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Dislocation structure and crystallite size in severely deformed
copper by X-ray peak profile analysis
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Abstract

Copper specimens were severely deformed by equal channel angular pressing (ECAP) up to eight passes. The microstructure was studied
by X-ray diffraction peak profile analysis as a function of strain (ε). It was found that the crystallite size is reduced to a few tens of nanometers
already atε = 0.7 and it does not change significantly during further deformation. At the same time, the dislocation density increases gradually up
to ε = 4. The dipole character of the dislocation structure becomes stronger with increasing strain. The thermal stability of the microstructure is
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xamined by differential scanning calorimetry (DSC). The temperature of the DSC peak related to the recovery of the microstructure
ith increasing strain. At the beginning of the heat release, a bimodal grain structure develops indicated by a special double-pe

he diffraction line profiles.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Ultrafine grained (nanocrystalline or submicron grain
ize) metals have become a focal point of materials science
ecause of their unique mechanical and physical (e.g. electric,
agnetic and thermal) properties[1]. Severe plastic deforma-

ion (SPD) techniques are effective tools for producing bulk
ltrafine grained metals[2–4]. One of the most common SPD
ethods is equal channel angular pressing (ECAP)[2,3]. This
ethod provides ultrafine grained metal billets with homo-
eneous microstructure. A billet can be deformed repeatedly
sing this method as the cross-sectional dimensions of the
pecimen practically do not change during ECAP deforma-
ion. The samples produced by ECAP may attain a five–six
imes higher yield strength and a much lower ductility as
ompared with their coarse-grained counterparts[4]. For un-
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derstanding the special mechanical behavior of ECA pre
materials, a study of the evolution of microstructure du
SPD is necessary.

The microstructure of the ultrafine grained materials
be effectively studied by X-ray diffraction peak profile an
ysis. The broadening of a profile is caused by crystallite
and strain effects acting concurrently. In deformed me
the lattice distortions are mainly caused by dislocation
the strain broadening can be expressed in terms of th
rameters of the dislocation structure[5,6]. The anisotropi
strain broadening is taken into account by the contrast
tors of dislocations[7]. The dislocation structure can be de
mined by the evaluation of the X-ray peak profiles for the c
trast factors because their values depend on the disloc
slip systems operating in the crystal. Progress in comp
makes it possible to develop procedures for determinin
characteristic features of the microstructure by fitting w
diffraction profiles[8–11]. In the present work, the mul
ple whole profile (MWP) fitting method is used in whi
the measured intensity profiles are fitted by theoretical f
tions calculated on the basis of the model of microstruc
921-5093/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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[10,11]. This procedure yields both the crystallite size dis-
tribution and the characteristic parameters of the dislocation
structure in ultrafine grained materials.

In this paper, the microstructure of severely deformed
copper is studied as a function of strain betweenε = 0.7
and 8 by X-ray peak profile analysis. The high strain val-
ues are achieved by ECAP technique. Thermal stability
of the ultrafine grained microstructure produced is also
investigated.

2. Experimental

Technical purity copper specimens were annealed at
450◦C for 2 h prior to ECA pressing to obtain a defined ini-
tial state. They were subsequently deformed by 1, 2, 4 or 8
ECAP passes using a 90◦ die following route C (in which the
billet is rotated by 180◦ around its longitudinal axis after each
pass). Each pass produces an equivalent strain ofε ∼= 1. An
additional specimen was deformed toε = 0.7 by compression
using an MTS hydraulic machine. Although, simple com-
pression differs in many aspects from the ECAP method, it is
interesting to investigate whether the microstructural param-
eters obtained for compression at large strains correspond to
the trend found for ECAP as a function of strain. Thermal
stability of the ultrafine grained microstructure was inves-
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The magnitude ofM gives the strength of the dipole charac-
ter of dislocations: a higherM value corresponds to a weaker
dipole character and a weaker screening of the displacement
fields of dislocations.

3. Results and discussion

3.1. The microstructure of severely deformed copper as
a function of strain

The volume-weighted mean crystallite size is reduced to
76± 8 nm already after a strain ofε = 0.7. The crystallite size
does not change significantly for higher strains. It is worth to
note that for SPD materials the mean crystallite size deter-
mined by X-ray line profile analysis is usually lower than the
grain size observed in the TEM images[10]. The grains in
SPD materials are divided into subgrains and/or dislocation
cells which are separated from each other by low angle grain
boundaries or dipolar dislocation walls. The crystallite size
in SPD metals obtained by X-ray diffraction is equivalent to
the mean size of domains which scatter X-rays coherently.
Consequently, X-ray diffraction makes a difference between
dislocation cells or subgrains even if the misorientations are
very small, e.g. less than 1 or 2◦. It was shown previously
that such type of dislocation cells or subgrains can only be
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igated by differential scanning calorimetry (DSC) usin
erkin-Elmer DSC2 calorimeter.
The microstructures of the deformed and the anne

pecimens were investigated by X-ray peak profile ana
he X-ray diffraction profiles were measured on the cr
ection of the billets. The size of probed region of specim
as 0.2 mm× 3.0 mm. The measurements were perform
ith a high-resolution diffractometer (Nonius FR591) us
u K�1 radiation (λ = 0.15406 nm). The instrumental broa
ning (�2Θ = 0.006◦) was negligible compared to the me
ured peak broadening (�2Θ = 0.05–0.3◦), therefore, instru
ental correction was not performed. The intensity pro
ere recorded by a linear position sensitive gas-flow det

OED 50 Braun, Munich). The measured data were evalu
y MWP fitting method. The procedure is described in d

n Refs. [10,11]. The measured intensity profiles are fit
y theoretical peak profiles calculated on the basis o
odel of the microstructure. In this model, the crystall
re spheres with log-normal size distribution and the la
train is assumed to be caused by dislocations. The proc
rovides the following parameters of the microstructure

he median (m), and the variance (σ) of the log-normal siz
istribution function, (ii) the density (ρ) and the arrange
ent parameter (M) of dislocations, and (iii) the parame
q) which characterizes the contrast factors of dislocat
nd discriminates between the edge or screw type of d
ations. The arithmetic, the area- and the volume-weig
ean crystallite sizes can be calculated fromm andσ us-

ng the formulas given in Ref.[8]. In this paper, only th
olume-weighted mean crystallite size,〈x〉vol is presented
bserved separately by TEM if highly magnified images
tudied very carefully[10]. Usually, TEM investigations o
PD metals provide grain size which is higher than the

ocation cell or subgrains size obtained by X-ray line pro
nalysis.

The dislocation density increases from 8× 1014 to
8× 1014 m−2 when the strain increases from 0.7 to 4 (o
quares inFig. 1). The dislocation density remains alm
onstant during further deformation. It can be conclu
hat the crystallite size reaches its saturation value at sm
trains than the dislocation density. The yield strength o
eformed specimens is also plotted as solid circles inFig. 1.
he yield strength versus strain shows similar behavior a

he dislocation density, which suggests that for this seri

ig. 1. The dislocation density,ρ, and the yield strength,σY, as a function
f strain.
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specimens the yield strength is determined by the dislocation
density, rather than the crystallite size.

The experimental value of theqparameter is 2.0± 0.1 for
all samples. Theq parameter values for copper correspond-
ing to pure screw and edge dislocations in the <1 1 0>{1 1 1}
slip systems were determined by detailed numerical calcu-
lations using the equations from[12] and the elastic con-
stants from[13]. This yielded theq values of 2.4 or 1.7
for pure screw or edge dislocations, respectively. The ex-
perimental value ofq for ECA pressed Cu agrees well with
the arithmetic average of the values calculated for pure edge
and screw dislocations, which means that the character of
dislocations is half edge–half screw. TheM parameter de-
creases with increasing strain up to four ECAP passes. Its
value was found to be 2.2 atε = 0.7 and 1.1 atε = 4. For
higher strains,M remains almost constant. The decrease of
the value ofM indicates that with increasing strain, the dipole
character of the dislocation structure becomes stronger. It
can be established that after four ECAP passes no further
changes in the dislocation structure occur. This is most
probably due to the dynamic equilibrium between disloca-
tion formation and annihilation at strains higher than about
ε = 4.

3.2. Thermal stability of the microstructure
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Fig. 3. Volume-weighted mean crystallite size and dislocation density vs.
annealing temperature for the specimen deformed by eight ECAP.

raises the driving force for nucleation of new strain-free
grains, so that nucleation is achieved at lower temperatures
[4].

The recovery of the microstructure was studied forε = 0.7
as well as after one and eight ECAP passes. The specimens
were heated at 40 K/min and when the desired temperature
was reached, they were quenched at 200 K/min. The tempera-
tures were chosen before the DSC peak, at the top of the peak
and one after the peak, as indicated by the solid squares in
Fig. 2. The evolution of the volume-weighted mean crystallite
size and the dislocation density for the eight pass specimen
is presented inFig. 3. The other two samples show almost
identical behaviour, only the values of the temperatures, the
crystallite sizes and the dislocation densities are different.

Fig. 3shows that the microstructure changes only slightly
before the DSC peak. At the temperature corresponding to
the beginning of the DSC peak, none of the diffraction lines
could be fitted by a single theoretical profile and each peak
appears to be the sum of a narrow and a broad peak. This
special shape of the diffraction peaks has been already ob-
served by Kuzel et al.[14] for a copper sample deformed
by torsion under 6 GPa pressure and annealed at 250◦C for
100 min. InFig. 4a and b, the circles represent the 220 peak
for a specimen quenched from 500 K in linear and double
logarithmic scales, respectively.Fig. 4b demonstrates that
the intensity goes through a well-defined inflection point at
a -
fi road
p d be-
f bpro-
fi erial.
T lines
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The deformed copper specimens were subjected to
can from 300 to 750 K at the heating rate of 40 K/m
he DSC traces are shown inFig. 2. For each sample,
road exothermic peak was observed on the DSC c
hich corresponds to the recovery of the microstructure
aximum of the exothermic peak in the DSC trace sh

o lower temperature values and the heat released d
he annealing increased with the increase of strain u
= 4. These changes can be explained by an increase
tored energy introduced by severe plastic deformation w

ig. 2. DSC scans at 40 K/min heating rate for copper specimens def
or different strain values. The solid squares represent the temperatures
he microstructure is studied.
round�K∼ 0.006 nm−1, indicating that the diffraction pro
le consists of two peaks, indeed. It was found that the b
eak can be well approximated by the profile measure

ore the heat-treatment, which suggests that the broad su
le corresponds to the non-recovered regions of the mat
he profile for the non-annealed specimen (the solid

n Fig. 4a and b) matches perfectly the tail part of the p
ecorded after annealing (open circles inFig. 4a and b) afte
ividing the intensity by an appropriate factor. The differe
etween the two profiles (the solid line and the open cir
ives a sharp peak which is related to the recovered vo
f the material. Note that inFig. 4a, only the lower part o

he narrower profile is shown for the better visibility of
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Fig. 4. The diffraction profiles of 220 reflections for the specimen deformed
by eight ECAP passes (solid line) and after heat treatment at 500 K (open
circles) in linear (a) and double logarithmic (b) scales. Note that in (a) the
upper part of the narrower peak is not shown in order to better visualisation
of the broader peak.

lower-intensity broader peak. The positions of the maxima
of the two line profiles coincide, within experimental error,
as can be seen inFig. 4a. The other peaks of the specimen
quenched from 500 K can be also decomposed into narrow
and broad subprofiles. The narrow subprofiles were not eval-
uated for the microstructure.

The formation of bimodal microstructure during annealing
of deformed copper has been already observed by transmis-
sion electron microscopy (TEM)[4,15]. It was found that a
moderate fraction of large grains mixed with ultrafine grains
in the matrix results in almost the same high strength as for the
sample having a nanoscale structure in the entire volume. For
severely deformed ultrafine grained metals, it is well known
that the lack of strain hardening causes necking even at small
strain values resulting in low-tensile ductility[4]. At the same
time, the large grains in the bimodal microstructure give rise
to strain hardening ability of the specimen. As a consequence,
the material with bimodal microstructure shows a stable uni-
form deformation and a large overall ductility[4]. By the
appropriate selection of the volume fraction of the coarse

grains, materials with desired combination of strength and
ductility can be tailored.

At the temperature corresponding to the maximum of the
DSC peak, the diffraction profile can be fitted again by a sin-
gle theoretical profile which indicates that the microstructure
becomes more homogeneous. At this temperature the mean
crystallite size is about eight times higher while the disloca-
tion density is 50 times lower than before annealing. After
the DSC peak, the crystallite size and the dislocation density
reach their highest and lowest limiting values, 600 nm and
1013 m−2, respectively, which are detectable by X-ray peak
profile analysis.

4. Conclusions

The microstructure of severely deformed copper speci-
mens was investigated by X-ray peak profile analysis. It was
found that the crystallite size is reduced to 76 nm already at
a strain ofε = 0.7 and further refinement cannot be achieved
by increasing strain. By contrast, the dislocation density in-
creases and the dipole character of dislocations becomes
stronger with increasing strain up toε = 4. The yield strength
versus strain function is similar to that for the dislocation den-
sity indicating that for the specimens tested the yield strength
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s governed by the dislocation density rather than by the
allite size. The temperature of recovery of the microst
ure shifts to lower values with increasing strain as the hi
tored energy introduced by severe plastic deformation r
he driving force for nucleation of new grains. Recovery s
nhomogeneously forming a bimodal microstructure in
ample.
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[11] G. Rib́arik, T. Unǵar, J. Gubicza, J. Appl. Cryst. 34 (2001) 669.
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