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subgrains in deformed metals by X-ray diffraction profile analysis
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Abstract

The density and the character of dislocations and the size-distribution of grains or subgrains were determined by a new
procedure of X-ray diffraction (XRD) profile analysis in copper specimens deformed by equal channel angular pressing (ECA) or
cold rolling. The anisotropic strain broadening of diffraction profiles was accounted for by dislocation contrast factors. The screw
or edge character of dislocations was determined by analyzing the dislocation contrast factors. Three size parameters and the
dislocation density were obtained by the modified Williamson–Hall and Warren–Averbach procedures. Assuming that the
grain-size distribution is log-normal, the median, m, and the variance, �, of the size distribution of grains or subgrains were
obtained from these three size parameters. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The size distribution of subgrains or submicron
grains can either be determined by transmission elec-
tron microscopy (TEM) or by X-ray diffraction (XRD)
profile analysis. The success of the X-ray method de-
pends on the separation of size and strain effecting
diffraction profiles, simultaneously. The separation of
the two effects is made more complicated by strain
anisotropy [1]. This means that neither the FWHM nor
the integral breadth in the Williamson–Hall plot, nor
the Fourier coefficients in the Warren–Averbach plot
are monotonous functions of the diffraction vector
K=2sin�/� (where � is the diffraction angle and � is
the wavelength of X-rays) or its square [1]. Recently, it
has been shown that strain anisotropy can be well
accounted for by the dislocation model of the mean
square strain ��2� [2]. Replacing K and K2 in the
classical Williamson–Hall and Warren–Averbach
methods by KC� 1/2 and K2C� the modified Williamson–
Hall and Warren–Averbach procedures were suggested
[2]. In these the FWHM, the integral breadths, or the

Fourier coefficients follow smooth curves versus KC� 1/2

or K2C� , respectively, where C� are the average disloca-
tion contrast factors. In these plots, all Bragg reflec-
tions are included, not only the higher harmonics, as in
the classical procedures [3,4]. The dislocation contrast
factors have been shown to be simple functions of the
hkl indices if the specimens are more or less texture free
polycrystals or all possible slip systems in the crystal are
more or less equally populated [5]. A comprehensive
scheme has been worked out for the average dislocation
contrast factors enabling the evaluation of strain an-
isotropy in terms of dislocation densities, dislocation
character, i.e. edge and screw components in the cubic
crystal system [6]. The modified Williamson–Hall plots
of the FWHM and the integral breadths and the
modified Warren–Averbach procedure provide three
stable size parameters, D, d and L0, respectively, (the
definitions are given in Eqs. (1) and (3) below) [7].
Assuming that the subgrains follow log-normal size
distribution, these three size parameters can be con-
verted into the variance and the median, � and m, of a
log-normal size distribution function, f(x) [7–9]. In the
case of specimens containing no strain, the theoretical
size profiles can be constructed and fitted directly to
whole diffraction profiles, as it has been done for
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carefully prepared strain free CeO2 nanocrystalline
powders [10]. Using ab-initio functions for size and
strain profiles and modeling strain anisotropy by the
anisotropic contrast of dislocations whole powder pat-
terns were fitted [11]. The analysis of these functions
have shown that in the modified Williamson–Hall plot
strain broadening is a quadratic function of KC� 1/2.
More details of these considerations will be given else-
where [11]. In the present work, the above procedures
have been applied to bulk copper specimen deformed
either by ECA (equal channel angular pressing) or cold
rolling or extrusion at room temperature. The analysis
to be outlined here provides the dislocation density and
arrangements and the size distribution of subgrains in
these severely deformed submicron grain size
specimens.

2. Experimental

2.1. Specimen

A polycrystalline rod of 80 mm length and 20 mm
diameter was prepared by extrusion from 99.98% cop-
per of about a few micrometer initial grain size. One
part of the extruded rod was further deformed by 12
ECA passes [12,13]. Two further copper specimen were
cold rolled to the deformations �=0.79 and 2.45, re-
spectively, [14]. In order to avoid machining effects, an
approximately 100 �m surface layer was removed from
the specimen surface by chemical etching before the
X-ray experiments.

2.2. X-ray diffraction technique

The diffraction profiles were measured by a special
double crystal diffractometer with negligible instrumen-
tal broadening [2,15]. A fine focus rotating copper
anode, Nonius FR 591, was operated as a line focus at
40 kV and 50 mA. The symmetrical 220 reflection of a
Ge monochromator was used in order to have wave-
length compensation in the lower angle region. The K�2

component of the Cu radiation was eliminated by a
0.16 mm slit between the source and the Ge crystal. By
curving the Ge crystal sagittally in the plane perpendic-
ular to the plane-of-incidence, the brightness of the
diffractometer was increased by a factor of 3. The
profiles were registered by a linear position sensitive
gas flow detector, OED 50 Braun, Munich. The
instrumental profile broadening was kept below
5% of the physical broadening by setting the dis-
tance between specimen and detector to 0.5 m. For
avoiding air scattering and absorption, this distance
was overbridged by an evacuated tube closed by mylar
windows.

2.3. E�aluation of diffraction profiles

Assuming that strain broadening is caused by dislo-
cations, the full widths at half maximum (FWHM) of
diffraction profiles can be given by the modified
Williamson–Hall plot as [2,11]:

�K�
�

D
+
��M2b2

2
�

�1/2K2C� +O(K4C� 2), (1)

where D is a size parameter characterizing the column
lengths in the specimen, � equals to 0.9, � and b are the
average dislocation density and the length of the Burg-
ers vector of dislocations. M is a constant depending on
the effective outer cut-off radius of dislocations. M, can
only be obtained from the tails of the profiles, there-
fore, it will be determined from the Fourier coefficients
[16]. 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 [5,6,17–
21] and O stands for higher order terms in K4C� 2.
�K=cos� [�(2�)]/�, where �(2�) 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 according Eq. (1) [2]. The modified
Williamson–Hall procedure was also applied to the
integral breadths of the profiles. In this case, �=1 and
the size parameter d gives the volume-weighted average
column length [10,22,23]. It can be shown that the
average dislocation contrast factors in an untextured
cubic polycrystal are a simple function of the invariants
of the fourth order polynomials of Miller indices [5]:

C� =C� h00(1−qH2) (2)

where Ch00 is the average dislocation contrast factor for
the h00 reflections, q is a parameter depending on the
elastic constants of the crystal and the edge or screw
character of dislocations and H2= (h2k2+h2l2+k2l2)/
(h2+k2+ l2)2 [5,6]. Inserting Eq. (2) into Eq. (1) the
latter can be solved by the method of least squares for
q. The values of Ch00 can be obtained from the tables in
[6], for copper Ch00=0.3065. On the basis of Fig. 2, in
[6], the experimental values of q provide information
about the screw, edge or mixed character of disloca-
tions. The dislocation density can be obtained by the
modified Warren–Averbach method [2]:

ln A(L)� ln AS(L)−�BL2 ln
�Re

L
�

(K2C� )+O(K4C� 2),

(3)

where A(L) is the real part of the Fourier coefficients,
AS is the size Fourier coefficient as defined by Warren
[4], B=�b2/2, Re is the effective outer cut-off radius of
dislocations and O stands for higher order terms in
K4C� 2. L is the Fourier length defined as: L=na3, where
a3=�/2(sin�2−sin�1), n are integers starting from zero
and (�2−�1) is the angular range of the measured
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diffraction profile [4]. The size parameter corresponding
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 [4].
The dislocation density can be determined from the
coefficient of the second term in Eq. (3).

2.4. Determination of the grain or subgrain
size-distribution

In all 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. These
three gauges are stable and only restrictedly sensitive to
experimental errors or fluctuations. A pragmatic and
self-consistent numerical procedure has been worked
out to relate the experimentally determined D, d and L0

values to the parameters of a grain-size distribution
function, f(x). The description of this procedure is
given below. It was observed by many authors that the
grain-size distribution of nanocrystalline materials is
log-normal [7,23,24]:

f(x)=
1

�2��

1
x

exp
�

−
[ln(x/m)]2

2�2

�
, (4)

where x is the grain-size, � is the variance and m is the
median of the size distribution function f(x). Guinier
has shown that if the crystallites are distortion free, the
Bragg peak profiles can be described as [22]:

I(s)�
��

0

sin2(�ts)
t(�s)2 g(t)dt, (5)

where s=�(2�)/	, t is the column length and g(t)dt is
the volume fraction of the columns for which the length
parallel to the diffraction vector lies between t and
t+dt. The relationship between g(t) and f(x) depends
on the shape of the crystallites since the volume frac-
tion of the column lengths in a given grain is related to
the geometric boundaries of the grain. TEM observa-
tions suggest that the subgrains are spherical. For
spherical grains the following holds:

g(t)=Nt2��

t

f(x)dx, (6)

where N is a normalization factor. Substituting Eq. (4)
into Eq. (6), calculating the integral in Eq. (6) and
substituting Eq. (6) into Eq. (5), the intensity distribu-
tion is:

I(s)�
��

0

t ·
sin2(�ts)

2(�s)2 · erfc
�ln(t/m)

�2�

n
dt, (7)

where erfc is the complementary error function. From
Eq. (7) it can be seen that the shape of the peak profiles
depend on � and m. The theoretical function I(s)
provides numerically calculated values of the three size
parameters for each value of � and m (in analogy with
D, d and L0). Denoting these calculated parameter
values by A�,m, B�,m and C�,m, respectively, the calcu-
lated and the measured size parameters can be matched
to each other by the least squares method:

(A�,m−D)2+ (B�,m−d)2+ (C�,m−L0)2=minimum,
(8)

in which the fitting is carried out by varying � and m.
The main advantage of this method is that, (i) the
procedure uses the FWHM of the profiles which are
less sensitive to the exact determination of the back-
ground than the integral breadth or L0 determined from
the Fourier coefficients; (ii) if one of the three size
parameters D, d and L0 can not be determined, the two
remaining ones are enough to calculate � and m ; (iii)
the method can be used with not only the log-normal
function but any size distribution function.

3. Results and discussion

A typical classical Williamson–Hall plot of the
FWHM for the extruded copper specimen before ECA
passes is shown in Fig. 1. A strong strain anisotropy
can be well observed. The values of q were determined

Fig. 1. The classical Williamson–Hall plot of the FWHM for the
extruded specimen. The Miller indices of the reflections are also
indicated.

Table 1
The experimental values of the parameter q, the average dislocation
densities �, and the two parameters, � and m of the log-normal size
distribution function f(x)a

� (1015 m−2)Specimen q �m (nm)

0.44Extruded 1.87 1.1 39
1.6912 ECA passes 1.7 0.5127

0.65601.21.95C.R. �=0.79 [14]
1.7 0.32331.8C.R. �=2.45 [14]

a C.R. means cold rolling.
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Fig. 2. The modified Williamson–Hall plot of the FWHM for the
extruded specimen. The Miller indices of the reflections are also
indicated.

the screw dislocations are annihilating [12,25,26]. The
average dislocation densities were also determined, and
are listed in Table 1. Fig. 3 shows the grain or subgrain
size-distribution function, f(x), corresponding to the
calculated m and � values. The median as well as the
variance of the grain-size distribution decreased during
ECA or severe cold rolling.

4. Conclusions

A new XRD procedure was developed for the deter-
mination of dislocation density, dislocation character
and grain-size distribution in submicron- or nanocrys-
talline materials. The effectiveness of this procedure is
shown by copper samples prepared by extrusion, equal
channel angular pressing (ECA) and cold rolling. It was
found that the dislocation density increased signifi-
cantly due to ECA and cold rolling and the deforma-
tion shifted the dislocation character to more edges. It
was also established that the average subgrain or grain
size decreased due to severe plastic deformation.
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[10] J.I. Langford, D. Louër, P. Scardi, J. Appl. Cryst., in press.
[11] T. Ungár, G. Ribárik, in press.
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