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Developing a method for the evaluation of dislocation parameters from the
Rietveld refinement procedure
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In this investigation, the ability of Rietveld refinement method was used to simultaneously refine the
structure and microstructure and evaluate the linear defects of cubic crystals. To do this, the basis of
Stephans theory, about the anisotropic strain broadening, was developed and the values of dislocation
density as well as the fraction of dislocation types were estimated. The reliability of this procedure was
checked by selecting four different nanocrystaslline samples and evaluating the microstructure of
these materials. Finally, the results were compared with those extracted from the whole powder pattern
modeling method. Good agreement was achieved between the results of two methods. © 2016
International Centre for Diffraction Data. [doi:10.1017/S0885715616000270]
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I. INTRODUCTION

The Rietveld refinement is one of the earliest methods of
structure characterization based on the whole powder pattern
fitting procedure (Rietveld, 1967). Compared with the other
line profile analysis approaches, the major advantage of
Rietveld refinement is the estimation of phase fractions in the
study of alloys, compounds, or mixture of materials (Attallah
et al., 2009; Ersching et al., 2010). Today, the newest packages
of this method are provided such that the structure and micro-
structure characters can be simultaneously refined and extracted
from the diffraction patterns (Mojtahedi et al., 2013). Although
in the anisotropic line broadening these packages can well
determine the values of crystallite size and mean square of
strain corresponding to various hkl reflections, as is known, in
only a few Rietveld studies have been evaluated the relation be-
tween the anisotropic strain broadening and lattice defects (dis-
location characters and planer faults) (Wu et al., 1998a; Cerny
et al., 2000). On the other hand, in several recent papers after
determining the crystallite size and mean square of strain
from Rietveld refinement, the dislocation density of samples
has been estimated (Sarkar et al., 2008; Murugesan et al.,
2012; Rahaei and Jia, 2014; Zhang et al., 2015) by using a for-
mula proposed by Williamson and Smallman (1956). The
drawback of this equation is that, not only neglecting the effects
of slip systems and contrast factor of dislocation, but also con-
sidering the contribution of both the size and distortion broad-
ening in dislocation evaluation. However, according to the
advanced X-ray diffraction line profile analysis the dislocations
can only affect the anisotropic strain broadening and they have
no influence on the broadening of size (Ungar et al., 1999a;
Dragomir and Ungar, 2002).

It seems that if, instead of the old X-ray method, the newer
theories of line profile analysis are combined with the Rietveld
refinement procedure, it can be more accurately studied the

influence of structure and microstructure characters on the me-
chanical, chemical, or physical properties of materials. In this
work, the basis of anisotropic strain broadening formulated by
Stephens in Rietveld method (Stephens, 1999) is incorporated
to the modified form of Caglioti equation proposed by Wu
et al. (1998a). The result is compared with the relation be-
tween the contrast factor of dislocation and fourth-order in-
variant coefficients, reported by Ungar and Tichy (1999b).
This procedure can estimate the fraction of edge/screw dislo-
cation types and dislocation density in cubic system.

In order to check the reliability of the Rietveld method,
the X-ray diffraction data were tested for four different sam-
ples. The first two materials, prepared by the top-down nano-
fabrication technique are the mechanical alloying of elemental
copper/iron and aluminum powders. The other materials, se-
lected from the bottom-up method of nanoparticle preparation,
are the nanocrystalline MgO powder and CdO thin films. Both
of them were synthesized by sol–gel method. The crystallite
size, dislocation density, and the fraction of edge/screw dislo-
cation types corresponding to these samples were determined
by Rietveld refinement. In CdO samples, the behavior of these
microstructure parameters was evaluated as a function of an-
nealing temperature. Finally, the results were compared with
those achieved by one of the powerful methods of microstruc-
ture evaluation, i.e. whole powder pattern modeling (WPPM)
procedure (Scardi and Leoni, 2002).

II. RELATION BETWEEN THERIETVELD RESULTSAND

DISLOCATION PARAMETERS

The structure and microstructure parameters can be eval-
uated using the space group, the initial values of lattice param-
eters and the position of atoms in lattice, corresponding to
each phase of tested material as the input values of Rietveld
software packages (Rodriguez, 1990; Ferrari and Lutterotti,
1994). The location as well as the approximate intensity of re-
flections in the diffraction patterns are estimated from the
structure factor of each phase. The width of peak profiles is
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usually the linear or non-linear combination of the breadth of
Lorentzian (HL) and Gaussian (HG) functions. For microstruc-
ture determination, by applying the Thompson–Cox–Hastings
pseudo-Voigt function, the breadth of peak profiles (HK) is
taken from the following equation (Solovyov, 2000):

H5
K = H5

G + 2.69269H4
GHL + 2.42843H3

GH
2
L

+ 4.47163H2
GH

3
L + 0.07842HGH

4
L + H5

L, . . .
(1)

where HG and HL can be determined using Eqs. (2) and (3).

H2
G = U tan2 u+ V tan u+W + IG

cos2 u
(2)

HL = X tan u+ Y

cos u
(3)

During the fitting procedure, the values of U, V, W, IG, X, and
Y as well as the structure parameters must be refined until min-
imizing the difference between the calculated and observed
patterns. Now the volume (DV) and area (DA) weighed crystal-
lite size can be determined in addition to the apparent size (D)
and the mean square of strain 〈e2〉1/2 by using Eqs. (4)–(7)
(Rodriguez, 1990):

DV = 1080l
p2

2(Y − YS) + (Y − YS)2 + 9
p2Ln22

(Z − ZS)
[ ]1/2[ ]−1

(4)

DA = 180l
p2

(Y − YS)−1 (5)

D = DA + (DADV)1/2
4

(6)

ke2l1/2= 1
12

p2

360

( )

2(X−XS)+ (X−XS)2+ 9
p2Ln22

(U−US)
[ ]1/2[ ]−1

(7)

where YS, ZS, XS, and US are the coefficients corresponding to
the peak profiles of instrumental sample.

It should be noted that, since in most of the nanocrystal-
line materials the density of linear defects is very high, the
strain of various hkl reflection has no unique value. In this
case, which are named anisotropic strain broadening, U and
X parameters in Eqs. (2) and (3) must be changed to U +
(1− ζ2)σ2 (M )/M2 and X + ζσ(M )/M. In cubic crystals, ac-
cording to the Stephens model, M = h2 + k2 + l2 and σ(M )
are obtained from the following equation (Stephens, 1999):

s2(M) = S400(h4 + k4 + l4) + S220(h2k2 + h2l2 + k2l2) (8)

in which, S400, S220, and ζ, in anisotropic strain broadening,
are also the refinable parameters during the fitting procedure.

Moreover, according to Wu et al. (1998a, 1998b), in the
dislocated crystals the relationship between the breadth of
Gaussian components and the contrast factor of dislocations
(Chkl) can be given as:

H2
G = (U + Tx) tan2 u+ V tan u+W + IG

cos2 u
(9)

where x = Chklb2, b is the Burgers vector, and T is a parameter
related to the refinable anisotropic strain broadening parame-
ters. The relation between Lorentzian component and strain
broadening is more complicated and therefore in this research
only the Gaussian component was applied. Thus, the follow-
ing equation can be derived by substituting the new form of
U (in anisotropic strain broadening case) into Eq. (9):

Tx = TChklb
2 =

(1− z)2 s400(h
4 + k4 + l4) + s220(h2k2 + h2l2 + k2l2)

(h2 + k2 + l2)2
(10)

On the other hand, according to Ungar and Tichy (1999b), in
cubic crystals the average contrast factor can be expressed as
the fourth-order polynomials of hkl indexes:

Chkl = A+ BH2 (11)

where

H2 = h2k2 + h2l2 + k2l2

(h2 + k2 + l2)2 (12)

The average contrast factor can also be written as the fractions
of edge (ηe) and screw (ηs) dislocation characters as:

Chkl = heChkl,e + hsChkl,s = heChkl,e + (1− he)Chkl,s (13)

In the above equation, Chkl,e and Chkl,s are the average contrast
factors corresponding to edge and screw dislocation types, re-
spectively. Combining Eqs. (10) to (13), the following equa-
tion is obtained:

Tb2[(heAe + hsAs) + (heBe + hsBs)H2]
= (1− z)2[S400 + (S220 − 2S400)H2]

(14)

or

heAe + hSAS

heBe + hSBS
= S400

S220 − 2S400
= K ′ (15)

Finally, the fractions of edge dislocation characters can be de-
termined from the refinable parameters S400 and S200 as:

he =
K ′BS − AS

Ae − AS + K ′(BS − Be) (16)

In order to determine the dislocation density (ρ), according to
the approach proposed by Cerny et al. (2000), the relation be-
tween the mean square of strain and density of dislocation is as
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follows:

ke2lhkl =
r

8
L2(lnP)Chklb

2 (17)

where

L = 1− ln(lnP)
4 lnP

( )−1

(18)

and P, which is the dislocation correlation parameter, can be
approximately determined from the ratio between the
Lorentz (βL) and Gauss (βG) integral breadth:

P ≃ 3(p ln 2)−1/2 bG

bL
(19)

Now according to Eq. (17), the mean value of dislocation den-
sity can be determined from the slop of the plot of 〈e2〉hkl vs.
jhkl = L2(lnP)Chklb2/8. It is important to point out that, since
the anisotropic microstructure section of Fullprof software has
been written on the basis of the Stephens model (Stephens,
1999) and can be completely adopted to all of the above as-
sumptions, in our work, this software was selected from
among the various Rietveld packages.

III. TESTING THE FORMULA ON CUBIC

NANOMATERILAS

A. Materials preparation

In order to test the procedure explained in the previous
section, four different cubic materials were selected. The me-
chanically alloyed nanocrystalline Fe–Cu (sample S1) and de-
formed aluminum powders (sample S2), were prepared by
planetary ball-mill. In sample S1, the weight fractions of Fe
and Cu were equal and the milling time of samples S1 and
S2 was set to 12 and 48 h, respectively. Further details were
reported in our previous works (Mojtahedi et al., 2013;
Soleimanian and Mojtahedi, 2015).

The nanoparticle of magnesium oxide (sample S3) was
synthesized using the sol–gel technique. In this process, the
sodium hydroxide and magnesium nitrate were used as the
starting materials. After preparing the MgO nanopowder, it
was annealed in air for 2 h at 600 °C (Soleimanian et al.,
2015).

The last material, attempted to more systematically ex-
plain in this research, is the thin film of cadmium oxide (sam-
ples S4–S8). To deposit the CdO nanoparticles on the ordinary
glass slide substrates, the sol–gel spin coating method was ap-
plied. The cadmium acetate, 2-methoxiethanol, and monoe-
thanolamine were used as the source of cadmium, solvent,
and stabilizer, respectively. The prepared gel was dropped
onto the cleaned substrates, the films were rotated at 1000
rpm for 30 min, and dried at 150 °C. After repeating the

spin coating drying cycles, the films were annealed at 300–
500 °C in air (Yahia et al., 2013).

The X-ray diffraction data of samples were measured by
Philips PW-1840 and Panalytical X’Pert Pro MPD, diffrac-
tometers, using CoKα (λ = 1.789 Å) and CuKα (λ = 1.541 Å)
radiations, respectively. The properties of angular range,
step size, step counting time, divergence slits, goniometer ra-
dius, and detector types are given in Table I. In order to apply
the effect of instrumental broadening, the Al2O3 and La2B6

powders with large crystallites and negligible strain were
used as the standard samples of first and second diffractome-
ters, respectively. The X-ray diffraction patterns of samples S4,
S6, and S8 are shown in Figure 1 [the diffraction profiles of S1
to S3 were previously reported in (Mojtahedi et al., 2013;
Soleimanian and Mojtahedi, 2015; Soleimanian et al., 2015)].

B. Rietveld refinement procedure

Before any analysis, the behavior of peak profile broaden-
ing corresponding to each sample should be investigated. This
feature can be observed in the Williamson–Hall plot by ana-
lyzing the variation of integral breadth in reciprocal space
(β*) vs. the diffraction vector (g) (Williamson and Hall,
1953). Figure 2 shows the Williamson–Hall plots of Cu
(S1), Al (S2), MgO (S3), and CdO (S4–S8) phases. As is seen
the β* is not a monotonous function of g and the strain anisot-
ropy, observed in the plots must be evaluated vs. linear de-
fects. It should be noted that the Williamson–Hall plot of Fe
phase (sample S1) only has three points and therefore the
behavior of line broadening cannot be evaluated for this phase.

To simultaneously investigate the structure and micro-
structure properties, the space group, the position of atoms,
and the initial values for lattice parameter of each sample
were separately used in Fullprof software (Rodriguez, 1990).
The background parameters, lattice constants, and the coeffi-
cients of Eqs. (2) and (3) were then refined and the measured
X-ray diffraction patterns were fitted to the calculated one,
using Thompson–Cox–Hastings pseudo-Voigt function. But
as is shown in Figure 3(a), the quality of fitting is not satisfac-
tory, which is in accordance with the Williamson–Hall plots,
the anisotropic strain broadening is presented in the diffraction
patterns of all samples. Therefore, according to the Stephans
model, in the interface of Fullprof the following sections
were consecutively selected: Microstructre/General Strain
Formulation/Broadening Model (Quadratic form). S400, S220,
and ζ were also refined along with the other structure and mi-
crostructure parameters. It can be seen in Figure 3(b), after re-
fining the anisotropic parameters (S400, S220, and ζ) the fitting
quality is significantly improved. Some of the important re-
sults are summarized in Tables II and III. Using these values
in Eqs. (15) and (16), the fraction of edge dislocation type
(ηe) was determined (Table III). In order to determine the dis-
location density, the contribution of edge and screw disloca-
tion types on the contrast factor of dislocation must be

TABLE I. Data collection condition.

Sample Range of
scan

Step size
(2θ)

Step counting time
(s)

Radiation wavelength
(Å)

Divergence slits
(rad)

Goniometer radius
(mm)

Detector type

S1 40–120 0.02 4 1.789 0.034 173 Scintillation
S2–S8 30–120 0.026 60 1.541 0.040 240 Pixel
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identified. To do this, the elastic constants of our crystals were
applied and according to the approach described by Ungar
et al. (1999c), the values of Ae, Be, As, and Bs were determined
(Table IV). The details of this procedure are not provided here
(see Ungar et al., 1999c). These values and ηe were used in
Eqs. (11) and (13) and the contrast factor of each reflection
was estimated. On the other hand, the dislocation correlation
parameter (P) and also the values of Λ were calculated by
Eqs. (18) and (19). Finally, by linear fitting to the plots of
〈e2〉hkl as a function of ξhkl, the dislocation density of the cor-
respond samples was determined (Figure 4). For better under-
standing, the parameters used in the above procedure (briefly
only the values of Cu phase) are arranged in Table V. The re-
sults of samples S1 to S3 are added to Table III. The behavior
of microstructure parameters corresponding to CdO films
(samples S4 to S8) are also shown in Figure 5. As is seen in
these plots, with the increase of annealing temperature from
300 to 500 °C, the values of crystallite size and lattice constant

more or less linearly increase and decrease from 13.8(8) to 26.6
(4) and 0.469 35(3) to 0.469 11(2), respectively. It can also be
observed that the dislocation density quadratically decreases
from 3.4(6) to 30(2) and the fraction of edge dislocation type
only fluctuates from 32(3) to 29(2)%. The CIF formats of the
Rietveld refinement procedure corresponding to four different
sample types are available in the Supplementary materials.

C. Comparison between the results of Rietveld and

WPPM

In the next step, the dislocation results of the Rietveld pro-
cedure were compared with those extracted from the WPPM.
In the WPPM method, the crystallite size, size distribution
behavior, dislocation density (ρ), outer cut-off radius of dislo-
cation (Re), and the fraction of edge dislocation characters (ηe)
can be directly extracted from the diffraction patterns without
using any mathematical peak shape function like Voigt or

Figure 1. (Color online) The X-ray diffraction patterns of CdO samples annealed at (a) 300, (b) 400 and (c) 500 °C.

Figure 2. (Color online) The Williamson–Hall plots Cu and Mgo phase which show the variation of β* versus g.
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pseudo-Voigt. The theory of the WPPM procedure has been
fully described in (Scardi and Leoni, 2001, 2002); therefore,
is not repeated in this study. In this method, by combining
the theory of Warren and Averbach (1950) with that proposed
byWilkens (1976), the Fourier coefficients of simulated inten-
sity profiles can be written in terms of the multiplication of
Fourier size and Fourier distortion. Since in most of the con-
ditions, the behavior of distribution function can be described
by Lognormal function, the size of Fourier coefficient can be
written in terms of Lognormal mean (μ), and Lognormal var-
iance (σ) (Scardi and Leoni, 2001). Moreover, the values of

contrast factor corresponding to hkl reflections are evaluated
using Eq. (13) and refining the values of ηe as implemented
in PM2 K software (Leoni et al., 2006).

For samples S1 to S8, using the PM2K software, the sim-
ulated patterns were compared with the measured one and the
background coefficients, lattice constants, Lognormal mean,
Lognormal variance, outer cut-off radius of dislocation, and
the fraction of edge dislocation type were refined using the
least-squares method. The procedure was repeated until the
difference between the measured and simulated patterns was
reduced to minimum. The output results of PM2K (samples
S1 to S3) are arranged in Table VI. In this table, the value of
〈D〉 was calculated from Eq. (6) which in this equation, the
area 〈DA〉 and volume 〈DV〉 mean crystallite size, can be de-
termined by applying the values of μ and σ in the following
equation:

kDAl = 2
3
exp(m+ 2.5s2) (20)

kDVl = 3
4
exp(m+ 3.5s2) (21)

The output microstructure results of CdO films are also
added to Figure 5. From the plots, one can see that the micro-
structure behaviors vs. annealing temperature, extracted from
Rietveld approximately confirm the results of WPPM ap-
proaches. However, as is seen in Tables III and VI and also
the plots of Figure 5, the dislocation density and the apparent
size of Cu, Al, MgO, and CdO phases corresponding to the
Rietveld procedure are higher than those of WPPM. It
seems the main reason of these discrepancies is that the con-
tribution of size broadening of each profile in Rietveld is
smaller than that of WPPM and therefore compared with the

Figure 3. (Color online) The measured and calculated diffraction patterns of sample S1 by assuming (a) The broadening of reflection is isotrop. (b) The
broadening of reflection is anisotrop.

TABLE II. Structure parameters of samples S1, S2, and S3 determined from the Rietveld procedure.

Sample S1 Sample S2 Sample S3

Cu Fe Al MgO

Lattice constant (nm) 0.362 053(8) 0.287 237(5) 0.404 902(9) 0.421 713(6)
Phase fractions (%) 57.8(4) 43.2(5) 100 100

TABLE III. Microstructure parameters of samples S1 and S2, determined
from the Rietveld refinement procedure.

Sample S400 S220 ηe (%) D (nm) ρ × 1016 (m−2)

Cu 17(2) −4.4(4) 19(6) 12(4) 2.02(2)
Fe 19(4) 2.7(3) 63(10) 5(1) 0.89(2)
Al 1.99(3) 1.74(2) 57(7) 45(3) 0.38(4)
MgO 21(2) 18(2) 48(8) 20(2) 0.17(1)

TABLE IV. Parameters of A and B of edge and screw dislocation
corresponding to Cu, Fe, Al, MgO, and CdO crystals.

Edge Screw

Cu A 0.3078 0.3035
B −0.5177 −0.7274

Fe A 0.2662 0.2617
B −0.3712 −0.7017

Al A 0.2012 0.1843
B −0.0771 −0.2413

MgO A 0.2091 0.2025
B −0.1315 −0.3329

CdO A 0.2412 0.2869
B −0.4935 −0.7320
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WPPM approach, the Rietveld procedure assigns a larger por-
tion of broadening to distortion (lattice defects).The lattice pa-
rameters and the fractions of edge dislocation type evaluated
by Rietveld, agrees with the results of WPPM.

It should be noted that in the diffraction patterns of sample
S1, Fe phase has only three reflections and the dislocation den-
sity determined from the Rietveld method is not sufficiently
accurate (see the sub-plot of Figure 4). Because of the simplic-
ity of cubic crystals in this work the linear defects of cubic sys-
tems were evaluated; however, for other crystals the above
procedure is more complicated.

IV. CONCLUSION

In this study, a method was developed for the extraction of
the dislocation characteristics from output values of the
Rietveld refinement procedure. The theory of Stephans was
combined with the approach introduced by Ungar et al. and
the fraction of edge dislocation types as well as the dislocation
density corresponding to cubic crystals were estimated using
the results extracted during the anisotropic strain broadening
procedure. The validity of this method was tested by selecting
four different nanocrystalline materials, which were synthe-
sized from top-down (mechanical deformed Fe/Cu and Al)
and bottom-up (MgO nanopowder and CdO films) techniques.
The results of lattice parameters, apparent size, dislocation
density, and the fraction of edge dislocation types were then
compared with those evaluated by the WPPM method. It is
found that not only the lattice parameters and the fraction of
edge dislocation character calculated by Rietveld are fairly
close to those extracted by WPPM procedure, but also the
order of crystallite size and the dislocation density correspond-
ing to Cu, Al, and MgO phases determined from Rietveld are
in agreement with the data obtained by WPPM. In CdO thin

Figure 4. (Color online) The variations of 〈e2〉hkl versus ξhkl corresponding to Cu, Fe and Mgo phases.

TABLE V. Values of Bragg position, βG, βL, P, ke2l
1/2
hkl , and ξhkl corresponding to Cu phase derived from the Rietveld refinement.

Hkl 2θ βG βL P ke2l1/2hkl
ξhkl

111 50.68 1.72 9.37 0.37 3.7(6) 6.190
200 59.23 3.05 15.57 0.40 8.3(7) 25.900
220 88.67 4.87 13.75 0.72 4.9(5) 13.100
311 110.07 6.14 17.51 0.71 6.2(5) 19.500
222 117.73 6.17 12.77 0.98 3.7(6) 6.356

Figure 5. (Color online) Comparison between the behavior of microstructure
parameters corresponding to CdO films, extracted by Rietveld and WPPM
methods.

203 Powder Diffr., Vol. 31, No. 3, September 2016 Evaluation of dislocation parameters from the Rietveld refinement procedure 203

https://doi.org/10.1017/S0885715616000270 Published online by Cambridge University Press

https://doi.org/10.1017/S0885715616000270


films, the behavior of microstructure parameters was studied
vs. annealing temperature, using both the Rietveld and
WPPM methods, which indicates the results of both methods
well confirm each other.

SUPPLEMENTARY MATERIAL

The supplementary material for this article can be found at
http://dx.doi.org/10.1017/S0885715616000270.
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