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b Department of General Physics, Eötvös University, P.O. Box 32, Budapest H-1518, Hungary

c Budapest University of Technology and Economics, Budapest, Hungary

Received 28 January 2005
Available online 22 August 2005
Abstract

The microstructure of ultrafine-grained fcc metals (Al, Al–Mg alloys, Cu and Ni) produced by applying severe plastic deforma-
tion (SPD) techniques is studied by X-ray diffraction line profile analysis. It is found that Mg addition promotes efficiently the reduc-
tion of the crystallite size and the increase of the dislocation density in Al during SPD process. In Al–Mg alloys the crystallite size
reaches its minimum value at lower strain than the dislocation density saturates. The results also show that the yield strength cor-
relates well with that calculated from the dislocation density using the Taylor equation.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Severe plastic deformation (SPD) is an effective tool
for producing bulk ultrafine-grained (submicron-grain-
sized or nanostructured) metals [1]. One of the most
common SPD methods is equal channel angular press-
ing (ECAP)—a technique that results in a homogeneous
ultrafine-grained microstructure of the workpiece [1,2].
It has been shown that an imposed strain of �1 is intro-
duced on one passage of the sample through the ECAP
die [1]. As the dimensions of the billet do not change
practically during ECAP, the process can be repeated
to increase the strain. The nanostructured materials pro-
duced by ECAP have a very high strength due to their
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low grain size and high dislocation density [2]. For
understanding the mechanical behavior of materials
produced by ECAP, it is necessary to characterize their
microstructure.

The crystallite size and the lattice strain in nanocrys-
talline materials can be determined by X-ray line profile
analysis [3,4]. In SPD processed materials where the lat-
tice distortions are primarily caused by dislocations, the
characteristic parameters of the dislocation structure
can be obtained by the evaluation of the strain broaden-
ing of X-ray line profiles [3,4].

In this paper, the evolution of ultrafine-grained
microstructure in Al and Al–Mg alloys during ECAP
is studied. The effect of Mg addition on the yield
strength and on the microstructure is investigated. The
yield strength is correlated to the dislocation density
using the Taylor equation for different SPD processed
ultrafine-grained fcc metals including pure Al, Al–Mg
alloys, Cu and Ni.

mailto:gubicza@ludens.elte.hu


0.0

0.5

1.0
422420331311222220200111

Al 6082, 1 ECAP

∆L=120 nm

F
ou

rie
r 

tr
an

sf
or

m

Fig. 1. The Fourier coefficients of the measured intensity profiles
(open circles) and the fitted theoretical Fourier transforms (solid line)
obtained by the MWP fitting procedure for Al 6082 alloy deformed by
one ECAP pass. The difference between the measured and fitted values
is also plotted.
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2. Experimental

2.1. Sample preparation

For studying the effect of alloying on the microstruc-
ture developed during SPD the experiments were con-
ducted on high purity (4 N) Al, Al–1 wt.%Mg (Al1Mg)
and Al–3 wt.%Mg (Al3Mg) alloys. Before deformation,
Al was annealed for 30 min at 400 �C and the alloys for
1 h at 500 �C to obtain a defined initial state with grain
size of �200 lm. Cylindrical billets were machined hav-
ing 10 mm in diameter and �60 mm length [5,6]. The
specimens were deformed at room temperature by
ECAP up to eight passes using a 90� die following route
BC. The route BC means that the billet was rotated
around its longitudinal axis in the same direction after
each pass by the angle of 90�. Additional samples were
processed by compression at room temperature using
an MTS machine for a strain of 0.2 [6]. The specimens
machined for compression tests were in the form of cyl-
inders 5 mm in diameter and 7 mm high.

From the point of view of industrial application, it is
very important to investigate the ECAP-induced evolu-
tion of microstructure in commercial alloys. Therefore
a commercial Al–Mg–Si alloy (Al 6082) was also stud-
ied. The main components of the Al 6082 alloy are
97% Al, 0.7–1.3% Si, 0.6–1.2% Mg and 0.4–1% Mn in
wt.%. Before the ECAP deformation, the material was
aged at 420 �C for 40 min. The annealed specimen was
regarded as the as-received material. Cylindrical billets
of 15 mm in diameter and 145 mm in length were
pressed through the ECAP die with 90� intersecting
channels [7]. One, four and eight passes were performed
at room temperature by route A (the billet was not
rotated around its longitudinal axis between adjacent
passes).

2.2. X-ray diffraction analysis

The microstructure of the severely deformed speci-
mens was investigated by X-ray diffraction line profile
analysis. The X-ray diffraction profiles were measured
on the cross-section perpendicular to the axis of com-
pression (for the strain of 0.2) or to the output channel
of the last ECAP pass. In order to avoid machining ef-
fects, a layer of about 100 lm thickness was removed
from the specimen surface by chemical etching before
the experiments. The X-ray diffraction experiments were
performed by a special high-resolution diffractometer
(Nonius FR591). The instrumental broadening
(D2H = 0.006�) was negligible compared to the mea-
sured line broadening (D2H = 0.1�0.3�) therefore
instrumental correction was not performed. The diffrac-
tometer was operated at 40 kV and 70 mA using a rotat-
ing Cu anode (CuKa1 radiation: k = 0.15406 nm). The
line profiles were evaluated by the Multiple Whole Pro-
file (MWP) fitting procedure described in details else-
where [8]. In this method, the Fourier coefficients of
the experimental profiles are fitted by the product of
the theoretical Fourier transforms of size and strain line
profiles. The theoretical functions used in the fitting are
calculated on the basis of a microstructural model in
which the size of spherical crystallites has a log-normal
distribution and the lattice strains are caused by disloca-
tions [8]. From the fitting parameters, the volume-
weighted mean crystallite size, hxivol, and the dislocation
density, q, were determined [8].
3. Results and discussion

Fig. 1 shows the final result of the MWP fitting pro-
cedure for Al 6082 alloy deformed by one ECAP pass.
The open circles and the solid line represent the Fourier
coefficients of the measured intensity profiles and the fit-
ted theoretical Fourier transforms, respectively. The dif-
ference between the measured and fitted values is also
plotted in the figure. The volume-weighted mean crystal-
lite size (hxivol) and the dislocation density (q) for Al
6082 alloy are shown as a function of the number of
ECAP passes in Fig. 2. Nanosized microstructure
(hxivol ffi 85 nm) with relatively high dislocation density
(4 · 1014 m�2) was achieved even after one pass. The
crystallite size did not change with further ECAP passes
while the dislocation density increased up to four passes
(5 · 1014 m�2).

The yield strength (rY) of the ECAP deformed Al
6082 specimens was measured at room temperature by
compression test and plotted as a function of ECAP
passes in Fig. 2. The compression axis was parallel to
the output channel axis of the last ECAP pass. Owing
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Fig. 3. The crystallite size and the dislocation density as a function of
Mg content after eight ECAP passes.
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Fig. 2. The volume-weighted mean crystallite size (hxivol), the dislo-
cation density (q) and the yield strength (rY) for Al 6082 alloy as a
function of the number of ECAP passes.
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to the refinement of the microstructure and the high
dislocation density the yield strength increased during
ECAP deformation. It is worth to note that the yield
strength reached its saturation value (�250 MPa) only
after four passes similar to the dislocation density.

The development of microstructure during ECAP
occured similar manner in Al, Al1Mg and Al3Mg spec-
imens as for Al 6082 sample. The crystallite size reaches
its minimum value even after one pass [6]. The satura-
tion values of the crystallite size are approximately
300, 100 and 70 nm for Al, Al1Mg and Al3Mg, respec-
tively. This means that ECAP resulted nanosized micro-
structure only in the cases of Al alloys but not for pure
Al. In the latter case the microstructure can be regarded
rather as ultrafine-grained where the crystallite size is be-
tween 100 and 1000 nm. For pure Al the dislocation
density reached its maximum value also even after the
first pass (1.9 · 1014 m�2). At the same time for Al–Mg
alloys the saturation occured only at four passes similar
to Al 6082 [6]. The maximum value of the dislocation
density are 3.9 · 1014 and 23 · 1014 m�2 for Al1Mg
and Al3Mg, respectively, which are much higher than
that for pure Al.

The effect of Mg solute atoms on the evolution of
microstructure in Al during deformation is shown in
Fig. 3 where the crystallite size and the dislocation den-
sity are plotted as a function of Mg content after eight
ECAP passes. This figure shows that severe plastic
deformation is more effective in grain-refinement and
in increase of dislocation density if Mg content is higher.
Summarising the results of this microstructural investi-
gation it is established that at room temperature for
higher Mg content the dislocation density reaches its
maximum value at higher strain and the saturation val-
ues of the dislocation density and the crystallite size are
higher and lower, respectively. These phenomena can be
explained by the effect of Mg solute atoms on the dislo-
cation mobility. The Mg atoms impede the motion of
dislocations in Al matrix which hinders the annihilation
of dislocations during deformation leading to an in-
crease in the dislocation density. The reduced recovery
rate is responsible also for that the saturation of disloca-
tion density is achieved at higher strain. As the grain-
refinement in SPD metals occurs by arrangement of
dislocations into cell boundaries, the higher dislocation
density results in the decrease of crystallite size for
higher Mg concentration.

The yield strength of fcc metals are usually correlated
either to the grain (crystallite) size or the dislocation
density. In the former case the Hall–Petch equation is
applied while in the latter case the Taylor formula is
used [2,9,10]. The grain size of SPD materials deter-
mined by transmission electron microscopy (TEM) is
generally several times higher than the crystallite size
(or coherently scattering domain size) obtained by
X-ray line profile analysis. The reason of this difference
is originated from the hierarchy of the microstructure of
SPD metals. The grains confined by high-angle bound-
aries are subdivided into subgrains and/or cells. The
misorientation angle between cells is low (1–2�) there-
fore there is no measurable contrast difference between
them in TEM micrographs, i.e. they can be observed
separately only by high-resolution TEM investigations.
At the same time there is no coherency between the
X-rays scattered from the different cells, therefore
X-ray line profile analysis measures the size of these
objects. Consequently, the application of the Hall–Petch
equation is rather uncertain since the substitution of
either the grain size or the crystallite size determined
by TEM or X-rays, respectively, into the formula gives
different yield strength values. Another critical point in
using Hall–Petch relationship as shown in Fig. 2 that
the saturation of crystallite size occured at lower strain
values than that for the yield strength. This has been
also observed by other authors (e.g. [2]). Therefore the
substitution of the crystallite size into Hall–Petch equa-
tion would give unrealistic trend for the variation of
yield strength as a function of ECAP passes.
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For the SPD specimens investigated here, the disloca-
tion density and the yield strength showed similar
behavior with increasing strain (see Fig. 2). This sug-
gests that it is worth to study the relationship between
the yield strength measured by mechanical tests and
the values calculated from the total dislocation density
using the Taylor equation

r ¼ r0 þ aMGbq1=2; ð1Þ
where r is the yield strength, r0 is the friction stress, a is
a constant (a = 0.33 is taken), G is the shear modulus
(G = 26 GPa is taken for Al and its alloys), b is the
length of the Burgers vector of dislocations
(b = 0.286 nm) and M is the Taylor factor (M = 3 for
untextured polycrystalline materials). The values of fric-
tion stress are taken as 20, 25 and 50 MPa for Al,
Al1Mg (also for Al6082) and Al3Mg, respectively. The
yield strength measured by mechanical tests (rY) versus
the values calculated from the dislocation density
according to Eq. (1) (rxray) are plotted in Fig. 4. This fig-
ure also shows the data determined previously on other
fcc specimens, namely on Cu and Ni samples [11–14].
The values of rY are determined by tensile test and Vick-
ers hardness measurements for Cu and Ni, respectively.
For Cu G = 47 GPa, r0 = 20 MPa and b = 0.256 nm are
taken in the calculation of rxray. For Ni G = 82 GPa,
r0 = 20 MPa and b = 0.249 nm are used. The Cu and
Ni samples were produced as follows.

Technical purity copper specimens were annealed at
450 �C for 2 h prior to deformation to obtain a defined
initial state [11,12]. They were subsequently deformed by
ECAP for one pass using a 90� die and by compression
for e = 0.7 using an MTS hydraulic machine. High pur-
ity nickel (99.99%) was deformed by different methods
of SPD, namely ECAP, cold rolling (CR), high-pressure
torsion (HPT) and their combinations [13,14]. Nickel
cylinders having diameters of 16 mm and lengths of
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Fig. 4. The yield strength measured by mechanical tests (rY) versus the
values calculated from the dislocation density according to Eq. (1)
(rxray).
�100 mm were subjected to ECAP at room temperature
using a die with an internal angle of 90�. Samples were
pressed repetitively for eight passes following route
BC. For processing by HPT, disks with diameters of
10 mm and thickness of �0.3 mm were torsionally
strained under a high pressure of 6 GPa for a total of
five complete revolutions, equivalent to a true strain
�6. Three additional samples were prepared by combi-
nation of different methods: (i) ECAP and cold rolling
(designated ECAP + CR); (ii) ECAP and HPT (desig-
nated ECAP + HPT); (iii) by combination of three (des-
ignated ECAP + CR + HPT). Cold rolling was
performed at room temperature with total reduction in
thickness of the sample from 1.7 to 0.25 mm, equivalent
to a reduction of �85%. In addition, a sample of electro-
deposited nanocrystalline nickel with a grain size of
�35 nm was also included for comparison with the de-
formed specimens.

For the identification of the data points in Fig. 4, the
yield strength and the dislocation density for the sam-
ples studied in this paper are listed in Table 1. As the
yield strength values span a relatively wide range be-
tween 60 and 1687 MPa, the scaling in Fig. 4 is logarith-
mic in order to the well separation of the data points
even at low values. The uncertainty of the data are rep-
resented by the size of symbols. The yield strength mea-
sured by mechanical tests are in good agreement with
the values calculated according to the Taylor equation
(Eq. (1)). This indicates that in ultrafine-grained fcc met-
als processed by SPD the strength is basically deter-
mined by the dislocation density. This is valid not only
for the pure SPD metals but also the solid solutions
and even for the Ni specimen produced by electrodepo-
sition. For Al 6082 deformed by four and eight ECAP
passes the yield strength measured by mechanical test
is significantly higher than the strength values calculated
using Eq. (1). This deviation can be explained by the fact
that the Taylor formula takes into account only the dis-
location–dislocation interaction in strengthening. At the
same time the yield strength is most probably further in-
creased by the interaction between the dislocations and
the precipitates of Mg2Si and Mn12Si7Al5 phases in Al
6082 [7].

During SPD process the dislocations formed in the
grain interiors arranged into cell boundaries to minimise
their strain-energy [2,10,15]. These objects have low-
angle grain boundary character as they separate cells
with small misorientations. As the deformation proceeds
the dislocation density in the cell boundaries increases
(even up to 1017�1018 m�2), the thickness of the bound-
aries decreases and the misorientations between the
neighboring cells also increase, i.e. the cell boundaries
are transformed into high angle grain boundaries
[2,10,16]. At a certain strain the microstructure contains
low-angle cell boundaries (or incidental dislocation
boundaries, IDBs) and high angle grain boundaries



Table 1
The yield strength and the dislocation density data used in making the plot of Fig. 4

Al Al1Mg Al3Mg

Sample rY [MPa] q [1014 m�2] Sample rY [MPa] q [1014 m�2] Sample rY [MPa] q [1014 m�2]

e = 0.2 60 0.4 e = 0.2 120 0.9 e = 0.2 180 3.6
1ECAP 95 1.9 8ECAP 220 3.9 1ECAP 250 12
2ECAP 110 2.1 8ECAP 400 23
4ECAP 120 1.9
8ECAP 120 1.8

Al 6082 Cu Ni

As-received 122 2.3 e = 0.7 300 8 ECAP 783 9
1ECAP 193 4.0 1ECAP 338 12 ECAP + CR 843 11
4ECAP 246 5.0 HPT 1097 17
8ECAP 265 5.4 ECAP + HPT 1103 25

ECAP + CR + HPT 1153 20
Electrodeposition 1687 82
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(geometrically necessary boundaries, GNBs) simulta-
neously [10]. In these materials two strengthening contri-
butions should be considered: (i) dislocation
strengthening due to the presence of low-angle bound-
aries (IDBs) and (ii) grain boundary strengthening due
to medium to high angle boundaries (GNBs). Hughes
and Hansen [10] have shown theoretically that each of
the two contributions can be described by a Taylor-type
equation as the boundaries are built up from disloca-
tions, i.e. the strengthening is caused by dislocation–dis-
location interaction. This is in good agreement with our
experimental results. It should be noted, however, that
the strengthening of GNBs can be also expressed by a
Hall–Petch formula in which the strength is determined
by the average spacing between GNBs [10].
4. Conclusions

(i) The evolution of nanocrystalline microstructure in
fcc metals processed by ECAP was studied by X-
ray line profile analysis. It was found that the crys-
tallite size decreased and the dislocation density
increased with increasing strain and their values
saturated after several ECAP passes.

(ii) Mg addition hinders the annihilation of disloca-
tions in Al matrix during deformation leading to
an increase of the dislocation density and a
decrease of the crystallite size resulted by ECAP.
Another consequence is that the dislocation den-
sity saturated at higher strain for Al–Mg alloys
than for pure Al.

(iii) The yield strength of the different ultrafine-grained
fcc metals, mostly produced by SPD methods, was
well described by the Taylor equation using the
dislocation density values determined by X-ray
line profile analysis. The most probable explana-
tion of this result that the obstacles of dislocation
motion in SPD materials, the cell or subgrain
boundaries consist of dislocations, consequently
the main strengthening mechanism is the interac-
tion between dislocations.
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