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Abstract In this article, the effect of initial microstruc-
ture on the texture evolution in 2014 Al alloy during equal
channel angular pressing (ECAP) through route A has been
reported. Three heat treatment conditions were chosen to
generate the initial microstructures, namely (i) the recrys-
tallization anneal (as-received), (ii) solution treatment at
768 K for 1 h, and (iii) solution treatment (768 K for 1 h)
plus aging at 468 K for 5 h. Texture analyses were per-
formed using orientation distribution function (ODF)
method. The texture strength after ECAP processing was
different for the three samples in the order, solution-
ised > solutionised plus aged condition > as-received. The
prominent texture components were Ag/Ag and Bg/Bg in
addition to several weaker components for the three
materials. The strong texture evolution in solutionised
condition has been attributed to higher strain hardening of
the matrix due to higher amount of solute. In case of the
as-received as well as solutionised plus aged alloy, the
weaker texture could be due to the strain scattering from
extensive precipitate fragmentation and dissolution during
ECAP.
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Introduction

The ECAP is one of the most common severe plastic
deformation methods for producing ultra-fine microstruc-
tures in metals, alloys, and composites [1-5]. In addition to
the significant effect on mechanical properties, ECAP is
also associated with the development of specific crystal-
lographic texture [6-9]. Texture evolution in material after
ECAP is a strong function of processing route as well as
the initial material variable, e.g., initial composition and
texture [10—-13]. These studies mainly deal with the texture
formation in pure face centered cubic (fcc) metals like Al,
Cu, and a few in their alloys [14-20]. It is, however,
important to know the role of initial microstructure on the
final texture formation after ECAP.

Aluminum alloys are known to be an important class of
structural materials. While a large number of articles are
published on the evolution of texture and microstructure
during ECAP of non-heat treatable alloys [21-24], only a
few are available on the heat treatable alloys. In this study,
an attempt has been made to characterize the texture evo-
lution in a heat treatable Al alloy 2014 during ECAP.
These alloys are generally available in the form of heat
treated and naturally aged condition, solution treated con-
dition, and solution treated plus aged condition. In this
study, all the three microstructural conditions have been
subjected to ECAP to examine texture formation in the
presence of fine precipitates (as-received), a relatively
coarser precipitate (solution treated and aged) and in the
absence of any precipitate (solution treated).

The effect of ECAP on microstructural evolution and
mechanical properties of the three types of starting mate-
rials has been previously reported by the authors in [25].
However, it is well known that the crystallographic texture
is an inseparable component of microstructure. Therefore,
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a research program has been formulated to examine texture
evolution during ECAP processing of these materials
having large differences in the microstructures. A rigorous
analysis of the experimental textures has been carried out
using pole figures and ODFs to understand the texture
evolution at individual conditions. Finally, the texture
evolution at each condition has been interpreted as a
function of the corresponding microstructural features.

Experimental procedures
Material and processing

The starting material used for this study was commercially
available 2014 Al alloy in the form of an extruded rod with
13 mm diameter. The chemical composition of the starting
material is given in Table 1. As mentioned earlier, different
microstructural conditions of the alloy 2014 have been
subjected to ECAP, namely, (i) the as-received material
with fine precipitates due to natural aging, (ii) the material
solution treated and quenched, and (iii) the material solu-
tion treated and aged. The solution treatment was carried
out at 768 K for 1 h followed by quenching to room
temperature (hereafter referred to as ST), while the aging
treatment was done at 468 K for 5 h (hereafter referred to
as ST + A). The appropriate aging condition was opti-
mized on the basis of experimentally measured hardness
values as a function of aging time (see Fig. 1). The max-
imum hardness was observed after 5 h of aging so that the
aging time was fixed for 5 h.

The as-received material, the material after solution
treatment, and the material obtained after solution treat-
ment followed by aging was considered for further ECAP
experiments. The samples corresponding to these three
conditions were machined to fit in an ECAP die with cir-
cular cross section having 12 mm diameter of the channels.
The inter-channel angle of the die was @ = 90° and the
outer arc of curvature was ¥ = 20°. The schematics of the
die are shown in Fig. 2. The ECAP experiments were
carried out using a hydraulic press at a crosshead speed of
0.5 mm/s at room temperature up to five passes for all three
starting conditions. The equivalent strain per pass for the
employed design was 1.07 so that the total imposed strain
after five pass becomes 5.35 [26]. The samples were pro-
cessed following the route A i.e., no rotations was applied

1.55

1.50 N
1.45

| ~
1.40 1 !

Hardness (GPa)

1.15 T T T T T 1T 1T 1T 1T T
0 2 4 6 8 10 12 14 16 18 20 22 24

Aging Time (Hours)

Fig. 1 The aging curve obtained for the as-received alloy after
solution treatment showing the hardness values as a function of the
aging time

between subsequent passes. They were well lubricated
using MoS, between successive ECAP passes.

The primary objective of this study is to understand the
role of starting microstructure on the final microstructure and
texture evolution in case of an Al-Cu alloy. Ideally speaking,
the effect of deformation on the microstructural changes
(e.g., grain refinement) as well as texture evolution saturates
only after the first few passes during any SPD processes, as
has been clearly identified by various researchers [1]. Similar
trend has been observed in this investigation wherein the
microstructure and texture do not largely vary after four
passes. An indirect indication of microstructural consistency
can be obtained from the hardness invariance with respect to
the number of ECAE cycles after 4th cycle as shown in
Fig. 6. In that perspective, the ECAE processing is carried
out only up to five cycles in this study.

Microstructural examination

The microstructures of deformed materials were examined
under transmission electron microscope (TEM) using
Philips-TEM operated at an accelerating voltage of 200 kV.
The thin foil TEM specimens were prepared from the
middle of the specimens (see Fig. 3) by mechanical
polishing followed by twin jet electro polishing using a
solution of 10% perchloric acid 4+ 90% methanol at the
temperature —20 °C.

Table 1 Chemical composition
of the as-received 2014 Al alloy

Si Fe Cu Mn

Mg Cr Ni Zn Ca Al

(Wt%)

0.776 0.234 4.32

0.831

0.751 0.0084 0.012 0.0946 0.0071 Balance
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Fig. 2 a Schematic and (a) —
b photograph of ECAP die
employed in this study

O
O

o7

/

O

Microstructure and Texture
measurement plane

/L

7

i X
(ED)

Z
(TD)

Fig. 3 Schematic showing the geometry of the ECAP processed
sample along with the measurement plane for microstructure and
texture characterization

The microstructural sizes were calculated from several
TEM images (not less than 20 in each case) to obtain a
global statistical reliability. The calculation was based on
the linear intercept method using commercially available
image analysis software (Sigma Scan Pro®, Systat Soft-
ware, Inc., USA). The measurement was carried out by
drawing numerous horizontal and vertical test lines at
almost equivalent distances to obtain statistically averaged
intercept values of not less than 99% confidence level.
Edge grains were also included in the measurement
scheme. From the measured values, a cumulative distri-
bution (in terms of number fractions) of intercept length
was obtained. Finally, the weighted average along with the
corresponding error value was calculated from the distri-
bution. A proportionality constant of 1.56 was used to
convert the average linear intercept lengths into the cor-
responding spatial sizes according to the ASTM standard
number E112-96.

@ Springer
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X-ray characterization

The X-ray diffraction pattern of the ECAP-processed
samples was recorded on the electro-polished surface by
using X’PertPro®, PANalytical in CuK, radiation. The
diffraction patterns were recorded by varying 20 from 30°
to 120° in a continuous scan mode. The data were recorded
in a 20 interval of 0.017°. The time for collecting the data
per step was 200 s. The diffraction patterns were corrected
for the instrumental broadening using a silicon sample,
which had large crystallites and was free from the defects.

Texture measurement

The texture measurements were performed on the mid-
horizontal plane (TD-ED plane) of the samples, before and
after the ECAP parallel to the ECAP direction (see Fig. 3).
A Bruker D8 texture goniometer having Schultz reflection
geometry and with CuK, (1 = 1.5406 A) radiation was
employed for this. Four incomplete pole figures viz. (111),
(200), (220), and (113) were recorded for each of the
samples. The ODFs were calculated from the experimen-
tally obtained pole figures in Labotex® software using
ADC algorithm [27]. The ODF calculation was carried out
without any rotation or symmetrization of the experimental
data. The initial ODF was rotated afterward with respect to
¢, and ¢ axes in such a way that the recalculated pole
figures were finally represented in correct frame of refer-
ence where the ideal shear texture for ECAP processing are
clearly visible. This measurement scheme was chosen to
ensure the ideal conditions of texture development. It has
been strongly reported by various researchers that the strain
distribution and the resultant ECAP texture evolution is
inherently heterogeneous in the ND-TD plane [7]. In order
to avoid this experimental difficulty, the presently applied
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texture measurement scheme is generally accepted and
reported previously by various researchers [10-14].
Finally, the recalculated pole figures and appropriate ODF
sections were plotted on the TD plane without imposing
any sample symmetry.

Results and discussions
Microstructure evolution

Figure 4 shows the microstructures of the as-received,
solution-treated, and solution treated plus aged materials
before the ECAP processing. The as-received material con-
sists of fully recrystallized grains with fine precipitates of
size ~90 nm distributed all over the Al matrix (see Fig. 4a).

Fig. 4 Bright field TEM
micrographs showing the
microstructures of starting
materials before ECAP in

a as-received condition, b after
solution treatment, and ¢ at
solutionised + aged condition.
d and e shows the selected area
diffraction pattern and EDS
spectrum obtained from the
precipitate phase in c,
respectively

These precipitates formed due to the natural aging. The
recrystallized grains were almost equiaxed with an average
size of ~2-3 pum. Figure 4b shows the microstructure of
the alloy in the solution-treated condition. The micro-
structure consists of recrystallized grains without any pre-
cipitates inside them. The grain size at this condition was
measured to be ~3—4 pm. After the solution treatment and
aging, precipitates of size ~ 125 nm reappeared in the Al
matrix (see Fig. 4c). It is to be noted that the precipitates in
this condition were much coarser than those present in the
matrix of the as-received material. The selected area dif-
fraction pattern as well as EDS spectrum obtained from the
precipitate phase present in the ST + A starting material
confirms that they were of CuAl, type (see Fig. 4d, e).
Figure 5 shows the TEM bright-field micrographs from
the three materials after the ECAP processing up to five

Zone Axis [210]
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passes. As evident from these microstructures, the grains are
sheared during ECAP processing along the shear direction (a
direction 45° from the ECAP direction) leading to elongated
grain structures in all the three materials. In case of the
ECAP-processed as-received material, grains were sheared
along the shear axis with the long grain axis being inclined in
the direction of shear axis. For this material, the grain size
was 280 + 10 nm after five passes of ECAP, as measured
from the TEM micrographs. The fine precipitates that were
present in the as-received material were completely dis-
solved in the matrix (see Fig. 5a). The microstructural fea-
tures for the ST material after ECAP processing displays
completely deformed grains, which were slightly elongated
along the shear direction. The grain size at this condition
was 270 = 10 nm (see Fig. 5b). The microstructure of the
ST + A material after ECAP shows the presence of elon-
gated grains with fine fragmented precipitates distributed
throughout the Al matrix (see Fig. 5c). The grain size at this
condition is measured to be 250 £ 10 nm. The similar
precipitate fragmentation during ECAP has been reported
earlier in 7034 Al alloy [28, 29].

In recent times, Liu et al. [30] has shown that the dis-
solution rate for the deformable ' precipitate phase (dis-
ordered, underage) in Al-Cu binary alloy system is far
more than that of the brittle, un-deformable (ordered,
overage) 0 particles. The difference has been attributed to
the accumulated strain energy as well as the formation of
sub-boundary in the ¢’ phase during early cycles in ECAP.
During later cycles, dissolution occurs through the sub-
boundaries due to the preferential channel diffusion of Cu
atoms. In contrast, the stable 6 phase needs to be frag-
mented into smaller sizes since the critical radius for dis-
solution is much smaller for these particles to satisfy the
interfacial energy criterion. In this study, the as-received
starting material is under-aged and the precipitates are
present as a result of previous processing. The precipitates
in the ST + A starting material, on the other hand, are
peak-aged and hence ordered and un-deformable. It is,
therefore, possible for the precipitates present in the as-
received starting material to dissolve during ECAP at a
much faster rate than those present in ST + A starting
material. The dissolution of coarse precipitates (~90 nm)
in the as-received material after ECAP is also helped from
their low volume fraction in the microstructure. The
ST + A starting material exist in peak-aged condition and
both the precipitate size and volume fraction are compar-
atively higher than the as-received material. Similar such
dissolution behavior has been reported for precipitate phase
for other class of aluminum alloys in [27, 28].

The hardness variation as a function of ECAP passes for
the three materials is shown in Fig. 6. The ST + A mate-
rial observed higher hardness because of the strengthening
effect from grain refinement, precipitates, and dislocations.

@ Springer
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Fig. 5 Bright field TEM micrographs showing the microstructures
after ECAP for a as-received condition, b after solution treatment,
and c at solutionised + aged condition. ND normal direction, 7D
transverse direction, and ED extrusion direction which is normal to
the plane of the micrograph

In the other two materials, the strengthening contribution
from precipitates is absent. In the as-received material, it is
anticipated that the fine precipitates got sheared and dis-
solved in the matrix during ECAP. In this case, the
strengthening could be due to the grain refinement and by
increased dislocation density (see Fig. 7). A similar
behavior of dissolution of fine precipitates present in small
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Fig. 6 Hardness variation as a function of number of ECAP passes
for as-received, solutionised, and solutionised 4 aged materials

volume fraction was observed in severely deformed Al
alloy [31].

X-ray diffraction line profile analysis (XRDLPA)

The crystallite size and dislocation density of the ECAP-
processed materials was calculated from the X-ray dif-
fraction data using the method originally proposed by
Groma et al. [32, 33]. The calculations are based on the

asymptotic behavior of the second and fourth order
restricted moments of the diffraction data. The crystallite
size and dislocation density obtained from XRDLPA for
the three ECAP-processed materials are presented in
Table 2. The table also includes the grain sizes measured
from the TEM micrographs. The general observation is that
the crystallite size calculated from XRDLPA is lower
than the grain size measured by TEM. The difference
between the results obtained by the two methods is due to
the fact that the original grains in the starting materials are
divided into sub-grains or dislocation cells during ECAP
which are separated by low angle grain boundaries or
dipolar dislocation domains separated by misorientation
less than 1° or 2°. The crystallite size measured by
XRDLPA represents the mean size of the coherent scat-
tering domains. These domains are primarily the sub-grains
or dislocation substructures that coherently scatter the
incident X-ray. The grain size measurement from TEM
micrographs, however, does not take into account the sub
grains or for that matter the dislocation cells so that the
grain size observed in TEM will be higher than the volume
weighted mean crystallite size obtained from XRDLPA
[34-36]. Nevertheless, the trend in the variation of crys-
tallite size with the material conditions matches well to that
of the grain size variation. The crystallite size is the highest
in case of the as-received ECAP-processed material
(240 = 10 nm). For the ST material, the crystallite size as
measured by XRDLPA is 230 & 10 nm, which is lesser but
quite close to the ECAP-processed material from the

Condition Intensity
Routes As-received ST ST+A Level
Starting {t} : /O“ﬁ ww
materials @ ’ ND
before o am o ——
s B i K
ECAP O oS ® e ED
v e
L ' - Levels
== 95
— - ?'5
£ \ . 60
(a) 8.0
After e @ 25
ECAP & . S Yhany o
passes <//; . 4 R (\},

Fig. 7 Texture evolution in the starting as well as ECAP-processed materials shown in terms of (111) pole figure expressed in similar intensity

level
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Table 2 Grain size measured
from TEM micrographs and

Condition

Grain size from

XRDLPA results

crystallite size and dislocation TEM (jm) Crystallite Dislocation
density measured from size (nm) density x 10" (m™Y)
XRDLPA analysis after ECAP
processing up to five passes As-received 280 £ 10 240 £ 10 75 +£05
ST 270 £ 10 230 £+ 10 12 £ 0.5
ST + A 250 £+ 10 150 + 10 19 £ 0.5
Fig. 8 ¢y = 0° and ¢, = 45° (a) @,=0° @, =45°
ODF sections after ECAP
processing up to five passes on |
a as-received, b ST, and : | A
¢ ST + A materials. The ' & W : J / 0
intensity levels and the ® and s V1
@1 directions are shown at the :
bottom (b)
(c)
Levels
1 100
360° 7.0
5.0
4.0
@ 3.0
2.5

90°

starting condition. For the ST + A material, a minimum
crystallite size is obtained after ECAP (150 + 10 nm).

The dislocation density (p) also indicates a systematic
variation. The ST 4+ A material shows the highest dislo-
cation density of the three conditions (p = 19 + 0.5 x
10" m™"), whereas the ECAP-processed samples from the
as-received and ST conditions contain dislocation densities
of 7.5+ 0.5 x 10" and 12 + 0.5 x 10" m~}, respec-
tively. The large dislocation density after ECAP processing
of solutionised plus aged material could be due to the
dislocation pile up around the CuAl, precipitates. The
dislocation density is less in as-received and solutionised
materials because of the absence of precipitates in these
materials.

Texture evolution

Figures 7 and 8 represent the texture evolution in the
as-received, ST, and ST + A materials before and after

@ Springer

ECAP processing up to five passes in terms of (111) pole
figures and the relevant (¢; = 0° and 45°) ODF sections.
The pole figures and the ODF sections have been presented
in the laboratory reference system projected onto the TD
plane, which is initially parallel to the sample flow axis.
The pole figures for all the materials are expressed with
similar intensity (expressed as multiples of random unit)
levels for the ease of comparison. The texture of the
materials before ECAP was reasonably stronger than that
of the corresponding materials after the ECAP processing,
indicating a weakening of texture as a result of ECAP.
Among the starting materials, texture was strongest in the
as-received material and weakest in the ST material. After
ECAP processing, however, the weakest texture forms in
the as-received material wherein the other two materials
show somewhat similar intensity of the ECAP texture.

In order to carry out a finer and quantitative analysis of
texture, ODFs were plotted in the Euler’s space. The Euler
angles and Miller indices of the ideal orientations that
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Table 3 The ideal orientations typically obtained for fcc metals as a
result of ECAP processing [14]

Ideal Euler angles Miller indices
components o1 ® 0 ED ND TD
Ag 45 3526 45 [2209] [202 9] [112]
Az 225 3526 45 [2209] [20 2 9] [112]
B 45 5474 45 [2710073] [10027 73] [111]
165 54.74 45 [1007327] [2773100] [111]
Bz 105 54.74 45 [7327100] [7310027] [111]
225 54.74 45 [2710073] [1002773] [111]
Aig 80.37 45 0 [62525] [2533] [011]
170.37 90 45 [25256] [3 3 25] [110]
Asg 9.74 45 0 [2533] [62525] [011]
99.74 90 45 [3325] [25256]  [110]
Cg 135 45 0 [1007171] [1007171] [O11]
45 90 45 [7171100] [7171100] [110]

typically form due to ECAP processing of fcc materials are
listed in Table 3. Figure 8 shows ¢, = 0° and ¢, = 45°
sections of the ODFs obtained for the ECAP-processed
materials. The ODF sections were plotted up to 360° in the
@ direction and 90° in the ® direction. The locations of the
ideal texture components that generally evolve during
ECAP processing of fcc materials are presented in the key
ODF in Fig. 9. Based on the key ODF, the ideal orienta-
tions are identified in the experimental ODFs. The absolute
strength of the ideal texture components that evolved in the
three materials after ECAP processing up to five passes are
presented in Fig. 10. The texture components are, however,
not located at the exact positions. Their deviations from the
exact positions are listed in Table 4. The deviations are
mostly observed along the ¢; direction in the ODF which
indicates a rotation of the texture components around the
TD axis. The shifts are relatively low in all the conditions
and the maximum deviation was observed for the A;x
component in ST condition. In can also be noticed that the
component (110) [111] which showed strong presence in
all the starting materials (see Fig. 7), completely disap-
peared in all the ECAP-processed materials.

Fig. 9 Key ODF (¢, = 0° and @, =0°
(@, = 45°) sections showing the
locations of different ideal Qo1 —

6525
4.5
o] EAA, 7
40 A, é
5] EC .
: %
/
— 254 é
= "
= N
B
z %
ST ST+A

Material Condition

Fig. 10 Strength of various texture components in the as-received
(AR), ST, and ST + A materials after ECAP processing up to five
passes

The ECAP-processed material from the as-received
condition shows relatively lower shifts from the ideal ori-
entation are relatively low in the ¢, = 0° and ¢, = 45°
sections except for the B component. The ¢, = 0° section
shows weak A, and Cr components in addition to a strong
but wide spread A;g component. In the ¢, = 45° section,
relatively larger spread was observed around the ideal
location of Az/Ag and Bg/ Br components. In the ¢, = 45°
section, continuous orientation distribution joining Ag, Bp,
and Cg components in the ODF was observed which is
generally denoted as B fiber in simple shear [17-20]. The
absolute intensities of these components are quite weak and
non-uniform spread is observed around the respective ideal
positions. Similar weak connection between the compo-
nents Bg, Ao and B, A, could be noticed.

For the ST material, the course of texture evolution after
ECAP was different from the ECAP-processed material
after the as-received condition. The strongest components
in this case were By and Ag. The weak Cr component,
observed in the ODF of ECAP-processed material from the
as-received condition does not appear in the ODF, when
ECAP was carried out on the ST material. The other tex-
ture components e.g., A,z and A ;g are, however, present in

orientations in case of any
ECAP-processed fcc material

’
.
.
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Table 4 Absolute intensities of the ideal texture components mea-
sured for the three conditions after ECAP processing up to five passes.
Also given are the deviations of these ideal components from their

exact locations in the corresponding ODF sections (clockwise and
anti-clockwise rotations are considered as positive and negative,
respectively)

Condition Intensity at maxima location (m.r.u)

Rotation w.r.t ¢1 from exact position (degree)

Azg Ajg Cg Ag Ag Bg Azg Ag Cg Ag Ag Bg Bg
As-received 1.57 2.47 1.53 2.42 1.82 2.42 2.36 0 +2 +4 -4 +4 —4 +4
ST 1.89 3.27 1.16 3.85 5.36 4.88 9.48 0 +16 +4 0 +6 —4 +4
ST + A 2.47 3.15 1.92 6.86 332 6.86 —4 +6 0 -10 +4 —10 0

this case as well. Further, the B fiber shrinks to Bz com-
ponent and another fiber between the components Bz and
A, appears because of the strong intensity of Bx compo-
nent. A similar fiber was also observed between the com-
ponents Bg and A;g. The contrasting feature in the texture
of ECAP-processed material from the ST condition is that
the components shown in the ¢, = 45° are strengthened
and the spread is much reduced. Except for the A;r com-
ponent, the deviations from the respective ideal position
were also quite low (see Table 4).

In the texture of ST + A material, the Cr component
that was completely absent in the ECAP-processed mate-
rial from the ST condition re-appears. A dissimilar inten-
sity was observed for the pairs Az/Ag and Bg/Bg for this
material. The trend in the variation of the strength of
individual components is different for this condition com-
pared to that of the ST condition. In the ST condition, the
components Az and Az are weak and strong, respectively.
On the other hand, the trend is reversed for the texture of
ECAP-processed material with ST + A as the starting
condition. The components Bz and By follow a similar
trend. The deviations of texture components from their
respective ideal locations are much reduced in this case,
except for the Az component. To summarize, the textures
of ECAP-processed materials with ST and ST + A as the
starting conditions are stronger than when the ECAP was
performed on the as-received material. The major contri-
bution is due to Bg/Br components.

The important observation made in this study is that the
B fiber (as seen in ¢, = 45° section) is weak in as-received
condition, shrinks to only the Bg component in ST condi-
tion and finally spread along the Ag and Br components in
ST + A condition. The B fiber possibly forms during the
initial ECAP passes and shrink to the Ag and B after five
passes. Except for the as-received condition, a gradual
strengthening in Ag/Ar and Bg/Br components can be
observed after ECAP. The major difference in texture
between the ST and ST + A conditions was the weakening
and strengthening of the A,z and Br components in the
former material. The deviation in of the locations of the
texture components is within 6° from the respective ideal

@ Springer

positions for the materials ECAP processed from the as-
received and the ST + A conditions. On the other hand,
the deviation of A;; component in ST condition extends up
to 15° from its ideal position. The weakening of texture and
deviation of components in ST + A condition could be a
consequence of strain relaxation due to the precipitate
fragmentation [18]. The fragmentation of precipitates
might lead to strain gradients across the deformation zone
leading to the weakening of texture components.

Conclusions

In this study, the effect of the starting microstructure on the
texture evolution during ECAP of 2014 Al alloy through
route A is examined. The important conclusions are sum-
marized below:

1. ECAP processing of as-received, ST, and ST + A
materials lead to significant grain refinement and
precipitate fragmentation after deformation up to five
passes. The amount of refinement is the lowest in
ST 4+ A material compared to that of the as-received
and ST material.

2. Dislocation density considerably increased in case of
ST + A material after ECAP due to the presence strain
scattering from the coarse peak aged precipitates in the
microstructure.

3. The strength of texture evolution strongly depends on
the starting material condition. The absolute strength
of ECAP texture varies in the order as-received
material < ST 4+ A material < ST material.

4. The texture strength variation is attributed to the strain
scattering ability of the precipitates under imposed
deformation conditions. The higher the strain scatter-
ing (as received and ST + A materials), the weaker
the final texture evolution after ECAP.

5. The ECAP texture mainly consists of stronger Az/Ag
and By/Br components and weaker Cp and A,g
components, rotated significantly by different amounts
from their ideal positions.



J Mater Sci (2011) 46:6518-6527

6527

Acknowledgements

The authors are thankful to the NRCM, IISc,

Bangalore and DRDO, New Delhi for technical and financial support.
They express sincere gratitude to the Institute X-ray Facility at IISc
for the required research facilities. The help rendered by Dr. Nilesh
Gurao of IISc during the analysis of the texture results is also
gratefully acknowledged.

References

—

10.

11.

12.

13.

14.

15.

. Valiev RZ, Langdon TG (2006) Prog Mater Sci 51:881
. Segal VM (1999) Mater Sci Eng A 271:322
. Furukawa M, Horita Z, Nemoto M, Langdon TG (2001) J Mater

Sci 36:2835. doi:10.1023/A:1017932417043

. Lapovok R, McKenzie PWJ, Thomson PF, Semiatin SL (2007) J

Mater Sci 42:1649. doi:10.1007/s10853-006-0967-x

. El-Danaf EA, Soliman MS, Almajid AA, El-Rayes MM (2007)

Mater Sci Eng A 458:226

. Ferrasse S, Segal VM, Kalidindi SR, Alford F (2004) Mater Sci

Eng A 368:28

. Beyerlein 1J, Toth LS (2009) Prog Mater Sci 54:427
. Abdulhakim AA, El-Danaf EA, Soliman MS (2009) J Mater Sci

44:5654. doi:10.1007/s10853-009-3796-x

. Katsas S, Dashwood R, Todd G, Jackson M, Grimes R (2010)

J Mater Sci 45:4188. doi:10.1007/s10853-010-4513-5

Suwas S, Massion RA, Toth LS, Fundenburger JJ, Eberhardt A,
Skrotzki W (2006) Metall Mater Trans A 37:739

Skrotzki W, Scheerbaum N, Oertel CG, Brokmeier HG, Suwas S,
Toth LS (2006) Mater Sci Forum 503:99

Suwas S, Toth LS, Fundenberger JJ, Eberhardt A (2005) Solid
State Phenom 105:357

Skrotzki W, Scheerbaum N, Oertel CG, Brokmeier HG, Suwas S,
Toth LS (2007) Acta Mater 55:2211

Suwas S, Massion RA, Toth LS, Fundenberger JJ, Beausir B
(2009) Mater Sci Eng A 520:134

Massion RA, Suwas S, Toth LS (2005) Mater Sci Forum 495:839

16.
17.
18.
19.
20.

21.
22.

23.
24.
25.
26.

217.
28.

29.

30.
31

32.
33.
34.

35.
. Gubicza J, Balogh L, Hellmig RJ, Estrin Y, Ungar T (2005)

Zhilyaev AP, Oh-ishi K, Raab GI, McNelley TR (2006) Mater
Sci Eng A 441:245

Skrotzki W, Scheerbaum N, Oertel CG, Brokmeier HG, Suwas S,
T6th LS (2006) Mater Sci Forum 503-504:99

Chowdhury SG, Xu C, Langdon TG (2008) Mater Sci Eng A
473:219

Skrotzki W, Scheerbaum N, Oertel CG, Arruffat-Massion R,
Suwas S, Toth LS (2007) Acta Mater 55:2013

Suwas S, Toth LS, Fundenberger JJ, Eberhardt A, Skrotzki W
(2003) Scr Mater 49:1203

Kapoor R, Chakravartty JK (2007) Acta Mater 55:5408

Oh-ishi K, Zhilyaev AP, McNelley TR (2005) Mater Sci Eng A
410:183

Zhang K-F, Hong-hua Y (2009) Trans Non-ferrous Met Soc
China 19:s307

Chang SY, Ahn BD, Hong SK, Kamado S, Kojima Y, Shin DH
(2005) J Alloys Comp 386:197

Venkatachalam P, Ravisankar B, Kumaran S (2010) Int J
Microstruct Mater Prop 5:88

Iwahashi Y, Wang J, Horita Z, Nemoto M, Langdon TG (1996)
Scr Mater 35:143

Pawlik K (1986) Phys Stat Sol 134(b):477

Roven HJ, Manping L, Werenskiold JC (2008) Mater Sci Eng A
483:54

Xu C, Furukawa M, Horita Z, Langdon TG (2005) Acta Mater
53:749

Liu Z, Bai S, Zhou X, Gu Y (2011) Mater Sci Eng A 528:2217
Gutierrez-Urruti I, Munoz-Morris MA, Morris DG (2005) Mater
Sci Eng A 394:399

Groma I (1998) Phys Rev B 57:7535

Borbely A, Groma I (2001) Appl Phys Lett 76:1772

May J, Dinkel M, Amberger D, Hoppel HW, Goken M (2007)
Metall Mater Trans A 38:1941

Gubicza J, Ungar T (2007) Z Krist 222:567

Mater Sci Eng A 400:334

@ Springer


http://dx.doi.org/10.1023/A:1017932417043
http://dx.doi.org/10.1007/s10853-006-0967-x
http://dx.doi.org/10.1007/s10853-009-3796-x
http://dx.doi.org/10.1007/s10853-010-4513-5

	Texture evolution in an Al--Cu alloy during equal channel angular pressing: the effect of starting microstructure
	Abstract
	Introduction
	Experimental procedures
	Material and processing
	Microstructural examination
	X-ray characterization
	Texture measurement

	Results and discussions
	Microstructure evolution
	X-ray diffraction line profile analysis (XRDLPA)
	Texture evolution

	Conclusions
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


