corrections

were carried out by the Stokes method [23] using Si standard (NBS 640).

3. Evaluation procedure of the X-ray peak profiles

According to the kinematical theory of X-ray diffraction, the physical profile of a Bragg

reflection is given by the convolution of the size and the distortion profiles [13]

I
P
=I

S
*I

D
, (1)

where the superscripts S and D stand for size and distortion, respectively. The Fourier

transform of this equation gives [13]

A(L) = A
S
(L) A

D
(L), (2)

where A(L) are the absolute values of the Fourier coefficients of the physical profiles, A
S

and A
D

are the size and the distortion Fourier coefficients and L is the Fourier variable.

Assuming that in the crystal the lattice distortions are caused by dislocations A
D

can be

given in the form [17-19]

A
D

(L) = exp[- UBL
2

f(K) g
2
C], (3)

where L is the Fourier variable, B=Sb
2
/2, b is the absolute value of the Burgers vector, U

is the dislocation density, KaL/Re, Re is the effective outer cut-off radius of dislocations,

g is the absolute value of the diffraction vector, C is the average dislocation contrast

factor and f(K) is a function derived explicitely by Wilkens [19]. Instead of Re, it is

physically more appropriate to use the parameter M= Re U defined by Wilkens as the

dislocation arrangement parameter [19]. The value of M gives the strength of the dipole

character of dislocations: the higher the value of M, the weaker the dipole character and

the screening of the displacement fields of dislocations. It can been shown that for a

hexagonal polycrystalline specimen C can be given in the following form [24]:

C = 0hkC [1 + q1x + q2 x
2

], (4)

where x = (2l
2
)/(3a

2
g

2
), a is the lattice parameter in the hexagonal basal plane, l is the

fourth index of reflection, q1 and q2 are parameters depending on the elastic constants

and on the dislocation slip systems active in the crystal [24].



It was observed by many authors that in powder or bulk nanostructured

materials, the crystallite-size distribution can be described by log-normal function [25-

29]. Assuming spherical crystallite shape with log-normal size distribution, the Fourier

transform of the size profile can be given as [10,11]:
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where V is the variance and m is the median of the log-normal size distribution function

and erfc is the complementary error function. The arithmetic, the area- and the volume-

weighted mean crystallite sizes are obtained from V and m as [29]:

�x!arit=m exp(0.5 V2
), (6)

�x!area=m exp(2.5 V2
), (7)

�x!vol=m exp(3.5 V2
). (8)

A numerical procedure has been worked out for fitting the Fourier transform of the

experimental profiles by the product of the theoretical functions of size and strain

Fourier transforms given in Eqs. (3) and (5) [10,11]. The method has the following

steps: i) the Fourier coefficients of the experimental profiles have been calculated by a

non-equidistant sampling Fourier transformation, ii) the instrumental correction was

carried out by the Stokes method [23] using Si standard (NBS 640), iii) the Fourier

coefficients of the size and strain profiles were calculated by using Eqs. (3)-(5), (iv) the

corrected experimental and the calculated Fourier coefficients were compared by the

least squares method. The measured and the fitted Fourier coefficients for titanium

sample investigated in this paper are shown in Fig. 1. The difference between the

measured and the fitted values are also shown in the figure. The procedure has six

fitting parameters for hexagonal crystals: (i) the median and the variance, m and V, of

the log-normal size distribution function, (ii) the density and the arrangement parameter

of dislocations, U and M, and (iii) the q1 and q2 parameters in the contrast factors of

dislocations.

4. Results and discussion

4.1. The effect of crystallization temperature on the grain size distribution of

silicon nitride

The amorphous phase content of the silicon nitride powders is shown in Table 1. In the

as-synthesized powder the amorphous phase content is 80vol%. As the temperature of

crystallization increases, the amount of the amorphous phase decreases. After the

crystallization at 1500qC the amorphous phase content is only 20vol%. The median, the



variance of the grain size distribution, the area-weighted mean grain size of the

crystalline fraction, �x!c
area, of the powders determined from X-ray profile analysis are

listed in Table 1.

Denoting the area-weighted mean grain-size of the entire powder by <x>
t
area (this is

a total average over the crystalline and amorphous phases) the area-weighted mean

grain-size of the amorphous phase, �x!a
area, can be calculated from <x>

t
area and �x!c

area

according to equations (6) and (7) in [28]. The values of <x>
t
area has been determined

from the specific surface area of the powder, where latter was obtained by the BET

(Brunauer-Emmett-Teller) method [30]. The <x>
t
area values are listed in Table 1. The

determination of the area-weighted mean grain-size of the amorphous fraction for the

samples having small amount of amorphous phase is uncertain, therefore it was

determined only for the powders having high amorphous phase contents. The values of

the amorphous mean grain-size are 31, 45 and 49 nm for the as-synthesized sample, the

powders heat-treated at 1250 and 1350qC, respectively. It can be established that in

these samples the average grain size of the amorphous phase is lower than that of the

crystalline fraction and it increased during heat-treatments. The average size of the

crystalline grains decreased slightly at temperatures up to 1450qC probably because of

the crystallization of the smaller amorphous grains, while it significantly increased

during heat-treatment at 1500qC (see Fig. 2). The average grain-size of the entire

powder <x>
t
area increased with increasing temperature that is caused by the grain-

coarsening in the amorphous phase and the increase of the amount of the crystalline

phase having large grains. For the powder having high amount of crystalline phases

(crystallized at 1500qC) the average grain-size of the crystalline fraction obtained by X-

rays agrees well with that of the entire powder calculated from the specific surface area.

The log-normal size-distribution function corresponding to the m and V values

for the powder heat-treated at 1500qC is shown as a solid line in Fig. 3. The size

distribution of the grains in the entire powder was examined by TEM [28]. The size

distribution obtained from the TEM micrographs is shown as bar-graph in Fig. 3. (The

scales of the bar-diagram and the size-distribution function are on the left- and the right

hand side of the figure.) In the TEM measurements 300 particles were chosen at random

in different areas in the powder. The agreement between the bar-diagram and the size-

distribution function is relatively good. The small quantitative difference between the

X-ray and the TEM results is probably due to the facts that the bar-diagram was

obtained from a relatively small number of grains and that the smaller particles of the

amorphous phase were not taken into account in the size distribution function

determined by X-rays. About five orders of magnitude more grains contribute to the X-

ray measurements. To increase the number of grains for counting in TEM micrographs

would need considerably greater efforts.

4.2. Dislocation structure and crystallite size distribution of sintered tungsten-

carbide

The dislocation density, U, was found to be 1.5r0.1�10
16

m
-2

in tungsten-carbide. The

average distance between the dislocations equals to 8.2r0.8 nm. The median and the

variance of the crystallite size distribution are m=21r2 nm and V=0.57, respectively.

The arithmetic mean crystallite-size calculated from m and V is 25r3 nm which means

that the crystallites contain about three dislocations in average. The area-, and the



volume weighted mean crystallite sizes are 47r5 and 65r6 nm, respectively. The

crystallite size distribution and the mean crystallite sizes are shown in Fig.4.

The values of q1 and q2 of the contrast factors for tungsten-carbide sample

determined from the fitting procedure are q1=-0.75r0.02 and q2=0.56r0.02. The values

of q1 and q2 for the possible slip systems in tungsten-carbide were calculated according

to the formulas for elastically isotropic crystals given by Klimanek and Kuzel [1].

Elastic isotropy has been assumed, since, to the best knowledge of the authors, the

anisotropic elastic contants of tungsten-carbide are not available. The isotropic q1 and q2

were evaluated with E=707 GPa and Q=0.18 [26] and are listed in Ref.[31]. It has been

found that the experimentally determined values of q1 and q2 are close to the values

corresponding to basal slip. The q parameter values of the basal slip system populated

by edge dislocations are: q1=-0.96 and q2=0.83. From this we concluded that the

dominant dislocation type in the investigated tungsten-carbide specimen is basal edge:

^ `00010211 .

4.3. Microstructure of severely deformed titanium

The microstructural parameters of deformed titanium obtained from the fitting of the

Fourier coefficients of the X-ray diffraction profiles, cf. [12,32,34], are: m=38r3 nm,

V=0.49±0.05, U=0.86r0.08�10
15 

m
-2

, q1=-0.05r0.02 and q2=0.18r0.02. The arithmetic,

the area- and the volume-weighted mean crystallite sizes calculated from the values of

m and V by using Eqs. (6)-(8) are 43r4, 69r7 and 88r9 nm, respectively. It can be

established that the severe plastic deformation of titanium resulted in nanocrystalline (or

submicron grain size) material. The microstructure of the ECA pressed Ti specimen was

also investigated by TEM [32]. A good correlation is found between the arithmetic

mean crystallite size determined from X-ray diffraction, 43 nm, and the mean

dislocation cell size, 45 nm obtained from TEM micrographs [32]. The average

dislocation density obtained from TEM is 1.02�10
15 

m
-2

. Although the dislocation

density measured from TEM is from small local areas, it agrees well with that

calculated from X-ray analysis.

The q1 and q2 parameters of the contrast factors depend on the character of

dislocations, and therefore enable the determination of the prevailing dislocation slip

systems in the sample. The q1 and q2 values for the 11 most probable slip systems in Ti

according to Jones and Hutchinson [33] and Kuzel and Klimanek [1] are listed in

Ref.[34]. The experimental q1 and q2 values for titanium do not match any single pair of

the q1 and q2 parameters calculated theoretically. This indicates that more than one

dislocation slip system are activated during deformation. Due to the linear superposition

of the displacement fields of different dislocations, the effective contrast factors, C , can

be calculated as the weighted average of the contrast factors of the individual slip

systems, iC :

¦ 
i

ii CfC , (9)

where fi is the population fraction of dislocation system i. The fi values should satisfy

the following equation:



1 ¦
i

if . (10)

Substituting the formula for hexagonal contrast factors in Eq. (4) into Eq. (9), we obtain

two equations for q1 and q2 [24]:

¦ �¦ �� 
i

ihki
i

ihkii CfCfqq )/()( ,0,0,11 (11)

¦ �¦ �� 
i

ihki
i

ihkii CfCfqq )/()( ,0,0,22 (12)

The population fractions of the dislocation systems can be calculated by substituting the

measured q1 and q2 values in the left-hand sides of Eqs. (11) and (12). Since there are

only three independent equations, Eqs. (10)-(12) can be solved at a time only for the fi

values of three slip systems. In order to solve this problem, a trial-and-error method was

worked out [24].

According to previous investigations, two types of dislocations exist in

deformed titanium: “type �a!”, where the Burgers vector of dislocations is parallel to

the hexagonal “a” axis and “type �c+a!”, where the Burgers vector has components in

both the hexagonal “a” and “c” directions. It has been shown by TEM that the possible

�c+a! type slip systems are Py4E and/or Py2S [33]. In hexagonal crystals, the possible

�a! type slip systems are: PyE, PrE, BE and BS [1,24,33] (E and S refer to edge and

screw dislocations, and Py, Pr and B to pyramidal, prismatic and basal, respectively).

For each calculation, a set of three slip systems (trios) were selected from these six slip

systems, resulting in a total of 20 possible permutations. Eqs. (10)-(12) were solved for

the fi values for each of the trios. In 13 cases out of the 20 permutations, at least one of

the fi values were negative, which is physically unrealistic. Therefore, these cases were

discarded. For the seven physically realistic solutions, in which all the fi values were

non-negative, the fraction of the Py4E slip system, which is <c+a> type, is about 2/3

and the rest of dislocations are �a! type [34]. Jones and Hutchinson claim the presence

of screw dislocations in Ti [29]. The only configuration from the seven solutions that

contains considerable amount of screw dislocations is 67+5% Py4E + 22+5% PrE +

11+5% BS [34]. The dominance of the “pyramidal edge 4 (Py4E)” in the �c+a! type

system and the “prismatic edge (PrE)”  in the �a! type slip systems is in good

agreement with previous TEM observations in deformed titanium [33,35].

5. Conclusions

Three type of nanostructured materials with hexagonal crystal structure were studied by

X-ray diffraction profile analysis. The crystallite size distribution and the dislocation

structure were determined and compared with the observations obtained by other

methods.

The effect of the crystallization temperature on the grain-size distribution of

silicon nitride powder was examined. It was shown that the mean size of the crystalline

grains decreased slightly at temperatures up to 1450qC probably because of the

crystallization of the smaller amorphous grains, while it significantly increased during

heat-treatment at 1500qC. For the powder having high amount of crystalline phases



(crystallized at 1500qC) the grain-size distribution and the average grain-size obtained

by X-rays were in good agreement with those determined by TEM and from the specific

surface area, respectively.

The density and the character of dislocations in sintered nanocrystalline

tungsten-carbide were determined. Analysing the contrast factors of dislocations it was

found that the dominant slip system in this specimen is the basal edge: ^ `00010211 .

The dislocation density was found to be 1.5�10
16

m
-2

.

The microstructure of nanostructured titanium produced by SPD was also

studied. It was found that SPD produces crystallite sizes of several tens of nanometers.

The dominant �c+a! type and �a! type slip systems are “pyramidal edge 4” and

“prismatic edge”, respectively, which is in good agreement with previous TEM

observations. Also, the crystallite size (43 nm) and dislocation density (0.86�10
15 

m
-2

)

values determined by X-rays are in good agreement with TEM results.
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Table 1.

The amorphous phase content, the median (m) and the variance (V) of the grain-size

distribution, the area-weighted mean grain-size of the crystalline fraction and entire

powder �x!c
area and �x!t

area in silicon nitride powders heat-treated at different

temperatures.

temperature of

heat-treatment
amorphous

(vol%)

m

[nm]
V �x!c

area

[nm]
�x!t

area

[nm]

as-synthesized 80 26r3 0.63r0.05 74r5 35r2

1250qC 70 23r3 0.67r0.06 72r6 51r3

1350qC 65 16r2 0.71r0.07 60r5 52r3

1450qC 25 18r2 0.67r0.06 63r6 75r3

1500qC 20 53r7 0.47r0.05 93r6 94r3



Captions

Figure 1: The measured and fitted Fourier coefficients normalized to unity for

nanocrystalline titanium. The differences between the measured and fitted values are

also shown in the lower part of the figure. The scaling of the differences is the same as

in the main part of the figure. The indices of the reflections are also indicated.

Figure. 2: The area-weighted mean grain-size of the crystalline fraction and that of the

entire silicon nitride powder heat-treated at different temperatures.

Figure. 3: Bar-diagram of the grain-size distribution obtained from TEM micrographs

and the size distribution function, f(x) (solid line), determined by X-rays for silicon

nitride powder heat-treated at 1500qC.

Figure 4: The crystallite size-distribution density function, the median, the

arithmetically, the area- and the volume-weighted mean crystallite sizes for tungsten-

carbide specimen determined from X-ray peak profile analysis.
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Fig. 4.
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