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Texture and Lattice Distortion Study of an Al-6061-T6 Alloy Produced by ECAP
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Equal channel angular pressing (ECAP) is a severe plastic deformation (SPD) technique that produces nanostructured materials. Based on a
remarkable grain size reduction, this process has led to improve mechanical properties, such as yield strength, fatigue, UTS, etc. In this work the
characterization of the microstructure of the aluminum 6061-T6 alloy; plastically deformed up to ¢ ~ 6, by the ECAP process, following route
Be, is presented. For this purpose, the ECAP processed samples were characterized by means of X-ray diffraction (for texture and line profile
analysis) and transmission electron microscopy. The initial crystallographic texture vanished after one ECAP pass and a new, well defined, shear
texture Cy was generated. For the subsequent ECAP passes, more shear components: A}, Bg and By were also developed. From the orientation
distribution function analysis, a shift (generally less than 15°) between some experimental maxima and the reported ideal shear texture positions
was observed. From these results, it was found that the microstructure generated with this process was stabilized after the Sth ECAP pass.
Finally, the micro-strain analyses, in addition to the texture and transmission electron microscopy, contributed to the understanding of the effect

of the physical and mechanical processes that were activated during the SPD-ECAP technique.
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1. Introduction

It is well known that the severe plastic deformation
processes (SPD) can produce structures with very fine grain
size in bulk metallic alloys. Among these processes, equal
channel angular pressing (ECAP) has been widely used due
to its capacity to produce large strains whilst preserving the
initial sample geometry. ECAP is a cumulative strain process
that can increase the yield strength, fatigue life and tough-
ness, among other important features.' A number of
aluminum (Al) alloys have been tested by ECAP, but those
which are age-hardenable tended to be more susceptible to
the severe plastic deformation.”> Within this context, the Al-
6061 alloy has been analyzed under several conditions, i.e.
different initial microstructural stages, peak aging, over-aging
and solid solution. However, the highest ultimate tensile
strength (UTS) value was found for the peak-aged alloys.>®

Some detrimental features such as fragmentation of
precipitates and recovery at room temperature have been
related to peak-aged Al alloys.® As consequence, there is a
reduced number of papers based, exclusively, on the Al-6061
alloy under a T6 treatment. On the other hand, for the Al-
6061 alloy in the solid solution condition, processed by
ECAP at 125°C, a couple of manuscripts have been
reported.®” The above mentioned manuscripts>® reported
an enhancement of ~40% in UTS and yield stress (after a
post-ECAP heat treatment), when compared to the commer-
cial AI-6061-T6 (without ECAP deformation). Besides,
Shokuhfar et al.® recently reported, the study of the Al-
6061 alloy at O and T6 temper by ECAP within route C. The
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highest yield strength and the lowest ductility were found for
the T6 temper sample.

It is well known that the crystal texture can strongly
modify some physical properties of the final product, for
instance: formability, work hardening, plastic anisotropy,
fatigue life, etc. Although, the ECAP texture evolution has
been already reported for 99.99% pure Al” and for a number
of Al based alloys® as far as we know, there is no a single
report in the literature that presents a detailed texture study
for the Al-6061-T6 alloy processed by ECAP, at room
temperature following route Bc, being the paper reported by
Mckenzie and Lapovok the closest one.'” On the other hand,
it is important to mention that the study of the deformation
(due to the dislocation array rearrangement) has an important
scientific value for understanding the stabilization of the
dislocation array. If such stabilization is found after a
determined number of ECAP passes, it will not be necessary
to continue the deformation process, i.e. adding more passes.
From the above, the objective of this work was to study the
texture evolution of an Al-6061-T6 alloy and the lattice
distortion induced by the ECAP process at room temperature.
The change in the misorientation of the crystallites as a
function of the ECAP passes will also be assessed.

2. Experimental Procedure

Commercial Al-6061-T6 bars were cut at 60 mm in length
and 10 mm in diameter, and were used as starting material
(Table 1), no additional heat treatment was performed
afterwards at the prepared alloy bars. The ECAP process
was carried out at room temperature following route Bc
(rotation along its longitudinal axis by 90° clockwise, before
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Table 1

Nominal composition of the Al-6061 alloy.

Element Si Fe Cu Mn Mg

Cr Zn Ti Others Al

% wt 0.4-0.8 0.7 0.15-0.4 0.15

0.8-1.2

0.04-0.35 0.05 balance

each extrusion). This route has been reported to be favorable
for obtaining high microstructural homogenization with large
misorientation angles.') The samples were extruded through
a Bohler MICROCLEAN S390 steel die with two intersect-
ing channels, having ¢ = 90° and v = 37° as inner and outer
angle, respectively (Fig. 1).

As ECAP produces cumulative strain, which increases as
the number of passes rises, the samples were reintroduced up
to 6 times into the ECAP die-set channel. According to the
Iwahashi’s equation,'? this leads to a maximum equivalent
strain &€ &~ 6. During the ECAP deformation process, the
average strain rate calculated was &~ 0.3 s7!, and MoS,
spray compound was used as lubricant for reducing the
friction between the sample and the steel die. The samples
were cut in different cross sections, depending on the
characterization technique. Vickers microhardness tests were
performed on every highly deformed sample, using a Vickers
diamond indenter. The microhardness tester used in this work
was a Matsuzawa model MMT-X7A. The software of the
equipment takes the measured indentation and converts it to
a hardness value. The microhardness testing in this work
was carried out using a load of 100 g with a holding time of
10s. Each test value was taken from an average of ten
indentations, with an experimental error lower than £10%.

Transmission electron microscopy (TEM) observations
were carried out on a 120kV microscope (JEOL 120EX),
selection area diffraction (SAD) patterns were taken over
regions having a 5Spum in diameter, and thin foils were
obtained by means of focus ion beam thinning (JEM-
9320FIB) on plane TD (see Fig. 1).

For the texture measurements, samples were mechanically
grinded and electro-polished till obtaining a mirror-like
appearance. The analysis was carried out with a RIGAKU-
ULTIMA 1V X-ray diffractometer, equipped with crossbeam
optics (CBO), wavelength Cu-Ka (0.15405 nm). The meas-
urements were made in mode “in plane”, with a ranging scan
a and B of 0-90° and 0-360°, respectively. 3D EXPLORE
software was used as visualizing tool. The orientation
distribution functions (ODF) plots were calculated by means
of MTEX (MatLab tool box).'?

The X-ray peak-broadening was calculated based on the
Rietveld refinement method. The data were collected from 20
to 140° in 20 range, with a step size of 0.02°. The analyzed
section was the normal plane (NP), as shown in Fig. 1. The
measurements were carried out by keeping the same
direction, ED, for all samples. The instrumental peak width
was calculated using a LaBg standard powder. FULLPROF
software!® was used for deconvoluting the sample half
maximum (FWHM) and integral breadth from its Gaussian
and Lorentzian contribution. Further details of this specific
calculation can be found in reference.'

Assuming a Lorentzian profile, the Willianson-Hall (W-H)
equation permits to split the strain (¢) and crystallite domain
size (D) contribution from the integral breadth (B), as follows:

ND

ED

<{}

Processed
Sample

Fig. 1 Experimental setup and reference axis. ED, ND and TD are the
extrusion, normal and transversal directions, and NP, TP, EP and SP are
the normal, transversal, extrusion and shear planes, respectively.

Bcos(@) = % + 4e(sin(h)) (1)

The crystallite domain size and the strain can be acquired
by plotting Scos(f) vs sin(d). From this plot, the y-intercept
and the slope from a linear fitting can be obtained. It is worth
mentioning that, when the values of the slope are different
from zero, there is some strain contribution to the peak
broadening. On the other hand, when the crystallites size is
lower than 100 nm in diameter, the determination of such size
is highly accurate. The Williamson-Hall plots provide
valuable-qualitative information in order to visualize the
variation of the strain as a function of ECAP passes.

3. Results and Discussions

From the evolution of the microhardness with the ECAP
passes (Fig. 2), a possible asymptote at the end of the
microhardness curve can be observed. This indicates that the
microhardness, marginally, increased at ECAP passes >5.
The X-ray diffraction patterns measured at the NP plane
showed, qualitatively, the initial texture and its evolution as a
function of the ECAP passes (Fig. 3). As expected, a notably
change occurred after the first pass, in which the initial
texture was severely modified. This must be balanced up with
the fact that there is a relatively poor experimental statistic, as
the initial grain size of the sample was rather large, i.e.
between 200 and 300 um. It is worth noting that, from the
first ECAP pass, a continuous but not abrupt modification of
intensities ratio did occur.
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Fig. 2 Microhardness evolution as a function of the ECAP passes.
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Fig. 3 X-ray diffractograms corresponding to all ECAP passes.

As an example, Fig. 4 graphically shows the width
evolution for plane (200) as a function of ECAP passes.
From this, it can be seen that the peak width drastically
increased between 0 and 1 pass, reaching a maximum after
the second pass, and then, the peak width decreased
progressively. Rietveld refinement was used with the aim of
evaluating, quantitatively, this behavior. From this refine-
ment, the lattice parameters were found to be independent
of the ECAP passes, the obtained lattice parameter value
(a = 0.4050 nm) was compatible with the lattice parameter
for the AIl-6061 alloy at the peak age condition. The
diffraction peak broadening is related with the micro-strain
in the sample; such correlation is better illustrated by the
characteristic Williamson-Hall plots (Fig. 5).

The magnitude of the slope from the Williamson-Hall plots
showed that the strain dramatically increased between the
as-received sample condition and the first ECAP pass. At
two ECAP passes a maximum strain was found, then, this
decreased down forming a plateau after the fifth ECAP pass,
confirming the qualitative analysis previously described and
shown in Fig. 4.

The crystallite size decreased as a function of ECAP
passes, having a ratio of 1 :0.77, between the first and sixth
pass. The reduction in the crystallite size multiplied the grain

‘;ﬁ = as-received
o g - 1P
ry Pre . 2P
) " 3P
£ 1
5. “h « 4P
& % 5p
~ K g 6P
5 : -,
© -
> %
o - &
= L,
- "‘f‘ﬁ%
PN
’xt‘,;:“ » .
TS
W&«ﬁ
et
T

T T T T T T T T T
44.6 44.8 45.0 452 45.4
20 (degrees)

Fig. 4 X-ray peak broadening for plane (200) as a function of the ECAP
passes.
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Fig. 5 (a) Williamson-Hall plots for different ECAP passes (N). (b) Slope
variation (~4¢) as a function of ECAP passes.

boundaries that work as dislocation sinks, reducing the pile-
up at grain boundaries. Hence, even though the dislocation
sources are activated during the deformation, the density of
dislocations did not grow at the same ratio. Notwithstanding
the fact that the plastic deformation mechanism in nano-
crystalline alloys is still controversial,'®'® this behavior can
be attributed to the dynamic recovery generated by the
competition between dislocation multiplication and annihila-
tion. This dynamic recovery could explain the strain
reduction and stabilization between 4 and 6 ECAP passes,
suggesting that the optimum number of ECAP passes for
obtaining the most stable configuration, at least for the
studied alloy, has been reached. Thus, the texture will remain



Fig. 6 TEM images and SAD patterns of (a) as-received sample, (b) after 1
ECAP pass, (c) after 6 ECAP passes.

constant and, therefore, the necessity of increasing the plastic
deformation will not be necessary, i.e. adding more ECAP
passes to the process. This assumption will be further
discussed below, when comparing poles figures with some
results reported in the literature.

The transmission electron images and their corresponding
diffraction patterns are shown in Fig. 6. These images
showed the transit between a single grain contrast, appearing
with some precipitates Fig. 6(a), to a characteristic subgrain
bands Figs. 6(b) and 6(c). Besides, the formation of
incomplete diffraction rings in the SAD patterns, which
tended to be more continuous as the number the ECAP
passes increased, were rather compatible with the reduction
of such grain size.

Figure 7 shows, in parallel view with respect to TD, the
crystallite preferential orientation studied by means of pole
figure representations. It is important to mention that,
immediately after the first pass, the initial texture was highly
modified by the ECAP process and the pole figures were
easily interpreted for the first, second and third ECAP passes.
This was attributed to the fact that they have just one or two
texture components. However, after the fourth pass, several
overlapped components appeared, therefore, the use of the
ODF was highly necessary for their interpretation. It can be
observed that the absolute texture intensity decreased with
the number of ECAP passes (between the first and last pass)
in a 12 : 1 ratio, according to ODF intensities. This can be
explained by the formation of new grains with random
orientations. On the other hand, the texture shown in
Fig. 7(g) displays a clear similarity with those reported by
El-Danaf et al.,'” which have been labeled as a stable texture
for the Bc route. The results from the aforementioned texture
stabilization and W-H slopes could tell us that the
deformation process has, probably, reached the number of
optimal ECAP passes. Therefore, the W-H analysis seems to
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Fig. 7 Pole figures for the samples processed by ECAP after (a) 0, (b) 1,
(c) 2, (d) 3, (e) 4, (f) 5, and (g) 6 passes using route Bc.

be an easy way to get this threshold for, at least, this alloy
system.

With the aim of completing the texture study, the ODFs
were calculated from the (111), (200), (220) pole figures.
Figure 8 shows the different ODFs taken from all ECAP
passes. Table 2 resumes the shear texture components
obtained in this study.”” The starting material, before the
ECAP process, showed a cube texture (Fig. 8(a)). For the
first ECAP pass, Fig. 8(b), the initial texture evolved for the
original cube texture to Cy, being tilted less than 5° from their
ideal position. After two ECAP passes, the maximum
orientation density was slightly shifted (less than 3°) away
from the By component, as shown in Fig. 8(c). Figure 8(d)
shows the sample subjected to three ECAP passes, here, A},
was the main texture component observed. In the processing
condition, corresponding to four ECAP passes (Fig. 8(e))
three main components were found, Aj,, By and By, being
found at 3°, 15° and 12°, shifted away from the ideal
positions, respectively. For five ECAP passes (Fig. 8(f)), the
A7, component started to vanish away, the component, By,
was tilted away 21°, and By was found at 25°. Finally, after
six ECAP passes, Fig. 8(g), only the components By and By
were identified, these components were shifted away (less
than 6°) from the ideal positions.
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Fig. 8 ODF texture sections measured after (a) 0, (b) 1, (¢) 2, (d) 3, (e) 4, (f) 5, (g) 6 ECAP passes, and (h) key positions for ¢, = 0° and
45°.
Table 2 ECAP shear textures for FCC materials.??)
Euler angles (°)* Miller indices
Notation ND ND Fibers it belongs to
@1 P %] . . TD
(approximate) (approximate)
AT, 80.26/260.26 45 0 [811] [14 4] [011] {111}
170.26/350.26 90 45
A%, 9.74/189.74 45 0 [144 [811] [011] (111},
99.74/279.74 90 45
Ag 45 35.26 45 [914] [1115] (112 {111}, (110),
Ay 225 35.26 45 [111 5] 91 4] [112] {111}, (110),
By 45/165/285 54.74 45 [15411] [7 26 19] [111] (110)
By 105/225/345 5474 45 [7 26 19] [15 4 11] [111] (110),
c 135/315 45 0 [334] [223] [110] (110)
? 45/225 90 45

*Given in the ¢, = 0° and 45° sections only.

It is worth mentioning that most experimentally obtained
texture components fitted well with the ideal positions, i.e.
between 5 and 15°. Furthermore, the texture evolution
corresponded, initially, to that predicted by the shear model
reported in Refs. 19, 21). As it has already been published,?"
the ODFs produced by the ECAP process appeared slightly
tilted when compared to that of the ideal position for the
texture shear components. Such shift is more pronounced
within the four and five ECAP passes. The physical meaning

of such tilts from the expected values, has been attributed to
friction effects and die geometry.??

4. Conclusions

The Al-6061-T6 alloy was successfully ECAPed at room
temperature, the precipitates (at T6 condition) did not inhibit
the angular extrusion of the samples. The electron diffraction
patterns were compatible with a decrease in the strength of



preferred orientation between crystallites, especially at higher
number of ECAP passes. The drop in the texture intensity
indicates that the ECAP process generates an initial texture,
which progressively decreases in a ratio of 12 : 1 between the
first and sixth passes. Therefore, the ECAP process involves
both disorientation and multiplication of crystallites bounda-
ries.

According to the X-ray analysis for peak broadening, the
micro-strain varies with the number of passes, having a
maximum between 2 and 3 passes, then remains steady
between 5 and 6 passes. This can be interpreted as the
optimum number of ECAP passes in order to achieve a stable
configuration of dislocations. The Al-6061-T6 initial texture
disappeared in the first ECAP pass and the formation of a
new characteristic ECAP shear texture was formed. Tilts
generally less than 15° were observed between the ideal and
measured texture components, this could be attributed to
friction geometric effects. The reasonably good match
between the texture results and W-H allows to speculate that
the existence of the “plateau” and the texture stability are
related. Finally, the W-H analysis could be used as a rather
useful tool to find out the number of optimal ECAP passes,
being also applicable to other methods for severe plastic
deformation.
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