Microstructure of Equal-Channel Angular Pressed Cu
and Cu-Zr Samples Studied by Different Methods
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Polycrystalline samples of technical-purity Cu (99.95 wt pct) and Cu with 0.18 wt pct Zr have
been processed at room temperature by equal-channel angular pressing (ECAP). The microstructure evolution and its fragmentation after ECAP were investigated by transmission electron
microscopy (TEM), electron backscattered diﬀraction (EBSD), positron annihilation spectroscopy (PAS), and by X-ray diﬀraction (XRD) line-proﬁle analysis. The ﬁrst two techniques
revealed an increase in the fraction of high-angle grain boundaries (HAGBs), with increasing
strain reaching the value of 90 pct after eight ECAP passes. The increase was more pronounced
for pure Cu samples. The following two kinds of defects were identiﬁed in ECAP specimens by
PAS: (1) dislocations that represent the dominant kind of defects and (2) small vacancy clusters
(so-called microvoids). A detailed XRD line-proﬁle analysis was performed by the analysis of
individual peaks and by total proﬁle ﬁtting. A slight increase in the dislocation density with the
number of ECAP passes agreed with the PAS results. Variations in microstructural features
obtained by TEM and EBSD can be related to the changes in the XRD line-broadening
anisotropy and dislocation-correlation parameter.
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I.

INTRODUCTION

RESEARCH activity in the area of severe plastic
deformation (SPD) has increased tremendously in the
last years because of the many interesting properties that
can be achieved in bulk materials by SPD.[1] Compared
to classical deformation processes, the main advantage
of SPD techniques is the lack of shape-change deformation and the consequent possibility for imparting
extremely large strain. The techniques of SPD have
received enormous interest over the last two decades
as methods capable of producing fully dense and
bulk submicrocrystalline and nanocrystalline materials.
Signiﬁcant grain reﬁnement obtained by SPD leads to
improvements in mechanical, microstructural, and physical properties.[2] Recent investigations of ultraﬁnegrained (UFG) materials have concentrated mainly on
structural characterization,[3–5] microhardness variation,[6,7] mechanical properties,[8,9] elastic and damping
properties,[10] fatigue,[11] and creep.[12] Several models
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Materials, and J. ČÍŽEK, Senior Assistant Professor, Department of
Low Temperature Physics, are with the Faculty of Mathematics and
Physics, Charles University in Prague, 121 16 Prague 2, Czech
Republic. Contact e-mail: kuzel@karlov.mﬀ.cuni.cz M. DOPITA,
Postdoctoral Student, is with the Institute of Materials Science, TU
Bergakademie Freiberg, D-09599 Freiberg, Germany.
This article is based on a presentation given in the symposium
entitled ‘‘Neutron and X-Ray Studies of Advanced Materials’’ which
occurred February 15–19, 2009 during the TMS Annual Meeting in
San Francisco, CA, under the auspices of TMS, TMS Structural
Materials Division, TMS/ASM Mechanical Behavior of Materials
Committee, TMS: Advanced Characterization, Testing, and Simulation Committee, and TMS: Titanium Committee.
Article published online June 26, 2009
1174—VOLUME 41A, MAY 2010

have been also developed to relate the mechanical
properties of the UFG metals to the evolution of the
microstructure and texture.[13–15]
Equal-channel angular pressing (ECAP) has been
identiﬁed as an eﬃcient method for obtaining submicrocrystalline (grain size d < 1 lm) or nanocrystalline
(d < 100 nm) grain sizes in bulk metallic materials. The
ECAP technique allows the repetitive pressing of a billet
through a die that has two intersecting channels without
changing its cross-sectional dimensions. Very high shear
strains can therefore be produced.
Copper represents an ideal model material for studying the processes of deformation and microstructure
evolution, due to its low-cost, simple fcc structure,
medium stacking-fault energy (SFE), and the long
history of research of this material prepared by conventional techniques such as, for example, rolling, extrusion, compression, wire drawing, etc., that were capable
of imparting large strains to the workpiece. This
investigation represents the basis of our knowledge
and understanding of the properties and the associated
microstructure changes in SPD copper.[16]
Numerous experimental data reporting various properties of UFG Cu prepared by SPD are now available
(e.g., Reference 17), providing excellent reviews and
many references from the literature. It was found that,
with an increasing number of passes, the microstructure
changes from a strongly elongated shear-band structure
toward a more equiaxed subgrain and grain structure.
This is accompanied by a decrease in the cell wall
boundary width and an increase in the recovered or
recrystallized grain structure. The ﬁne microstructure of
pure copper is very unstable. Recovery and recrystallization can occur at rather low temperatures. Therefore,
composites and alloys are prepared. The impurities or
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precipitates can stabilize the UFG microstructure to a
much higher temperature. Copper with diﬀerent
amounts of Al2O3 was studied, for example, in Reference 18. In this article, in addition to pure Cu samples,
samples of the binary CuZr alloy were investigated.
The dependence of the microstructure of the samples
on the number of passes (N = 1, 2, 4, and 8) was
investigated by transmission electron microscopy
(TEM) and electron backscattered diﬀraction (EBSD).
The latter technique, due to the combination of its good
spatial and angular resolution, yields unique information about the local preferred orientation of crystallites,
the grain/subgrain morphology and size distributions,
the grain-boundary (GB) misorientations, and the
character distributions, type, and frequencies of the
GBs, and the deformation state of the specimens.
The absence of the signal from free positrons in
the positron annihilation spectroscopy (PAS) spectra
revealed the presence of a high density of lattice defects,
in particular dislocations and microvoids.
The specimens well characterized by these techniques
were also studied by X-ray diﬀraction (XRD) lineproﬁle analysis, with the aim of ﬁnding out how the
observed microstructural diﬀerences are reﬂected in
XRD patterns and, consequently, what type of information XRD can provide about the microstructural
features of UFG material.
II.

EXPERIMENTAL PROCEDURES

A. Sample Preparation
Technical-purity (99.95 pct) Cu and Cu with an
addition of 0.18 wt pct of Zr were severely deformed
by ECAP to a maximum equivalent strain of eight
(N = 1, 2, 4, and 8 passes) at room temperature
following route Bc. Prior to ECAP processing, the
specimens were annealed for 2 hours at 450 C in a
protective inert atmosphere. The initial specimen dimensions were 10 9 10 9 60 mm. The ECAP was carried
out using a split-design die manufactured from tool steel
X38CrMoV51. The details of the die design as well as
the ECAP are given elsewhere.[19]
B. Experimental Techniques
For the TEM investigations on specimens prepared
by mechanical and electrolytic polishing from the
middle sections of the ECAP-processed billets in
the plane perpendicular to the extrusion direction of
the billet (plane X[1]), a JEOL* 2000FX electron
*JEOL is a trademark of Japan Electron Optics Ltd., Tokyo.

microscope operating at 200 kV was used. Electrolytic
polishing was carried out at 10 C using 50 pct H3PO4
in a Tenupol 5 jet-polishing unit (Struers**).
**Struers is a trademark of Struers A/S, Ballerup, Denmark.
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The EBSD investigations were performed on sections
taken from plane X of the ECAP specimens. Because the
EBSD measurement is extremely surface sensitive (measured information comes from the depth of several tenths
of nanometers of the specimen), it is necessary to prepare
the sample surface properly. In particular, the sample
regions strained and disturbed by the specimen cutting
have to be removed. The polishing procedure was
completed using the following steps. To start with, the
specimens were mechanically grinded using silicon carbide grinding plates with decreasing roughness; they were
then polished with 6-, 3, and 1-lm diamond paste; ﬁnally,
the specimens were etched using 0.04-lm colloidal silica.
The EBSD measurements were performed using the
high-resolution scanning electron microscope LEO-1530
(Carl Zeiss) equipped with a ﬁeld-emission cathode and

Carl Zeiss is a trademark of Carl Zeiss Semiconductor technologies
A.G., Jena, Germany.

a Nordlys II EBSD detector (HKL Oxford Instruments).

HKL Oxford Instruments is a trademark of Oxford Instruments
Nanoanalysis, Bucks, UK.

The measurements were carried out at an acceleration
voltage of 20 kV, a working distance of 15 mm, and
a sample tilt of 70 deg. The step size was varied from
50 to 500 nm, depending on the grain size (i.e., the
number of ECAP cycles). For identiﬁcation and
indexing of the Kikuchi patterns and measured data
evaluation, the software package Channel 5 (HKL
Oxford Instruments§) was employed. The emphasis
§

HKL Oxford Instruments is a trademark of Oxford Instruments
Nanoanalysis, Bucks, UK.

during the EBSD investigation was put on the measurement of the center of the specimen, to avoid the
measurement of the inhomogeneous parts of the samples
that could occur on the rim of the samples. The scanning
was performed in the transversal plane perpendicular to
the direction of the ECAP (plane X).
The PAS method is a well-established method with a
high sensitivity to open-volume defects such as vacancies, dislocations, misﬁt defects, etc.[20] In this work, we
employed positron lifetime (PL) spectroscopy, which
enabled the identiﬁcation of open-volume defects and the
determination of defect densities in the specimens
studied. A 22Na2CO3 positron source (~1.5 MBq) deposited on a 2-lm-thick Mylar foil was used in this work.
The positron source was always forming a sandwich with
two identical specimens. A fast-fast PL spectrometer[21]
with an excellent time resolution of 160 ps (full-width at
half-maximum 22Na) was used for the PL studies. At
least 107 positron annihilation events were accumulated
at each PL spectrum, which was subsequently decomposed using a maximum likelihood procedure.[22]
VOLUME 41A, MAY 2010—1175

Measurements done with XRD were carried out with
the aid of an X’Pert Pro powder diﬀractometer (PANalytical B.V., Almelo, The Netherlands), ﬁltered Cu Ka
radiation, a variable divergence, and antiscatter slits
enhancing high-angle peaks important for the lineproﬁle analysis and the PIXCel position-sensitive detector (PANalytical B.V., Almelo, The Netherlands) in
obtaining high-quality low-noise data in a reasonable
collection time. Line-proﬁle analysis was done using the
following three methods: (1) the simpliﬁed integral
breadth method, (2) the analysis of the half-width and
integral breadth of individual proﬁles through the ﬁtting
of the convolution of instrumental and physical functions, the latter based on the dislocation model, and (3)
the total-pattern ﬁtting by the FOX program (Vincent
Favre-Nicolin, Geneva, Switzerland, http://vincefn.net/
Fox/) that was modiﬁed for analysis of the crystallite
size and strain, including dislocation-induced line
broadening.[23] Texture measurements were performed
with a PHILIPS§§ X́Pert MRD Pro system equipped
§§
PHILIPS is a trademark of Philips Electronic Instruments Corp.,
Mahwah, NJ.

with a Eulerian cradle and polycapillary in the primary
beam. A step size of 3 deg for both angles and a time of
20 s/step were selected.
Mechanical properties were determined by tensile
tests in a conventional universal screw-driven Instron
5882 machine (Instron–) at the initial strain rate of
–

Instron is a trademark of Instron Ltd., High Wycombe, UK.

4 9 104 s1 at room temperature.

III.

RESULTS AND DISCUSSION

A. Mechanical Properties
The true-stress–true-strain curves for the initial
coarse-grained (CG) material and the specimens after
ECAP (N = 1, 2, 4, and 8P) are shown in Figure 1(a).
Table I and II shows a quantitative summary of the
tensile test data after 0, 1, 2, 4, and 8 passes represented in terms of the yield stress (YS) (r0.2), the
ultimate tensile strength (UTS) (rmax), and the total

Fig. 1—Stress-strain curves of (a) Cu and (b) Cu Zr.

Table I.

Summary of Experimental Data Obtained from Mechanical Testing of Cu Specimens

Number of Passes (N)
r0.2 (MPa)
rmax (MPa)
etot (pct)

Table II.

0

1

2

4

8

78 ± 5
215 ± 12
40 ± 2

293 ± 20
314 ± 15
9,5 ± 0,5

250 ± 20
270 ± 20
10,6 ± 0,4

303 ± 18
455 ± 22
8,7 ± 0,5

258 ± 15
371 ± 20
12,7 ± 0,6

Summary of Experimental Data Obtained from Mechanical Testing of CuZr Specimens

Number of Passes (N)
r0.2 (MPa)
rmax (MPa)
etot (pct)
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0

1

2

4

8

43
44
2,7

302 ± 21
336 ± 19
11 ± 0,5

413 ± 24
429 ± 17
7,6 ± 0,9

380 ± 22
382 ± 24
5,8 ± 0,8

416 ± 14
506 ± 23
10,8 ± 0,7
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Fig. 2—Comparison of the YS in pure Cu and the CuZr alloy.

elongation (etot). The Cu specimens subjected to ECAP
show a signiﬁcantly higher YS as compared to the CG
specimen.
Both the YS and the UTS increase up to N = 4
followed by a slight decline in the specimen N = 8. A
signiﬁcantly reduced total elongation (etot < 10 pct) as
compared to the CG Cu was observed for all passes. A
slightly larger elongation (etot  13 pct) was found
only in the 8P specimen. The measured values are in
good agreement with the data reported by other
authors on UFG Cu.[18] These authors also observed
the increase in both the YS and UTS up to N = 4
followed by a moderate decrease in both characteristic
stresses in Cu samples deformed via route Bc. Similar
observations were reported on Cu deformed by route
C.[24] In general, all mechanical tests on specimens up
to N = 8 indicate limited ductility with total elongation values not exceeding 10 pct. A slightly larger
uniform strain has been recently reported for specimens deformed for a higher number of passes (N > 16)
using route Bc.[25]
All values in Table I indicate an average value of
two or three tests performed on specimens taken from
diﬀerent billets that underwent the same member of
ECAP passes. The scatter of measured data did not
usually exceed 5 to 6 pct of the respective measured
value. Similar behavior was found in the binary alloy
Cu0.18 wt pct Zr (Figure 1(b)). In this case, an almost
monotonous increase in both characteristic stresses
with an increasing number of passes was found. The
ﬁne-grained CuZr specimens exhibit very limited ductility, which did not exceed 12 pct, similar to pure
copper.
In Figure 2, the comparison of the variation in YS as
a function of strain due to the ECAP of both materials is
presented. Systematically higher values of the YS were
found in the alloy in the whole range of stresses. After a
sharp increase in the YS in the specimen N = 1, the
values tend to saturate after N = 2. An almost constant
diﬀerence of approximately 120 MPa between the YS in
the alloy and the pure Cu was found starting from the
N = 2 specimen.
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Fig. 3—Microstructure of the initial state of Cu.

B. Transmission Electron Microscopy
1. Microstructural evolution in Cu
The SEM micrograph of the initial state before ECAP
is shown in Figure 3. The microstructure consists of
fully recrystallized grains. The extensive twinning associated with annealing at 450 C is also seen. The average
grain size, excluding twins, is approximately 30 lm.
Bright-ﬁeld TEM micrographs showing the development of the microstructure oriented along the h011i
zone axis are presented in Figure 4. After one pass
(Figure 4(a)), the microstructure mainly consists of
strongly elongated dislocation cells or subgrains with
an average cross-sectional size of 300 to 400 nm. Two
types of boundaries can be recognized in this micrograph. The thick dark lines can be identiﬁed as lamellae
boundaries[5] or dense dislocation walls (DDWs),[26]
while the lighter and wider ones are individual dislocation cell boundaries. The DDWs usually enclose several
cells and are classiﬁed as geometrically necessary
boundaries, because they are necessary for the accommodation of lattice rotations in the adjoining volume.
Selected area diﬀraction observations showed that these
boundaries are mainly low-angle ones and are oriented
along the trace of a {111} plane, which indicates that
they are parallel to a h110i shear direction. They are in a
nonequilibrium state, because they contain a high
density of extrinsic dislocations. In some regions
(approximately 20 pct of the area investigated), a
tangled dislocation structure typical of heavily deformed
material was observed.
After the second pass (Figure 4(b)), the microstructure did not change signiﬁcantly. Bands of elongated
subgrains were found in all areas of the specimen. The
average size of the individual boundaries slightly
decreased to 200 to 300 nm. Most of the boundaries
were still aligned along the trace of a {111} plane. In a
few areas, lamellae boundaries oriented along a {220}
VOLUME 41A, MAY 2010—1177

Fig. 4—Microstructure development during ECAP in Cu specimens: N = (a) 1, (b) 2, (c) 4, and (d) 8.

plane trace were also observed. More equiaxed subgrains with a higher misorientation, indicating the
activity of additional slip systems during the second
pass, were also found locally.
After four passes (Figure 4(c)), the fraction of equiaxed subgrains increased and the larger proportion of
high-angle grain boundaries (HAGBs) was observed in
the structure. An equiaxed grain structure was found in
approximately 40 to 50 pct of the observed area. This is
an indication that many new slip systems not parallel to
the original slip system became active between the
second and fourth pass of pressing, reducing the length
of the original subgrain boundaries.
Our observations are in good agreement with the comprehensive investigation of Agnew[11] and Mishin,[4,27]
who reported a grain size of 300 nm in ECAP-deformed
Cu. Moreover, these authors recognized that Cu subjected to ECAP exhibits elongated subgrain structures
that are subdivided transversely by low-angle boundaries similar to those observed in coldrolled deformed
structures;[26] this corresponds well with what we
observed in the specimen after one pass of ECAP.
The microstructure of the specimen after eight passes
is presented in Figure 4(d). It shows an almost homogeneous microstructure with equiaxed subgrains separated largely by HAGBs. The individual boundaries are
straight, with sharp contrast and very few dislocations in
the grain interior; they are obviously closer to the
equilibrium state than the GBs in the specimens that
underwent fewer ECAP passes. The average grain size
ranged between 200 and 300 nm. In some areas, larger
grains having the average size of approximately 500 nm
were also found.
2. Microstructural evolution in Cu-0.18 pct Zr alloy
Light microscopy investigations indicate that the
initial microstructure of the alloy CuZr consists of
coarse recrystallized grains with an average size of
several hundreds of micrometers. In Figure 5, a TEM
micrograph of the interior of the coarse grain showing
numerous ﬁne Cu9Zr2 precipitates is presented. Several
coarse Cu9Zr2 particles 1 lm in size were also found in
the specimens.
The microstructure of the alloy CuZr after one pass is
presented on the micrograph in Figure 6(a). It consists
1178—VOLUME 41A, MAY 2010

Fig. 5—Microstructure of the initial state of CuZr.

of elongated bands of cells and subgrains with a high
density of dislocations in their interiors. The microstructure is very similar to that of pure copper
(cf. Figure 4(a)) and conﬁrms strong grain reﬁnement
during the ﬁrst pass of ECAP.
Only minor changes in the microstructure occurred
during the second pass of ECAP. The microstructure
remains elongated, with dislocation cells or subgrains of
small misorientation. A typical example of the structure
is shown in Figure 6(b).
The microstructure of the specimen after four passes
is shown in Figure 6(c) and clearly demonstrates
changes that occurred in the material during the third
and fourth pass of ECAP. The microstructure consists
of subgrains with numerous well-deﬁned boundaries
closer to equilibrium, as compared to the specimens
after one and two passes. The misorientation of these
subgrains is much higher than in less strained specimens
METALLURGICAL AND MATERIALS TRANSACTIONS A

Fig. 6—Microstructure development during ECAP in CuZr specimens.

(N = 1 and 2). Moreover, the ﬁrst recrystallized grains
with a low density of dislocations and equilibrium
boundaries were formed (marked with an arrow in the
lower part of the micrograph). A signiﬁcant reduction in
the dislocation density also occurred. The average length
of the still elongated grains/subgrains is 300 to 400 nm
and the width is approximately 100 nm.
The typical microstructure of the CuZr specimen after
eight passes is displayed in Figure 6(d). It consists
largely of equiaxed grains with a high misorientation
separated by GBs with a typical-thickness fringe contrast corresponding to the equilibrium boundaries.
Several subgrains with nonsharp boundaries and a high
density of dislocations can be also found in the
specimen. The average size of the grains was 200 to
300 nm. Eight passes of ECAP resulted in strong grain
reﬁnement, by a factor of approximately100.
C. Electron Backscattered Diffraction
In both investigated materials, Cu and Cu-0.18 pct Zr,
EBSD analysis showed that the original CG microstructure evolves from prolate bands of cells/subgrains
enclosed by lamellar nonequilibrium GBs (after the ﬁrst
two ECAP passes) toward an equiaxed homogeneous
microstructure with equilibrium GBs (after eight
passes). Parts of measured maps presented in the form
of inverse pole ﬁgures (IPFs) for the CuZr specimens
after 1, 2, and 8 ECAP passes are shown in Figures 7(a),
(b), and (c), respectively.
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The grain/subgrain size distributions were determined
from the measured maps using the line intercept
method. As a boundary between the diﬀerent grains or
subgrains, misorientations of 15 or 2 deg, respectively,
were adopted. The grain/subgrain size distributions
follow the lognormal distribution, whereas the mean
grain size decreases from approximately 10 lm after the
ﬁrst ECAP pass to 460 nm after the eighth ECAP pass,
in the Cu samples, and from approximately 12 lm after
the ﬁrst ECAP pass to 260 nm after the eighth ECAP
pass, in the case of the CuZr specimens. The mean
subgrain size decreases from approximately 1 lm for
both materials after the ﬁrst ECAP pass and approaches
the mean grain size magnitude after eight ECAP passes.
The plots of the mean grain/subgrain sizes as a function
of the number of ECAP cycles are shown in Figures 8(a)
and (b). The determined mean grain size in samples
having an inhomogeneous microstructure (samples after
the ﬁrst and second ECAP passes consisting of elongated grains) can be understood only as a ﬁrst rough
approximation, because the mean grain size varies in
diﬀerent directions in the specimen (cf. Figure 7). The
ECAP method resulted in a grain size reduction by a
factor of approximately 100 after eight passes, for both
the Cu and CuZr systems, in comparison to the original
CG material; this conﬁrms our TEM observations.
Orientation information obtained for each measured
point of the EBSD map allows us to calculate the
orientation relationship between pairs of distinct points,
VOLUME 41A, MAY 2010—1179

Fig. 7—Orientation maps of the CuZr samples in the IPF representation after (a) 1, (b) 2, and (c) 8 ECAP passes. The HAGBs (misorientation > 15 deg) are plotted as black lines. Misorientation proﬁle through one deformed grain in N = (d) 1 and (e) 2 specimens and misorientation proﬁle through several grains in N = 8 specimen calculated around the dashed line indicated in the measured map (f).

Fig. 8—Mean grain (d) and subgrain (h) size as a function of ECAP pass number determined from measured orientation maps using the line
intercept method for (a) Cu and (b) CuZr samples.

the so-called misorientation. The correlated misorientation distribution based on the calculation of the misorientations between nearest-neighbor points therefore
yields information about the character and fraction of
the GBs, while for the calculation of the uncorrelated
misorientation distribution, randomly chosen pairs of
measured orientations are used that hold the information
about the texture and morphology of the specimen. The
misorientation distributions for the Cu sample after two
ECAP passes are shown in Figure 9(a). From the
misorientation distribution, the fraction of low-angle
grain boundaries (LAGBs) and HAGBs can be determined. As a boundary between the LAGBs and HAGBs,
the angle of 15 deg derived by Brandon[28] was chosen.
1180—VOLUME 41A, MAY 2010

In Figures 9(b) and (c), the evolution of the LAGB/
HAGB fractions for Cu and CuZr specimens as a
function of the ECAP number is shown. A pronounced
evolution from a high number of LAGBs to the higher
number of HAGBs with increasing numbers of ECAP
passes is clearly seen. After the ﬁrst ECAP pass, more
than 80 pct of the LAGBs were found in both the Cu
and CuZr samples. With increasing strain (the increasing ECAP number), the fraction of the LAGBs
decreases; after eight ECAP passes, the majority of
GBs (more than 90 pct) are HAGBs in the Cu specimen.
The decay of the LAGBs at the expense of the HAGBs
is not as rapid in the CuZr samples (compare
Figures 9(b) and (d)) and, ﬁnally, after the eighth ECAP
METALLURGICAL AND MATERIALS TRANSACTIONS A

Fig. 9—Correlated (open bars), uncorrelated (hatched bars), and theoretical random-Mackenzie plot (solid line) distributions as functions of misorientation angles in (a) Cu specimen after two ECAP passes. The boundary between LAGBs and HAGBs (15 deg) is indicated in the plot. Frequency of appearance of LAGBs (h) and HAGBs (d) as a function of the number of ECAP passes for the (b) Cu and (c) CuZr specimens.

Fig. 10—Length frequency (in percent of total boundary length) of the R3n (R3, R9, and R27) GBs as a function of the number of ECAP passes
for the (a) Cu and (b) CuZr specimens.

cycle, the LAGB/HAGB ratio is 42/58 pct in the CuZr
specimen.
The uncorrelated misorientation distributions approach the random theoretical distribution (Mackenzie
plot: the solid line in Figure 9(a))[29] with increasing
ECAP straining, for both the Cu and CuZr specimens.
This is a consequence of the sample structure homogenization that occurs during ECAP processing.
The evolution of the HAGBs during the ECAP
straining (in details discussed in Reference 30) can be
described using the grain-boundary distribution by the
reciprocal density of coincidence sites R (CSL) theory.
The Brandon criterion Dh = h0R1/2,[26] in which Dh is
the deviation from the exact CSL angle, h0 is the LAGB/
HAGB limit, and R is the corresponding CSL, was
adopted as a tolerance limit from the exact CSL values.
In both the Cu and CuZr samples, we can observe a
pronounced increase in the R3n (e.g., R3, R9, and R27)
GBs with increasing ECAP passes. In the CuZr samples,
the increase in the R3n GBs is smooth and continuous,
with approximately 3 pct of the R3 GBs after eight
ECAP passes. In Cu, however, the evolution is similar
for the ﬁrst two ECAP passes only, while a dramatic
METALLURGICAL AND MATERIALS TRANSACTIONS A

increase in the R3n GBs occurs after the fourth and
eighth ECAP passes. Less than 1 pct of R3 boundaries
were found after the ﬁrst pass, while nearly 60 pct were
found in the specimen after eight ECAP passes. This
signiﬁcant development of the R3n is displayed in
Figures 10(a) and (b).
Enhanced twinning in severe plastically deformed Cu
by high-pressure torsion (HPT) and ECAP was also
reported by many authors.[17,31,32] This somewhat surprising mechanism, which is usually not observed at the
ambient temperature in CG Cu due to a suﬃcient
number of slip systems, becomes favorable after a
substantial strain hardening once a critical dislocation
density is reached.[33,34] This condition is met in our
specimens already after the ﬁrst pass of ECAP; deformation twins can therefore be favored over dislocation
slip in areas in which high strains are locally reached.
Randle[35] claimed that R3 boundaries may have diﬀerent geometries and may comprise both coherent and
incoherent twins or stacking faults.
The deformation state of the specimen can be roughly
estimated from the EBSD measurements. Based on the
orientation mapping, we ﬁrst reconstruct the individual
VOLUME 41A, MAY 2010—1181

grains, then estimate the average orientation in each
grain, and ﬁnally calculate the deviations from this
average orientation within the grain. When the deviations from the average orientation exceed the deﬁned
limit, the grain is assumed to be deformed; otherwise, the
grain is described as recrystallized. In Figures 11(a) and
(b), the deformation state of the specimen as a function
of the ECAP passes is shown. In both the Cu and CuZr,
the specimens were already in a deformed state after the
ﬁrst ECAP pass. This corresponds to the fragmentation
of the initial coarse grains during the ECAP passing,
compared with the misorientation proﬁle measured
through one grain in Figure 7(a). In the Cu specimen,
the recrystallized fraction of the sample increases with
increasing ECAP straining, whereas a steep increase in
recrystallized grains after the fourth ECAP pass occurs.
After eight passes, the ratio between the deformed and
recrystallized fraction of the sample is 18/82 pct. In the
CuZr specimen, the recrystallized fraction increases after
the second ECAP pass. Unlike the Cu specimen, however, the CuZr specimen does not exhibit pronounced
evolution with subsequent ECAP straining and the ratio
between the deformed and recrystallized fraction is
approximately 90/10 pct after eight passes.
D. Positron Annihilation Spectroscopy
A well-annealed Cu sample not subjected to ECAP
(zero passes) exhibits a single component with the
lifetime sB = 114 ps (Table III), which agrees well with
the calculated lifetime of free positrons in a perfect Cu
crystal.[36] Hence, the defect density in the well-annealed
Cu specimen is very low and virtually all positrons
annihilate from the free, delocalized state. Due to the
fact that no positron trapping at dislocations was

observed (i.e., the dislocation density is below the lower
sensitivity limit of PL spectroscopy), we can estimate
that the mean dislocation density in the virgin Cu does
not exceed 1012 m2.
The PL results for the virgin Cu-0.18 pct Zr specimen
not subjected to ECAP (zero passes) are shown in
Table III, as well. The specimen exhibits a two-component PL spectrum with lifetimes s1, s2 and relative
intensities I1, I2. The shorter component with the
lifetime s1 < sB obviously comes from free positrons
not trapped at defects. The shortening of s1 with respect
to the lifetime sB of free positrons in a perfect Cu crystal
is due to positron trapping at defects and is explained by
the well-known simple trapping model (STM).[36] The
longer component with the lifetime s2  164 ps can be
attributed to positrons trapped at dislocations.[37] The
mean dislocation density qD in the virgin CuZr specimen
can be determined using the two-state STM:[20]


1 I2 1
1
qD ¼

½1
mD I 1 sB s2
where mD = 0.6 9 104 m2 s1 is the speciﬁc positron
trapping rate for Cu dislocations.[38] The dislocation
density calculated using Eq. [1] for the Cu-0.18 pct Zr
virgin specimen is listed in Table IV.
In the framework of STM, the quantity sf deﬁned as


I1 I2 1
þ
½2
sf ¼
s1 s2
equals the lifetime of free positrons in a perfect Cu
crystal, i.e.,
sf  sB

½3

Fig. 11—Recrystallized (open bars) and deformed (dashed bars) fraction of the sample as a function of ECAP passes number for the (a) Cu and
(b) CuZr specimens.

Table III.
Sample
Cu
Cu-0.18Zr

PL Results for Virgin Specimens Not Subjected to ECAP

s1 (ps)

I1 (Pct)

s2 (ps)

I2 (Pct)

sf (ps)

114 ± 1
109.6 ± 0.7

100
87.5 ± 0.8

—
164 ± 2

—
12.5 ± 0.8

—
114 ± 1
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The condition [3] is a useful test of the consistence of the
decomposition of the PL spectrum with the STM. The
quantity sf calculated from Eq. [2] is shown in Table III.
The condition [3] is satisﬁed for the CuZr specimen. This

conﬁrms that the assumptions of the two-state STM
(a single type of uniformly distributed defects, no
detrapping, etc.) are fulﬁlled and that Eq. [1] can be
used for evaluation of the mean dislocation density.

Table IV. Mean Dislocation Densities qD and Concentrations
of Microvoids cV Estimated from PL Data

E. Specimens Deformed by ECAP

Sample
Cu
Cu
Cu
Cu
Cu-0.18Zr
Cu-0.18Zr
Cu-0.18Zr
Cu-0.18Zr
Cu-0.18Zr

Number
of Passes (N)

qD (m )

cv (at )

0
1
2
8
0
1
2
4
8

£1012
‡5 9 1014
‡5 9 1014
‡5 9 1014
(8 ± 1) 9 1012
‡5 9 1014
‡5 9 1014
‡5 9 1014
‡5 9 1014

<106
‡1 9 104
‡1 9 104
‡5 9 105
<106
‡1 9 105
‡1 9 105
‡5 9 105
‡5 9 105

2

1

Fig. 12—Mean PL as a function of the number of ECAP passes for
both materials studied.

The mean PL:
s ¼

X

si I i

½4

i

where si, Ii are the lifetimes and relative intensities of the
components resolved in the PL spectra, is a robust
integral parameter that is only slightly inﬂuenced by the
mutual correlations of the ﬁtted parameters. Figure 12
shows the dependence of the mean PL on the number of
ECAP passes, for all the materials studied. One can see
in the ﬁgure that the specimens deformed by ECAP
exhibit a signiﬁcantly higher mean PL. The behavior of
the mean lifetime with an increasing number of passes is
similar in all studied materials: There is a huge increase
in the mean PL after the ﬁrst ECAP pass, followed by
only small variations for higher numbers of passes. This
conﬁrms the fact that a large concentration of defects is
introduced by severe plastic deformation during the ﬁrst
pass.
The PL spectra of the specimens subjected to ECAP
deformation consists of the following two components:
(1) a component with an intensity I2 and a lifetime
s2  164 ps, which is known to represent a contribution
of positrons trapped at dislocations,[36] and (2) a longer
component with a lifetime s3 and an intensity I3, which
can be attributed to positrons trapped at small vacancy
clusters called microvoids[39] that are often detected in
UFG metals prepared by severe plastic deformation. It
is assumed that microvoids were formed by the clustering of vacancies created during ECAP deformation. The
behavior of PLs si and the relative intensities Ii of the
components resolved in the PL spectra of pure Cu and
CuZr specimens are plotted in Figures 13 and 14,

Fig. 13—PL results for Cu subjected to various numbers of ECAP passes: (a) lifetimes of the components resolved in PL spectra and (b) corresponding relative intensities (half-ﬁlled circles = s1, I1 (free positrons), open circles = s2, I2 (dislocations), and full circles = s3, I3 (microvoids)).
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Fig. 14—PL results for CuZr alloy subjected to various number of ECAP passes: (a) lifetimes of the components resolved in PL spectra and
(b) corresponding relative intensities (half-ﬁlled circles = s1, I1 (free positrons), open circles = s2, I2 (dislocations), and full circles = s3, I3
(microvoids)).

Fig. 15—ECAP-deformed pure Cu specimens: (a) ratio KD/Kv of positron trapping rates to dislocations and microvoids and (b) diameter of
microvoids calculated from PAS results.

respectively, as a function of the number of ECAP
passes. The free positron component with a lifetime s1
and intensity I1 disappeared in the ECAP-deformed
specimens. Therefore, ECAP-deformed materials contain a very high density of defects. Practically all
positrons are trapped at defects and annihilate from a
localized state in some defect (the so-called saturated
positron trapping). Dislocations are dominant defects in
the specimens deformed by ECAP. One can estimate
that the mean dislocation density in ECAP-deformed
samples exceeds 5 9 1014 m2. The estimated dislocation density and concentration of microvoids are shown
in Table IV. The behavior of intensities I2 and I3 in
specimens subjected to more than one ECAP pass
reﬂects changes in the ratio of the two competing traps
existing in the specimens: dislocations and microvoids.
One can see in Figures 13 and 14 that ECAPdeformed pure Cu and CuZr alloys exhibit similar
1184—VOLUME 41A, MAY 2010

behavior with increasing number of passes. The contribution of positrons trapped at dislocations increases
with increasing number of passes, while the intensity of
positrons trapped at microvoids had already reached a
maximum after the ﬁrst ECAP pass and gradually
decreased with further increase in the number of passes.
Because of the saturated positron trapping in defects
(I1 = 0 pct), the ratio of the intensities of the trapped
positrons is equal to the ratio of positron trapping rates
to the corresponding defects, which is directly proportional to the ratio of defect densities,[36] i.e.,
I2 KD qD
¼

I3 K v
cv

½5

The ratios of KD/Kv for ECAP-deformed pure Cu and
CuZr alloys as a function of the number of passes are
plotted in Figures 15(a) and 16(a). It is clearly seen that
METALLURGICAL AND MATERIALS TRANSACTIONS A

Fig. 16—ECAP-deformed CuZr alloy: (a) ratio KD/Kv of positron trapping rates to dislocations and microvoids and (b) diameter of microvoids
calculated from PAS results.

the dislocation density in the specimens deformed by
ECAP increases with an increasing number of passes
more quickly than does the concentration of microvoids.
By comparing the lifetime s3 of the component arising
from the microvoids with the theoretical calculations
performed in Reference 39, one can determine the size of
these defects. The results of these calculations for
ECAP-deformed pure Cu and CuZr alloys are displayed
in Figures 15(b) and 16(b), in which the microvoid
diameter dV is plotted as a function of the number of
ECAP passes. Microvoids are very small defects having
the size of 2 monovacancies in the specimens subjected
to a single ECAP pass. With an increasing number of
passes, the size of the microvoids increases and, in the
samples subjected to eight ECAP passes, becomes
comparable to 4 monovacancies.
F. XRD Line-Proﬁle Analysis
1. Simpliﬁed integral breadth methods
The ﬁrst version of the method includes the ﬁtting of
experimental proﬁles with the Pearson VII or pseudoVoigt functions using the program DIFPATAN (developed by R. Kužel).[40] The correction for instrumental
broadening was performed with the aid of a NIST LaB6
standard and the Voigt function method.[41] The method
consists of the separation of an integral breadth of both
the standard and measured proﬁles into the Gauss and
Cauchy components, their subtraction in linear (Cauchy) and quadratic (Gauss) form, and the synthesis
yielding the total integral breadth corrected for instrumental broadening. The second version of the method
directly ﬁts the convolution of instrumental and physical
functions and is described in Reference 42. The method
is often visualized in terms of the Williamson–Hall plot
(integral breadth b (in 1/d) vs sin h), the intercept of
which indicates that the reciprocal value of the mean
crystallite size and the slope is proportional to the
microstrain (or the square root of the dislocation
density). For the Cu samples subjected to ECAP, the
strain broadening is dominating and the crystallite size
was beyond the sensitivity limit of the method, i.e., a few
METALLURGICAL AND MATERIALS TRANSACTIONS A

hundreds of nanometers. In this case, a formula derived
by Krivoglaz[43,44] could be used for the integral
breadth. However, it is not appropriate for highly
correlated dislocations. A similar approximate formula
given in Reference 45 was applied instead:
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ sin h
½6
bhkl ¼ qvhkl fðMÞb
k
where b is the size of the Burgers vector of assumed
dislocations, k is the wavelength, h is the diﬀraction
angle, and vhkl is the so-called orientation or contrast
factor determining the line-broadening anisotropy. It
depends on the particular slip system, the dislocation
character, the elastic anisotropy, and the orientation of
the diﬀraction vector with respect to the Burgers vector and the dislocation line. The main limitation of the
method is the uncertainty of the correlation parameter
of the dislocation arrangement, which is related to the
line-proﬁle shape. This value is often written as
M = rcÆq, where rc denotes the outer cutoﬀ radius of
dislocation strain ﬁeld and q is the dislocation density.
An analytic approximation of the f(M) function is given in Reference 45, as follows:
fðMÞ ¼ a lnðM þ 1Þ þ b ln2 ðM þ 1Þ þ c ln3 ðM þ 1Þ
þ d ln4 ðM þ 1Þ

½7

where a = 0.173, b = 7.797, c = 4.818, and
d = 0.911.
The M factor can be estimated from the line shape,
for example, in terms of the Voigt function approximation (the ratio of the long-tailed Lorentzian component of the breadth to the short-tailed Gaussian one
(y = bc/pbg). Based on the data shown in Reference
45, one can use an approximate relation M = 1/y. More
precisely, the data can be ﬁtted with the formula
M = 0.96/y0.95. The formula should be applied after
the correction of the instrumental broadening using the
Voigt function, which gives corrected values of bc, bg.
Even though the factors vary with hkl indices, a mean
value of the M factor averaged over all reﬂections was
always used. The reason was that the individual factors
VOLUME 41A, MAY 2010—1185

Fig. 17—Williamson–Hall plot (integral breadth b(1/d) vs sin h with indicated hkl indices for ECAP copper samples: one pass = , dashed line;
two passes = D, thick line; eight passes = h, thin line. Symbols correspond to experimental data after instrumental correction. Lines connect
corresponding calculated values: (a) Cu and (b) CuZr.

Fig. 18—High-angle diﬀraction peaks for ECAP Cu samples after
one pass (upper thin line) and eight passes (lower thick line). Both
the line-broadening anisotropy (narrower line 331) and the change in
line shape (longer tails for eight passes) can be seen.

obtained by the procedure described earlier are inﬂuenced signiﬁcantly by experimental (statistical) errors,
because each factor depends on four experimental values
and their ratios (Gauss and Cauchy components of both
instrumental and experimental proﬁles) and, consequently, may introduce more noise in otherwise quite
stable experimental values of integral breadths.

Modiﬁed Williamson–Hall plots (integral breadth b vs
sin h) do not show a signiﬁcant dependence on np, except
for the slightly varying typical line-broadening anisotropy of the bhhh  bh00 type. Such anisotropy (Figure 17) can be well explained by the orientation factors
calculated assuming only dislocations with the Burgers
vector b||h110i that are typical for fcc structures. The
anisotropy is closely related to the elastic anisotropy of
copper. The correspondence between the calculated and
experimental values was good in most cases (Figures 17(a) and (b)). However, high-quality data allow
us to see changes in the line shape (Figure 18). With
increasing number of ECAP passes, the proﬁle tails are
longer and the proﬁle shape is more Lorentzian. This is
conﬁrmed by the ﬁtting of the Pearson VII function to
experimental proﬁles (decreasing exponent n), or by
increasing the y ratio obtained for physical proﬁles.
Consequently, the estimated M parameter decreases with
an increasing number of passes. This can be caused by a
higher correlation in the dislocation densities or twins
and is in agreement with the TEM and EBSD results.
In the ﬁrst approximation, the fractions of the edge
and screw dislocations can be taken as equal. However,
better ﬁts can be obtained for the nonequal fractions. In
particular, the fraction of the edge dislocations seems to
decrease with the number of passes (Table V). Actually,

Table V. Structure Parameters for ECAP Cu Samples Measured at Transversal Direction and Diﬀerent Numbers of Passes
(1, 2, and 8)*
Sample
Cu-1
Cu-2
Cu-8
CuZr018:
CuZr018:
CuZr018:
CuZr018:

N
N
N
N

=
=
=
=

qb, 1015 m2

qTPF, 1015 m2

w

Mb

MTPF

hLi (nm)

2.1
3.1
8.0
1.2
2.2
2.9
4.3

2.1
6.6
7.9
1.9(2)
2.7(3)
3.0(4)
3.9(6)

0.95
0.85
0.35
0.83(5)
0.90(6)
0.42(6)
0.23(10)

1.4
1.1
0.7
1.9
1.6
1.4
1.0

0.47
0.28
0.25
0.63(8)
0.76(11)
0.81(11)
0.61(14)

78
71
76
70(9)
70(9)
75(6)
73(8)

1
2
4
8

*qb is the dislocation density obtained by the simpliﬁed method; qTPF is the dislocation density from total-pattern ﬁtting; w is the fractions of edge
dislocations; MbM factor is estimated from the y ratio; MTPFM factor is obtained by the ﬁtting; hLTPF i is the mean crystallite size obtained by totalpattern ﬁtting. Statistical errors obtained from a set of measurements and a set of ﬁts were evaluated for total-pattern ﬁtting method.
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Fig. 19—Illustration of the inﬂuence of the fraction of edge and
screw dislocations with the Burgers vector a=2h110i on the XRD
line-broadening anisotropy in the Williamson–Hall plot (integral
breadth b(1/d) vs sin h for Cu ( = 100 pct screw; s = 100 pct
edge).

this parameter for the considered slip system determines
the magnitude (not the type, in this case) of linebroadening anisotropy, regardless of its interpretation,
and it slightly increases with the number of passes.
However, the sensitivity of the line-broadening anisotropy to the fraction of the edge and screw dislocations is
not very high in this particular case (Figure 19), and
unambiguous conclusions must therefore be drawn with
caution.
2. Total-pattern ﬁtting
In this procedure, essentially four to ﬁve free parameters are used: the dislocation density, dislocation
correlation factor, mean crystallite size, variance in the
size distribution, and/or the fraction of screw and edge
dislocations. An extended FOX program was used for
the ﬁtting.[23] The program also includes diﬀerent types
of corrections (absorption, thin ﬁlms samples, textures,
stresses, and peak shifts), the size broadening in terms of
log-normal size distribution, and the phenomenological
microstrain or dislocation model. The more userfriendly program of Matteo Leoni,[46–48] which includes
a large variety of size distributions and also a dislocation
model, may also be used for the ﬁtting, instead.
The procedure of total-pattern ﬁtting was always
carried out by reducing the M factor (in particular, rc),
in order to ﬁt long tails. The values of the dislocation
densities were in surprisingly good agreement with the
former integral breadth method. On the other hand, the
determined crystallite size was below 100 nm and did
not change with the number of passes. Rather small
values of crystallite size is a typical feature of all
Fourier-type (and derived total-pattern ﬁtting type)
methods used for deformed materials. Such small values
often have no direct evidence either in TEM or in
EBSD. In spite of a clear distinction in the deﬁnition
(XRD crystallite: coherently diﬀracting domain), the
eﬀect should be further studied. Moreover, it must be
noted that the simpliﬁed method is much more robust
but also more approximate, and that, for a higher
dislocation correlation (small M), underestimates the
METALLURGICAL AND MATERIALS TRANSACTIONS A

Fig. 20—Total-pattern ﬁtting of CuZr diﬀraction pattern after one
ECAP pass by extended FOX program. Details of ﬁts for two pairs
of diﬀraction proﬁles are shown.

size eﬀect (the Williamson–Hall plot is not linear at low
h values). By contrast, the total-pattern ﬁtting uses all
the information, but the correlation of parameters may
be a problem and the ﬁts are not ideal because of the
long tails and small asymmetry of some of the experimental diﬀraction proﬁles. Attempts to ﬁt such proﬁles
with a function, including stacking faults (twins), have
not been successful. An example of the ﬁt is shown for
the CuZr sample after one pass in Figure 20. The overall
ﬁt is usually quite good (proﬁle Rw factors are usually in
the range 1 to 2 pct), but, in the details, small discrepancies in peak tails or a peak top can be discovered. It
seems that the current theoretical model of dislocation
line broadening cannot completely describe the microstructure of the copper samples processed by ECAP.
Nevertheless, reasonable and useful results, in particular, concerning the dislocation density evolution, were
obtained.
All values of the crystallite size obtained by totalpattern ﬁtting are approximately 70 nm. Due to the
variation in M, the dislocation density increases with the
number of passes, in agreement with PL measurements.
It must be noted, however, that the uncertainty in the
dislocation densities increases with a decreasing M
factor, due to larger errors in its determination below
M ~ 0.5 (eight passes, pure Cu), as it also follows from
the dependence on the proﬁle shape (M = 1/y) described
earlier. The errors can then reach the tens of percents.
Unlike Reference 34, the results for CuZr in Table V
were obtained by averaging several measurements of
samples that were also from diﬀerent planes (X, Y,
and Z) and after several ﬁts. Hence, the texture, which is
quite signiﬁcant for the ECAP samples, caused diﬀerent
weights of individual diﬀraction peaks (Figure 21) in
diﬀerent ﬁts and, therefore, the ﬁts may be sensitive to
diﬀerent features of the pattern. However, in general,
the same dislocation densities were obtained. Only small
diﬀerences in the line-broadening anisotropy were
observed for diﬀerent sample planes and with slightly
smaller values for plane Z. Detailed studies together
with detailed texture analysis are still in progress.
The lattice parameters of all the samples investigated
agreed well with the tabulated values. This indicates the
absence of signiﬁcant residual stresses.
VOLUME 41A, MAY 2010—1187

Fig. 21—Total-pattern ﬁtting of CuZr diﬀraction patterns after one ECAP pass taken from diﬀerent planes of sample (X, Y, and Z). The ratio
of peak intensities is signiﬁcantly changed due to the texture. Right column shows details of ﬁts for 311 and 222 diﬀraction proﬁles.

IV.

SUMMARY

The microstructure evolution in UFG Cu and CuZr
polycrystals prepared by ECAP was studied using
various experimental techniques.
Signiﬁcant changes in microstructure with the number
of ECAP passes were observed by both TEM and
EBSD. The ﬁndings of both methods were in agreement.
The ECAP processing (straining) leads to the shearing
of grains, accompanied by an increase in the fraction of
LAGBs after the ﬁrst ECAP pass. Increasing deformation results in an increase in misorientations within the
deformation bands and in the formation of new HAGBs.
The GB distribution changed from the high portion
of LAGBs after the ﬁrst two ECAP passes to the high
portion of HAGBs after eight passes. In combination
with a sample rotation of approximately 90 deg around
the extrusion direction (route Bc) after each ECAP pass,
ECAP causes polygonization and the transformation of
the substructure into a granular-type microstructure
1188—VOLUME 41A, MAY 2010

accompanied by a dramatic grain-size reduction. The
grain size decreased approximately 100 times with
respect to the original material.
The signiﬁcant dependence of twinning on the applied
strain (the number of ECAP passes) was found in our
specimens. Moreover, in Cu, we observed the formation
of a high fraction of twin-related R3n (R3, R9, and R27)
GBs; this eﬀect was found only insigniﬁcantly in the
CuZr alloy, however.
The diﬀerences in the behavior of the Cu and CuZr
specimens subjected to ECAP processing can be explained on the basis of the TEM results. In the CuZr
alloy, numerous tiny Cu9Zr2 precipitates were observed.
We assume that these precipitates block the movement
of the dislocation walls (boundaries), which manifests
itself in a signiﬁcantly reduced fraction of HAGBs after
eight ECAP passes in CuZr as compared to Cu.
The PL and XRD methods are sensitive to diﬀerent
microstructural features. The former method revealed
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the presence of microvoids the size of which increases
from two monovacancies after one pass to four monovacancies after eight passes. Even though the dislocation
density was too high to be determined by PL, a slight
increase in the intensity corresponding to dislocations
with the number of passes was observed. This is in good
correspondence with the results of the XRD line-proﬁle
analysis performed by several methods. In contrast to
PL, XRD line-proﬁle analysis is sensitive to high
dislocation densities and allows their quantitative determination. The values are in the range 2 to 4 9 1015 m2,
in rough agreement with the densities obtained in
Reference 49. Our values are slightly higher, but it must
be noticed that we used a copper sample with lower
purity. A small increase in the values with the number of
passes is accompanied by a variation in the dislocationcorrelation parameter M (or dislocation cutoﬀ radius).
Its drop after eight passes, i.e., the increase in correlation in the dislocation arrangement, could be detected,
in particular, for pure copper. A systematic increase in
XRD line-broadening anisotropy with the number of
passes was observed; this could correspond to the
increase in the fraction of the screw dislocations.
However, this may also be related to the changes in
texture. Such analysis is still in progress. For the
investigated ECAP samples, the XRD line broadening
is mainly dislocation induced and the values of the
dislocation densities obtained by diﬀerent methods (the
approximate integral breadth method and the total
patter ﬁtting) were in good agreement. This is not true
for minor eﬀects of the so-called size broadening or for
the dislocation-correlation parameter, which is sensitive
to line shape. However, in the latter case, the trends with
increasing numbers of passes can be well followed.
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18. J. Čı́žek, I. Procházka, R. Kužel, and R.K. Islamgaliev: Monatsh.
Chem., 2002, vol., pp. 873–87.
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