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XRD profile analysis of ECAP Cu and Cu + Zr
samples

Technical purity copper and copper with addition of
0.18 wt.% of zirconium samples processed by equal chan-
nel angular pressing with different number of passes were
studied by X-ray line profile analysis. Dislocation-induced
broadening is the dominant effect determining diffraction
line shape. X-ray analysis reveals increasing mean disloca-
tion density (*1015 m–2) with the number of ECAP
passes. The character of the deformation field connected
with the dislocation distribution is slightly different in pure
copper than in copper with addition of zirconium and
evolves significantly during 4 or 8 ECAP passes in the case
of pure copper.

Keywords: Ultrafine-grained copper; ECAP; XRD; Dislo-
cations

1. Introduction

Equal channel angular pressing (ECAP) is a severe plastic
deformation (SPD) technique capable of producing fully
dense and bulk submicrocrystalline and nanocrystalline
materials [1]. Copper is a well-defined model material for
the study of the SPD process. Its properties after treatment
by many other methods have been studied for a long time.
The microstructure of the samples of pure copper and cop-
per with a small addition of zirconium processed by ECAP
was characterised by positron annihilation spectroscopy
(PAS), electron backscatter diffraction (EBSD), and X-ray
diffraction (XRD). Results of XRD analysis are presented
here; results of EBSD experiments are presented separately
by Dopita [2]. XRD can be used to characterise various as-
pects of the sample microstructure [3], e. g.: texture, resid-
ual stress, crystallite size, character and density of defects,
in particular dislocations. The aim of this study is to charac-
terise dislocation densities and distribution in the men-
tioned Cu samples. Two approaches of XRD line profile
analysis were used: the simplified method using peak pro-
file parameters and total-pattern-fitting [4, 5].

2. Experimental procedure

Two series of samples were studied: technical purity
(99.95%) Cu and Cu with a small addition (0.18 wt.%) of
Zr were deformed by ECAP to a maximum equivalent

strain of 8 (1, 2, 4, and 8 passes) at room temperature fol-
lowing route Bc. The details of the die design as well as of
the ECAP pressing are given elsewhere [6].

XRD data for line profile analysis were measured with
the aid of Panalytical X’Pert Pro powder diffractometer in
the symmetrical Bragg–Brentano geometry using filtered
Cu-Ka-radiation and variable divergence and anti-scatter
slits. A part of the measurements was performed with the
PIXCel position-sensitive detector. The correction for in-
strumental broadening was performed with the aid of a
NIST standard LaB6. In the case of total-pattern-fitting the
profile parameters describing angular dependency of width
and shape of peaks of the LaB6 sample were used to de-
scribe the instrumental function as in Ref. [4]. For data
treatment based on extracting profile parameters of indivi-
dual peaks two Pearson-VII functions (one describing the
instrumental and the other the physical broadening) were
numerically convoluted and then fitted to the measured
data. This procedure is similar to that used by Scardi et al.
[7], but here only the extracted parameters of the physical
broadening component were subsequently analysed.

3. Results

Both used methods of XRD analysis are based on the model
of dislocation-induced broadening developed by Wilkens
[8]. The Wilkens model is widely described and explained,
e. g. in Refs. [4, 5, 7–9]. It has two parameters: dislocation
density q and the Wilkens characteristic parameter M de-
scribing in a simplified way the dislocation distribution.
This parameter affects mainly the shape of diffraction
peaks. When M � 1, the dislocation distribution is asso-
ciated with long-range strain fields and the diffraction
peaks are nearly Gaussian. Dislocations are distributed
homogeneously if M * 1. Peak profiles with long tails of
Lorentzian shape are associated with short-range strain
fields and M � 1 (Fig. 1). Formulas derived by Wilkens
[8] for the Fourier transformation of diffraction profiles
can be found mainly in Refs. [4, 5, 7–9]. Line broadening
associated with finite crystallite size is described by a mod-
el assuming spherical crystallites and the log–normal dis-
tribution of their diameter. Hence, the crystallite size is
characterised by the median of this distribution MD and the
second parameter, r, determining the shape of the size dis-
tribution [4, 5, 7].
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The first simplified approach used for data analysis is
based on the treatment of profile parameters obtained by fit-
ting of convoluted Pearson-VII functions to the measured
data. Peaks have well defined shape with small negligible
asymmetry (Asym = 1.00 +/–0.10). Small systematic line
shifts, almost the same for all samples, were observed. They
show a (hkl)-dependence characteristic for residual stresses
as in the case of the Reuss model [3]. However, residual
stress measurements did not reveal the presence of any sig-
nificant stress. The total-pattern-fitting analysis including
the effect of stacking faults, another possible origin of sys-
tematic line shifts and asymmetry, showed that the defect
probability is lower than 0.5%. The effect of line shifts is
small. It does not affect the line profile analysis and was ne-
glected. Two parameters were used for the profile analysis.
The first was the full width at half of maximum (FWHM).
Peak widths of all samples are only slightly different and
show typical anisotropy of the type FWHMh00 �
FWHMhhh (Fig. 2). This can be well explained by the orien-
tation factors calculated assuming only dislocations with
the Burgers vector b ||<110> that are typical for the fcc
structure [4, 5] (Fig. 3). The FWHM/b ratio (Fig. 4) was
chosen as the second parameter. Here b = A/I0 is the profile

integral width: the ratio of the profile integrated intensity A
and the profile maximum value I0. It is compared to the
FWHM more sensitive to the profile tails. Diffraction peaks
of the pure Cu sample after 8 ECAP passes are noticeably
more Lorentzian-type than the peaks of all other samples
(Fig. 4). FWHM/b ratios of samples with addition of Zr are
in most cases slightly more Gaussian-type than FWHM/b
ratios of pure Cu samples. More exact results were refined
from these FWHM values and FWHM/b ratios by fitting
them based on the Wilkens model and the size distribution
model, which is the final step of the first approach.

The second approach used is the total-pattern-fitting [4,
5] making use of the same size and dislocation-broadening
models. All the broadening effects were convoluted, the
whole powder pattern was simulated and fitted to the meas-
ured data (Fig. 5). The second parameter of the size distri-
bution model could also be refined in this analysis, but in
order to simplify interpretation it was kept constant at the
average value r = 0.4. The modified program FOX [10]
for microstructure analysis [11] was used. Refined para-
meters of the size and dislocation-broadening models are
shown in Table 1. Mean dislocation density and Wilkens
parameter obtained by the total-pattern-fitting are shown
in Figs. 6, 7.
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Fig. 1. FWHM/b ratio of the physical broadening component calcu-
lated numerically according to the Wilkens dislocation model [4, 5,
7–9] as a function of the scaling quantity (MbChkl

1/2shkl), where M is
the Wilkens parameter, b is the Burgers vector, Chkl is dislocation con-
trast factor and shkl is the diffraction vector length. If M is small, the
profiles are more Lorentzian-, for high M values more Gaussian-like.

Fig. 2. FWHM values (Williamson–Hall plot) for some Cu and
Cu + 0.18% Zr samples (Cu-1: the pure Cu sample after 1 ECAP pass,
Cu + Zr-8: the Cu + 0.18% Zr sample after 8 ECAP passes, etc.).
FWHM values show typical anisotropy for the dislocation-induced
broadening. shkl is the diffraction vector length.

Fig. 3. FWHM values for the Cu-1 sample as a function of the diffrac-
tion vector length shkl scaled by the square root of the dislocation con-
trast factor Chkl (modified Williamson–Hall plot).

Fig. 4. Values of FWHM/b ratio determined by the Pearson-VII func-
tion fitting (for same samples as in Fig. 2). Diffraction profiles of the
Cu-8 sample are clearly more Lorentzian-type than profiles of all other
samples.
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4. Discussion

There is a significant difference between refined values ob-
tained by the two used methods of X-ray line profile analy-
sis (Table 1), mainly concerning parameters of the disloca-
tion-broadening model (the Wilkens parameter M and the
dislocation density q). The more direct but simplified meth-
od is the first approach using the Pearson-VII function. It
accounts properly for all effects, with one important simpli-
fication: a phenomenological function (Pearson-VII) is
chosen to obtain only one shape parameter (FWHM/b)
which is subsequently analysed. This is connected with
two weak points of the method: the bias of the chosen pro-
file function and the accuracy of the determined shape
parameter (FWHM/b). The possibility to observe directly
some trends of the extracted parameters (FWHM and
FWHM/b), e. g. the difference between Cu-8 and all other
samples in Fig. 4, is the advantage of this approach. The to-
tal-pattern-fitting method consists of simultaneous model-
ling of the shapes of all diffraction lines in a complex way
using physically relevant profiles based on the microstruc-
ture model. It is clearly a more sensitive technique com-
pared to the first one. Both methods are based on the same
microstructure model but they are treating data in a differ-
ent way and hence result in refined microstructure param-
eters which are averaged differently. Deviations of the real
sample microstructure from the simplified ideal model can
result in different averaged microstructure parameters de-
termined by these analysis techniques. This partially re-
veals shortcomings of the model. In spite of a good agree-

ment of the measured and calculated powder patterns
(Fig. 5) the model is not ideal. More real models of disloca-
tion line-broadening with a reasonable number of param-
eters still have not been developed sufficiently. The meth-
ods using the width and shape parameters (e. g. the
Williamson–Hall plot method) are advised usually only
for studying trends, while complex modelling methods
(total-pattern-fitting) are regarded as sufficiently robust to
be suitable for quantitative microstructure analysis [12].
Hence also here the results of the total-pattern-fitting meth-
od were considered as more reliable. Moreover only the re-
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Table 1. Microstructure parameters for pure Cu and Cu + Zr samples treated by different number of ECAP passes (1, 2, 4, 8). Param-
eters were obtained by fitting peak profiles parameters (marked FWHM) and by the total-pattern-fitting (TPF): MD – median of the crys-
tallites size distribution, q – dislocation density, M – Wilkens parameter.

DM,FWHM

nm
DM,TPF

nm
qFWHM

1015 m–2
qTPF

1015 m–2
MFWHM MTPF

Cu-1 48 +/– 6 68.0 +/– 0.6 2.6 +/– 0.9 2.15 +/– 0.03 0.38 +/– 0.08 0.48 +/– 0.01
Cu-2 45 +/– 7 61.8 +/– 0.5 3.7 +/– 1.7 2.79 +/– 0.03 0.34 +/– 0.09 0.51 +/– 0.01
Cu-8 49 +/– 7 65.7 +/– 0.4 7.9 +/– 7.8 3.68 +/– 0.05 0.22 +/– 0.11 0.39 +/– 0.01

Cu + Zr-1 41 +/– 5 56.8 +/– 1.1 4.1 +/– 1.2 1.57 +/– 0.06 0.26 +/– 0.05 0.57 +/– 0.03
Cu + Zr-2 52 +/– 7 70.8 +/– 1.9 4.6 +/– 1.8 2.33 +/– 0.07 0.45 +/– 0.12 0.89 +/– 0.06
Cu + Zr-4 52 +/– 6 72.6 +/– 1.8 7.0 +/– 3.2 2.30 +/– 0.06 0.43 +/– 0.12 1.17 +/– 0.07
Cu + Zr-8 56 +/– 7 59.7 +/– 1.1 5.3 +/– 2.3 3.05 +/– 0.13 0.49 +/– 0.13 0.82 +/– 0.05

Fig. 5. Result of the total-pattern-fitting of the Cu-1 sample data (pure
Cu after 1 ECAP pass). Gray (·) symbols: measured data; black full
line: fit; gray full line: difference plot.

Fig. 6. Dependence of the mean dislocation density q obtained from
the total-powder-pattern-fitting on the number of ECAP passes. *
pure Cu; & Cu + 0.18% Zr.

Fig. 7. Dependence of the WilkensM parameter obtained from the to-
tal-powder-pattern-fitting on the number of ECAP passes. * pure Cu;
& Cu + 0.18% Zr.
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sults which show same trends as revealed by both methods
were considered as finally reliable.

XRD analysis showed an increasing non-saturating mean
dislocation density of absolute values higher than 1015 m–2.
Increasing dislocation density is in agreement with PAS ex-
periments. However, absolute values cannot be compared
because PAS reports saturated trapping and only a lower
limit for dislocation density >1014 m–2.

TheWilkens dislocation parameter,M, reveals a decreas-
ing trend in pure Cu samples treated by 4 or 8 ECAP passes
(Table 1, Figs. 4, 7). This decrease was considered to be re-
liable because it is directly noticeable in the measured pro-
file shapes and also shape parameters (Fig. 4). The M
parameter for Cu + 0.18% Zr shows in Fig. 7 a quite com-
plex evolution with the number of passes. This trend of M
values, refined by the total-pattern-fitting, is not in agree-
ment with the trend of the M parameters determined by the
direct method using shape parameters. Simulations showed
that the differences between profiles with the Wilkens para-
meterM * 0.8 andM * 1.2 are small as compared by dif-
ferences between profiles with M* 0.4 and M * 0.8.
Hence it was concluded that the real uncertainty of values
M * 1 is big and the differences between refined values
for higher M could be insignificant. On the other hand gen-
erally slightly higher M values for all Cu + 0.18% Zr sam-
ples as compared with pure Cu samples were confirmed by
both methods. Hence, it indicates that the dislocation distri-
bution in Cu + 0.18% Zr samples is slightly more random
and homogeneous as compared with pure Cu samples.

The crystallite size was similar for all samples (con-
firmed by both methods) – about 60 nm – quite different
from the grain size observed by EBSD measurements [2].
The peak-size broadening caused by grains of few microns
diameter (as determined by EBSD) could not be detected
by XRD. Spatial steps of fractions of micrometer and mis-
orientation angles limits of a few degrees are usually used
in EBSD measurements and grain size-analysis. The high
density of defects in the ECAP samples is connected with
lattice deformations and distortions. Such lattice distortions
can, on a scale of hundreds of nanometres, result in lattice
incoherency as seen by X-ray diffraction and hence give
much smaller coherently scattering domains.

5. Conclusion

XRD analysis of ECAP Cu and Cu + Zr samples showed a
dislocation density of the order of 1015 m– 2, increasing
slightly with the number of ECAP passes. Variations of
the XRD line profile shapes indicate that the character of
the strain field associated with the dislocation distribution
in pure Cu and Cu + 0.18% Zr samples is slightly different.

Dislocation arrangement in Cu + 0.18% Zr seems to be
more random than in pure Cu samples. The character of
the dislocation strain field also changed significantly after
4 or 8 ECAP passes in the case of pure Cu sample.
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