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bstract

The evolution of microstructure and texture in Al6082 precipitation-hardened alloy during equal-channel angular pressing (ECAP) was studied.
t was found that although the dislocation density and the subgrain size saturated after 1 pass, the size of grains bounded by high angle boundaries

eached its minimum value only after 4 passes. Furthermore, the grain orientation distribution changes between 4 and 8 passes, indicating the
evelopment of grain boundary structure even after the saturation of the parameters of the microstructure. As a result of this evolution, the initial
exture of the commercial alloy was diminished after 8 passes and the grain orientation distribution became to be close to random case.

2008 Elsevier B.V. All rights reserved.
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. Introduction

Equal-channel angular pressing (ECAP) is an effective
ethod for reducing the grain size to, typically, the submicrome-

er level by introducing large plastic strain into materials through
epetitive processing. The ultrafine-grained (UFG) materials
roduced by ECAP have a very high strength due to their low
rain size and high dislocation density [1]. As severe plastic
eformation (SPD) procedures enable to produce UFG mate-
ials in bulk shape, there is an increasing interest for these
aterials with respect to their technological applications. This

nterest is especially large for SPD processing of those materi-
ls which are traditionally basic materials in the industry (e.g.
recipitation-hardened Al alloys).

For understanding the mechanical behavior of UFG mate-
ials produced by ECAP, it is necessary to characterize their

icrostructure. A comprehensive review on the development of
FG materials via ECAP has been published recently [2]. In the

arly stage of grain refinement during ECAP, dislocation cell
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tructures with low angle grain boundaries (LAGBs) develop.
AGBs are usually in non-equilibrium state [3,4], hence it is
xpected that they would transform into a more equilibrated
igh angle grain boundaries (HAGBs) in further deformation
5,6].

During the formation of HAGBs, there are substantial grain
otations; therefore, it is expected that texture develops in mate-
ials subjected to ECAP processing. Detailed investigations have
een conducted to evaluate the texture evolution in various Al
lloys processed by ECAP [7–13]. The results from these exper-
ments show similarities between the textures formed during
CAP and those introduced by large strain in a simple shear,
owever, there are also additional rotations occurring when the
ample passes repetitively through the ECAP die [14]. Depend-
ng on the nature of precipitates, the texture evolution is different
n precipitation-hardened Al alloys. Experiments carried out on
l5056 and Al2024 alloys showed gradual increase in texture

trength with increasing number of passes [7,15]. At the same
ime, for Al7034 alloy it has been observed that there was an

nitial weakening and a subsequent strengthening of the overall
exture as the strain increased [16].

In this paper the evolution of the microstructure and the tex-
ure in Al6082 commercial alloy as a function of number of

mailto:sandipgc@gmail.com
dx.doi.org/10.1016/j.msea.2008.01.049
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CAP passes are studied. The grain boundary misorientation
istribution is also determined for different ECAP passes. To
he knowledge of the authors such a complex characterization
f the grain size, subgrain size, defect structure and texture of
he ECAP-processed Al6082 alloy is missing from the literature.

. Experimental

A commercial Al–Mg–Si alloy (Al6082) was processed by
CAP. The main constituents of the alloy are Al (97%), Mg

0.6–1.2%), Si (0.7–1.3%) and Mn (0.4–1%) in weight percents.
efore ECAP deformation the material was annealed at 420 ◦C

or 40 min in order to homogenize the microstructure. This sam-
le was regarded as the initial state of the material. In the initial
aterial beside the Al matrix a small amount of Mg2Si and
n12Si7Al5 phases have been identified by X-ray diffraction

17]. Cylindrical billets of 15 mm in diameter and 145 mm in
ength were pressed through the ECAP die with ϕ = 90◦ angle
f intersection between the channels. One, four and eight passes
ere performed by route C (the billet was rotated by 180◦ around

ts longitudinal axis between intermediate passes) at room tem-
erature and at constant displacement rate of 8 mm/min. The
pplied load increased from 120 to 180 kN with increasing the
umber of ECAP passes because of the strain hardening of the
lloy. A schematic drawing in Fig. 1 shows the notations of
hree orthogonal axes of the ECAP-processed billet. The X-axis
s parallel to the flow direction (ED), the Y-axis (ND direction) is
erpendicular to the top surface at the point of exit from the die
nd the Z-axis (TD direction) normal to the side face at the point
f exit from the die. The three directions can be regarded as the
ormal vectors of three orthogonal planes of the billet. These
lanes are denoted by the same letters as the corresponding
ormal directions.

The microstructure of the initial and ECAP-processed mate-
ials was studied by X-ray line profile analysis. The X-ray peak

rofiles were measured on the cross section (X-plane) of the sam-
les by a high-resolution double-crystal diffractometer (Nonius,
R 591) using Cu K�1 radiation. The peak profiles were eval-
ated by the multiple whole profile (MWP) fitting procedure

ig. 1. Schematic picture showing the three orthogonal directions of ECAP-
rocessed billet.

w
p

c
a
1
t
E
s
m
f

3

3

r
p
t
r
b

d Engineering A 490 (2008) 335–342

18,19]. In this method, the Fourier coefficients of the experi-
ental profiles are fitted by the product of the theoretical Fourier

ransforms of size and strain peak profiles. The theoretical func-
ions used in the fitting are calculated on the basis of a model of
he microstructure. In this model, the crystallites have spherical
hape and log-normal size distribution, and the lattice strains
re assumed to be caused by dislocations. The method gives
he crystallite size distribution as well as the density and the
rrangement of dislocations. In this study the volume-weighted
ean crystallite size (〈x〉vol), the dislocation density (ρ) and the

islocation arrangement parameter (M) are presented for the ini-
ial and the ECAP-processed specimens. The lower the value of

, the higher the screening of the strain fields of dislocations,
.e. the stronger the dipole character of the dislocation structure
20].

Texture studies were carried out on the initial sample as well
s after ECAP. Four incomplete pole figures {1 1 1}, {2 0 0},
2 2 0} and {3 1 1} were measured up to a reflection angle of
0◦ by the Schultz reflection method in a Philips X’pert powder
iffractometer using a Cu anode. Texture was measured on the
-plane equivalent to the flow plane at the point of exit from the
CAP die (see Fig. 1). The measurements were carried out in the
iddle plane section of the billet on an area having dimensions

f 15 mm × 10 mm. Before texture measurements the surface
as mechanically polished.
The orientation distribution function (ODF) of the grains was

alculated from the texture measurements by arbitrarily defined
ells (ADC) method after corrections and normalization, without
mposing any restriction on the sample symmetry [21]. It has
een shown that the samples processed by route C have slight
hrough-thickness heterogeneity in both microstructure and the
exture [22]. Therefore all measurements have been carried out
t the middle plane section of the sample.

The grain boundary misorientation distribution was measured
y electron backscatter diffraction (EBSD). These experiments
ere carried out on the Y-plane of the sample after each ECAP
ass by a Quanta 200 FEG-SEM with TSL OIM software.

Tensile tests were carried out using a MTS 810 mechani-
al testing machine. The velocity of the cross head was kept
t 1.8 mm/s. The gauge length of the tensile specimens was
7.5 mm with diameter of 3.5 mm. The longitudinal axis of the
ensile specimens was parallel to the longitudinal axis of the
CAP-processed billet (X-axis). We could take out six tensile
pecimens from each workpiece. The yield strength was deter-
ined as the average of the 0.2% offset stress values obtained

or six samples.

. Results

.1. Microstructure from X-ray line profile analysis

The Bragg peaks measured on the cross sections by high-
esolution diffractometer were evaluated by MWP fitting

rocedure. Fig. 2 shows the normalized Fourier coefficients of
he measured intensity profiles (open circles) and the fitted theo-
etical Fourier transforms (solid line) for the specimen deformed
y 1 ECAP pass. In the fitting procedure the parameter describ-
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Fig. 2. The measured (open circles) and fitted (solid lines) Fourier coefficients
normalized to unity for the sample processed by 1 ECAP pass. The differences
between the measured and fitted values are also shown in the lower part of the
figure. The scaling of the differences is the same as in the main part of the figure.
The indices of the reflections are also indicated.

Table 1
The mean crystallite size (〈x〉vol), the dislocation density (ρ) and the dislocation
arrangement parameter (M) obtained by X-ray line profile analysis, and the
average grain size determined by EBSD (d) and the yield strength for the initial
state and for the samples processed by different passes of ECAP

No. of
passes

〈x〉vol

(nm)
ρ (×1014 m−2) M d (�m) Yield strength

(MPa)

Initial state >500 <0.1 – 20 82 ± 4
1 ECAP 87 ± 9 4.0 ± 0.5 4.4 ± 0.5 4 184 ± 5
4
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ECAP 74 ± 9 3.9 ± 0.5 2.2 ± 0.3 1 203 ± 6
ECAP 76 ± 9 4.6 ± 0.5 2.2 ± 0.3 1 226 ± 6

ng the edge or screw character of dislocations, i.e. q is fixed
o 0.85 assuming half edge–half screw character of dislocations
0.36 for pure edge and 1.33 for pure screw dislocations in Al).

The volume-weighted mean crystallite size (〈x〉vol) and the

islocation density (ρ) for the initial state and for the ECAP-
rocessed samples are listed in Table 1. Ultrafine-grained
icrostructure (〈x〉vol = 87 nm) with high dislocation density

t
c
a

able 2
deal shear texture components and ideal ECAP texture components

omponent {h k l}<u v w> ϕ1

(1 1̄ 1)[1 1 0] 0
¯ (1̄ 1 1)[1̄ 1̄ 0] 180

(1 1̄ 2)[1 1 0] 0/120/240
¯ (1̄ 1 2̄)[1̄ 1̄ 0] 60/180

{0 0 1}<1 1 0> 90/270, 0
∗
1 (1 1 1)[1̄ 1̄ 2] 35.26/215
∗
2 (1 1 1)[1 1 2̄] 144.74, 54

θ {1 1 1}�, <1 1 0>θ 45
¯

θ {1 1 1}θ, <1 1 0>θ 225

θ <1 1 0>θ 45/165/28
¯

θ <1 1 0>θ 105/225/3
∗
1θ

{1 1 1}θ 80.26/260
∗
2θ

{1 1 1}θ 9.74/189.

θ <1 1 0>θ 135/315,
1 1 1} fiber {1 1 1}<u v w>
1 1 0> fiber {h k l}<1 1 0>
d Engineering A 490 (2008) 335–342 337

4 × 1014 m−2) was achieved even after 1 pass. The crystallite
ize and the dislocation density change slightly for higher passes.
he dimensionless dislocation arrangement parameter, M, has a
alue of 4.0 ± 0.5 after 1 pass and it decreased to 2.2 ± 0.3 after
ECAP passes. This indicates that the dipole character of the

islocation structure and the screening of the displacement field
f dislocations became stronger with increasing deformation.

.2. Texture analysis

For the ECAP textures, the indices {h k l}<u v w> was used
o denote an orientation having an {h k l} plane parallel to the
-plane and a <u v w> direction parallel to the X-direction [2].
o facilitate the description of the texture, Table 2 provides a
ummary of the Euler angles for the main ideal orientations in
hear deformation [23] and for a single ECAP pass for ϕ = 90◦
ϕ is the angle between the intersecting ECAP channels) based
n the calculations by Li et al. [24]. In this representation, ϕ1 is
he rotation angle about Y-axis, φ is the angle of rotation about
he new X′-axis (X′ is obtained from X by rotation about Y-axis
ith ϕ1) and ϕ2 is a rotation angle about the final Z′-axis (Z′
btained from Z by the two former rotations about Y and X′).

In the coordinate system chosen here, the differences between
he observed and the theoretical shear texture components may
orrespond to shift in ϕ1 only, i.e. to a rotation about Y-axis.
t has been shown that ECAP orientations can be derived from
hose of negative simple shear, by increasing the ideal values
f ϕ1 of a simple shear by θ (=φ/2), while the two other Euler
ngles remain the same [24]. One ECAP pass can be described
s a simple shear in the flow plane. Canova et al. [25] have
lassified f.c.c torsion (shear) textures in terms of three com-
onents: A fiber {1 1 1}<h k l>, B fiber {h k l}<1 1 0> and C
omponent {0 0 1}<1 1 0>, where the notation refers to {plane
arallel to the shear plane}<direction parallel to the shear direc-
wo partial fibers: {1 1 1}θ<u v w> with a {1 1 1} plane counter
lock wise (CCW) rotated by θ about TD from the ND plane
nd {h k l}<1 1 0>θ with a <1 1 0> direction CCW-rotated by θ

φ ϕ2

35.26 45
35.26 45
54.74 45
54.74 45

/180 45, 90 0/90, 45
.26, 125.26 45, 90 0/90, 45
.74/234.74 45, 90 0/90, 45

35.26 45
35.26 45

5 54.74 45
45 54.74 45
.26, 170.26/350.26 45, 90 0, 45
74, 99.74/279.74 45, 90 0, 45
45/225 45, 90 0, 45
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Fig. 3. Texture of the initial material: (a) {1 1 1}

bout TD from ED. The orientation distributions can be rep-
esented by three fibers: f1, f2 and f3. The f1 fiber consists of
he A∗

1θ–Aθ–A∗
2θ {1 1 1}θ partial fiber. The f2 fiber consists of

θ–Bθ–Aθ orientations along <1 1 0>θ and the Aθ–A∗
1θ orien-

ations along {1 1 1}θ; the two fibers meet at Aθ position. The
3 fiber which is symmetrical to the f2 fiber described above,
ontains the Cθ–Bθ–Aθ–A∗

2θ orientations.
The {1 1 1} pole figure for the initial sample is shown in

ig. 3a. The ϕ2 = 0◦ and 45◦ sections of the ODF of the initial
aterial are presented in Fig. 3b. A diagram showing the ideal

hear and ideal ECAP texture components is also presented in
his figure. The initial sample shows a weak <1 0 0> texture as
ell as presence of A∗

1 and A∗
2 components along with B com-

onent. As the shear plane is coincident with the 45◦ plane of
he die, the corresponding components for ECAP textures are
btained by expressing the ideal orientations of simple shear in
he ED–ND–TD reference system. This operation implies a rota-
ion of 45◦ around the TD (or Z)-axis. The simple shear nature of

he deformation process should lead to a monoclinic symmetry
f the textures with respect to the TD axis, but this symmetry
s not necessarily valid because the strain mode is not exactly a
imple shear in the die. Experimental and theoretical flow line

t
a

p

figure and (b) ODF sections at ϕ2 = 0◦ and 45◦.

nalyses as well as finite-element simulations have been shown
hat the ECAP deformation deviates from simple shear [26,27].

onoclinic symmetry can be valid with a certain approxima-
ion in route A textures; this symmetry is definitely lost when
he sample is subjected to route C strain path.

The changes in texture are quite apparent after deformation
hrough ECAP die. {1 1 1} pole figures shows weakening of the
exture components after one pass (Fig. 4a). This weakening con-
inues till 4 passes but the texture does not change between 4 and
passes as the {1 1 1} pole figures for 4 and 8 passes in Fig. 4b

nd c show, respectively. A detailed analysis has been carried out
sing the ODF representation. The advantage of ODF lies in the
act that in orientation space the ideal orientations appear sepa-
ately, without overlapping. The ϕ2 = 0◦ and 45◦ sections of the
DFs after different ECAP passes are presented in Fig. 5. There

re shifts from the ideal positions (compare with Fig. 3b); mostly
hifts in the ϕ1 direction of the ODF space meaning a rotation
round the TD axis. Although some misalignment occurs in the

exture measurement, but they affect the rotations around ND
xis rather than TD axis.

After 1 pass, there are evolutions in A∗
1θ and Cθ texture com-

onents at ϕ2 = 0◦ and also in Bcomponent at ϕ2 = 45◦ sections
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Fig. 4. {1 1 1} pole figures after (a) 1 pass, (b) 4 passes and (c) 8 passes.

Fig. 5. ODF sections at ϕ2 = 0◦ and 45◦ for (a) 1 pass, (b) 4 passes and (c) 8 passes.
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Fig. 6. Orientation map of sample processed by 8 passes.

Fig. 5a). All of these components are shifted toward lower ϕ1
alues. Fig. 5b shows the evolution of similar components; how-
ver, these are deviated towards lower ϕ1 values. After 4 passes
he overall intensity of the texture is decreasing to half of that for
pass. After 8 passes, the texture components at ϕ2 = 0◦ section

s the same as after 4 passes but A component appears to replace
component observed up to 4 passes (Fig. 5c). The intensity of

he texture is continuously decreasing with increasing number
f passes; however, there were only slight changes in the textural
omponents.

.3. Evolution of grain boundary misorientation
istribution

According to EBSD experiments, the grain size of the ini-
ial microstructure is observed to be ∼20 �m. After 1 pass, the
rain size reduces to ∼4 �m. After 4 passes, the grain size is
early 1 �m and there is only slight change in the grain size
etween 4 and 8 passes. The EBSD image after 8 passes is pre-
ented in Fig. 6. The misorientation distribution for different
umber of passes is plotted in Fig. 7. This figure shows that
fter 1 and 4 passes, there are mainly low angle grain bound-
ries. After 8 passes, the profile changes drastically. The average
isorientation is ∼37◦ after 8 passes which is close to the value

orresponding to random orientation distribution (∼42◦).

. Discussion

The crystallite size measured by X-ray line profile analysis
nd the grain size determined by EBSD saturate after 1 and 4
asses, respectively. Furthermore, the crystallite size measured
y X-ray line profile analysis is one order of magnitude smaller
han that measured by EBSD. This apparent discrepancy can be

xplained by the hierarchy of microstructure of ECAP-processed
etals. In SPD-processed metals, the grains confined by high

ngle grain boundaries are subdivided into subgrains and/or cells
28]. In the evaluation of EBSD experiments, a grain is defined

t
w
d
t

ig. 7. Evolution of grain misorientation distribution with increasing number of
CAP passes.

s the volume having boundaries with misorientations greater
han 15◦. At the same time the misorientation angles between
eighbouring subgrains and cells are much smaller, usually only
everal degrees. The crystallites are defined as the domains in
he material which scatter X-rays coherently. As the coherency
f X-rays breaks even if they are scattered from volumes having
uite small misorientations (1–2◦), the crystallite size measured
y X-ray line profile analysis corresponds rather to the sub-
rain size in the UFG microstructure. It should be noted that
here are some specific dislocation configurations (e.g. dipo-
ar dislocation walls) which also cause the disappearance of
oherency of X-rays without any misorientation between the
eparated subgrains or cells [29]. The simultaneous application
f X-ray line profile analysis and EBSD results in a detailed char-
cterization of the hierarchical microstructure of SPD-processed
aterials.
Although the crystallite size (subgrain size) and the disloca-

ion density saturated after 1 pass, the dislocation arrangement
arameter, M, further decreased even up to 4 passes which indi-
ates a stronger dipole character of the dislocation structure. In
PD-processed metals and alloys with medium or high stack-

ng fault energy, the majority of dislocations can be found in the
rain boundaries or subgrain boundaries [30]. Consequently, the
ecrease of the value of M indicates the evolution of boundary
tructure from a non-equilibrium state to a more equilibrated
tructure with less lattice distortions near the boundaries. This
volution is accompanied by the increase of boundary misori-
ntations as it is suggested by the decrease of the grain size
etermined by EBSD. All the experiments in this study showed
hat there are no changes in the parameters of the microstruc-
ure (grain size, dislocation density) between 4 and 8 passes. At
he same time, the grain orientation distribution changes even
etween 4 and 8 passes. The present EBSD experiments showed
hat in the initial state the fraction of high angle grain boundaries

as small. During the first few passes a large amount of LAGBs
evelops by the arrangement of dislocations into dense struc-
ures. With increasing the number of ECAP passes, the average
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isorientation increased and after 8 passes the fraction of high
ngle boundaries are quite high and the average misorientations
s close to that of the randomly orientated grain structure.

Our experiments showed a weakening of the initial texture
uring ECAP processing. This can be explained by fragmenta-
ion of grain structure into subgrains which develop into grains
ith increasing strain. The highest scattering of the grain orienta-

ion was observed after 8 passes although there was no evolution
f new texture components. The lack of new components may
e explained by the fact that in route C the shear plane in the
orkpiece does not change between subsequent passes.
The present results of texture measurements are not consistent

ith the observations obtained previously on other ECAP-
rocessed Al-based alloys. In the case of Al5056 alloy, there
s a monotonous increase in the overall texture intensity with
ncreasing number of passes [7]. For Al2024 alloy, the strength
f the texture also increases with progressing deformation up to
ECAP passes [15]. At the same time, in the case of Al7034

lloy there is an initial weakening of the texture and subse-
uent strengthening during ECAP [16]. Moreover, after 1 ECAP
ass, the texture evolution in Al7034 alloy deviates both from
he ideal shear texture components and from the ideal ECAP
exture components. This deviation is attributed to the strain
elaxations associated with extensive precipitate fragmentation
n the initial pass. After 6 passes of ECAP, the precipitate frag-

entation in Al7034 alloy becomes essentially negligible and
here is evidence for a gradual evolution towards the ideal ECAP
exture. In our case the volume fraction of precipitates is rel-
tively small and their fragmentation was not observed during
CAP which may explain the monotonous weakening of texture
ith increasing number of passes.
The yield strength determined by tensile test is listed in

able 1. The yield strength increases monotonously up to
passes even after the saturation of the parameters of the
icrostructure at 4 passes. This means that beside these param-

ters other microstructural features should affect the strength of
CAP-processed Al6082 alloy. This feature may be the structure
f grain boundaries. Hernández Olivares and Gil Sevillano [31]
howed that the more clustered the dislocation structure in the
oundaries, the higher the strengthening effect of the boundaries.
his means that the development of thinner, more equilibrated
oundaries after 8 passes may increase the yield strength even
n the lack of increasing the dislocation density or decreasing
he grain size. It should be noted that the yield strength is also
ffected by the interaction between dislocations and Mg2Si and
g12Si7Al5 precipitates.
It should be noted here that ECAP procedure may affect the

recipitation structure. An example of this effect was demon-
trated for a spray-cast Al7034 alloy which was subjected to
CAP at a temperature 473 K [32,33]. It has been shown that

n this alloy the large rod-like MgZn2 precipitates were broken
y the high stresses imposed in ECAP to give a uniform dis-
ribution of very small spherical precipitates in the as-pressed
aterial. The fragmentation of the rod-like precipitates resulted
n a decrease of the flow stress. At the same time, the small, uni-
ormly distributed precipitates stabilized the UFG structure even
t high temperatures resulting in the improvement of superplas-

[

[
[

d Engineering A 490 (2008) 335–342 341

ic behavior compared with the initial state before ECAP. For our
l6082 alloy the width of X-ray peaks of Mg2Si and Mg12Si7Al5
recipitates did not change significantly due to ECAP indicat-
ng that these precipitates did not fragmented into smaller parts
uring severe plastic deformation. Consequently, in our case the
recipitates do not have significant contribution to the change
f yield strength during ECAP.

. Conclusions

The development of the dislocation density, the grain and
ubgrain sizes as well as the texture in Al6082 alloy processed
y ECAP were investigated. The dislocation density and the
ubgrain size reached their maximum and minimum values,
espectively, even after 1 pass. While the subgrain size did not
hange further, the grain size having high angle boundaries
ecreased up to 4 passes indicating the increase of the frac-
ion of high angle grain boundaries between 1 and 4 passes.
he grain orientation distribution reached the random case only
fter 8 passes which indicates that the grain boundary structure
eveloped at least up to 8 passes. This observation is consistent
ith the diminishing of the initial texture during ECAP process-

ng. The yield strength increased monotonously even after the
aturation of the dislocation density and the grain size indicat-
ng that the more equilibrated high angle grain boundaries have
igher strengthening effect than the non-equilibrium boundary
tructures.
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