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Abstract

AAG6060 aluminum alloy was subjected to severe plastic deformation (SPD) through Equal
Channel Angular Pressing (ECAP) up to 8 passes via route Bc. ECAPed samples isochronally
annealed for 1 hour at a temperature range of 150- 450°C. The microstructure and texture of the
studied material were evaluated by Electron Back scatter Diffraction (EBSD), and the microhardness
was characterized by Vickers microhardness testing. It was found that shearing texture is typically
enhanced after ECAP processing. Grain size and grain growth kinetics were also studied. ECAP led to
a substantial rise in hardness, with stability following 4 passes. Microstructures and material properties
were relatively stable up to annealing temperatures of 150 °C. Some sub-micrometer grains were kept
in the 8 passes sample to annealing temperatures of 300 °C. Annealing at elevated temperature resulted
in a reduction in hardness leading to a rise in grain size and a decrease in dislocation density. After

annealing temperature up to 450 °C, the texture index reveals a tendency to the texture weakening and



randomization. The activation energy required for the grain growth of the AAG6060 alloy was
exceptionally low above 300°C.
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1. Introduction

Severe plastic deformation (SPD) is perhaps one of the most promising techniques to create
ultra-fine grained (UFG) materials [1-3]. Equal-channel angular pressing (ECAP) as among the most
efficient and attainable processes of severe plastic deformation (SPD) has extensive applications
thanks to the manufacture of nanostructured (NS) and UFG metals and alloys [4,5]. On the other hand,
it is well established that using SPD processes, the physical and mechanical properties of metallic
materials can be significantly improved [6]. Additionally, SPD processes may also cause important
changes in the evolution of microstructure and crystallographic texture relative to traditional
processing methods [7].

AAB000 series aluminum alloys have drawn interest in the aviation, automotive, electrical
engineering, and building industries thanks to their lightweight, excellent strength, high conductivity,
and reasonable corrosion properties [8-11]. Several studies have concentrated on the evaluation of
AAB000 series alloys after ECAP processing [12-15]. For example in [15], AA6060 samples were
severely ECAPed at ambient temperature up to 12 ECAP passes via route Bc. In overall behavior,
samples exhibited an equiaxed array of UFG microstructure and a rapid increase in high-angle grain
boundaries (HAGB) fraction after 5 passes while a greater number of passes demonstrate a limited
effect on strength and no significant change in the average grain size. In spite of the fact that UFG
alloys can have remarkable mechanical properties, they can not be utilized at high temperatures except
the microstructures are steady. In fact, the annealing temperature can strongly affect the microstructure

evolution which has a significant impact on the physical, chemical, and mechanical characteristics.
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Then, developing a better comprehension of the thermal stability behavior of UFG structures produced
by ECAP claims interest from the scientific community. Recently, extensive research work has been
performed to examine the impact of annealing on microstructure development of highly deformed
materials (Cu, Al, Fe, Mg) [16-20] and Al alloys [21-24]. It was reported by Liang et al. [16] that a
lower number of ECAP passes results in retarded recrystallization process to longer annealing duration
or elevated annealing temperature. With approximately the same strength properties and improved
thermal stability, the microstructure got after 2 ECAP passes has some benefit in terms of the cost of
production as opposed to 16 ECAP passes. Studying the annealing behavior of Al-0.13% and Mg Al-
3%Mg treated by the ECAP process, Prangnell et al. [24] mentioned that the early stages of annealing
were considered to be particularly susceptible to the misorientation and distribution of the low angle
boundaries maintained inside the structure of deformation. According to Dhal et al. [23], after
annealing treatment, the precipitation of Cu2Al and AICuMgSi particles in UFG Al 2014 alloy resulted
in better thermal stability. In contrast, Han and Langdon [25] gave proof that despite the fact that
precipitates of 8’ or © are present in the AA 2219 aluminum alloy microstructure, they were not
deemed powerful enough to inhibit the substantial growth of grain at high temperatures.

Nevertheless, to the best of our knowledge, no data dealing with the annealing behavior of the
ECAPed AA6060 aluminum alloy have been reported until today. Accordingly, the current research
aims to investigate the impact of annealing temperature on the microstructure morphology, texture and

microhardness evolution of AA6060 aluminum alloy ECAPed up to eight ECAP passes.

2. Experimental procedure

The material studied is AA6060 aluminum alloy in the aged condition T6 as an extruded rod
with a 10 mm diameter. Its detailed chemical composition has been reported elsewhere [14]. Rods
were machined in about 60 mm long cylinders. The initial grain size was ~52 um. ECAP was done
using die with two channels that intersect at an angle of ®= 90° and an outer curvature angle of ¥=

37°. With this configuration, a total strain of 1 is impaired in each pass [26]. The ECAP processing



was done with a 0.02 m/s pressing velocity at room temperature. The lubricant used in the experiments
was molybdenum disulfide (M0S2). Specimens were deformed up to eight ECAP passes through route
Bc. Annealing treatments were conducted at various temperatures after ECAP: 150, 200, 250, 300,
350, 400 and 450 ° C for 1 hour under high vacuum, with a heating rate of 20 ° C min.The
microstructures of the specimens were examined through electron backscatter diffraction (EBSD)
observations in the Scanning Electron Microscope (SEM) with a Field-Emission Gun (FEG) SUPRA
55 VP operating at 20 kV. For EBSD observations, all specimens were cut in the transverse direction
(TD) plane from the core area and then mechanically polished from 1200 grit silicon carbide paper till
0.02um colloidal silica, followed by electro-polishing utilizing Struers A2 electrolyte at 22 V. The
examined regions were 100 x100 pm? with a step size of 0.1 um for specimens annealed at 150 °C,
and 200 x 200 um? with a step size of 0.2 um for specimens annealed at 250 °C, 300 °C, 350 °C and
450 °C. TSL Orientation Imaging Microscopy (OIM™) software was used to perform the EBSD data
collection. Quantitative texture analysis was performed using the MTex software to calculate the pole
figure (111) and the orientation distribution function (ODF). The ODF was measured using the
harmonic approach (L equal to 22) with every orientation modeled with a Gaussian function
possessing a 5 ° half-width. [27]. The linear intercept approach was used to calculate the mean grain
size. The grain size values were determined with a 5 ° grain tolerance angle.

Vickers micro hardness of the specimens was characterized by SHIMADZU type HMV-2 tester
using 100 g load (penetration time of 10 s) in the Extrusion Direction (ED)-Transversal Direction (TD)

plane. At least 5 hardness indentations in the central regions of each specimen performed randomly.

3. Results and discussion
3.1. Microstructural evolution during annealing

Figures 1 to 4 demonstrate the TD inverse pole figure (TD-IPF) maps from EBSD illustrating
the AAG6060 alloy microstructures after 1, 2, 4 and 8 ECAP passes plus 1 h of annealing at the different

temperatures considered. Low-angle grain boundaries (LAGB) and high-angle grain boundaries



(HAGB) were plotted with white and black lines whenever the misorientation angle was in range 2°-
15° or exceeded 15°, respectively.

As reported earlier [15], with increasing ECAP passes, the microstructure evolved from a
banded structure to a UFG one with elongated and smaller equiaxed grains mostly oriented along the
shear direction. At lower recrystallization temperatures and strain (Figures 1c, 2c, and 3c), OIM maps
display duplex microstructures characteristic of discontinuous recrystallization mechanism, clearly
distinguishing deformed areas from recrystallized grains. At more advanced stages of recrystallization,
i.e. larger ECAP passes (Figures 4d and 4e), the deformed structure’s directionality is gradually lost.
The microstructures arising from annealing 1 ECAP specimen show that the total recrystallization
mechanism begins at a later stage compared to higher ECAP passes. Indeed, annealed at 150 and
250°C, the one and two pass samples (Figures 1a-1b and Figures 2a-2b) have retained almost the same
microstructure as the deformed state. However, small recrystallized grains can be noticed in the large
deformed grains and gathered in islands at grain boundaries (see the yellow square in Figure 2b) after
annealing at 250°C. A similar observation can be found in the sample ECAPed four times at 250°C in
a more advanced stage. According to Humphreys et al. [28], discontinuous recrystallization usually
takes place on subsequent annealing for the greater original grain sizes and lower strains. Comparable
retard in the recrystallization temperature has also been found by several authors [29,30].

As previously stated [15], annealing in the range of 100-500°C of AA6060 alloy processed by
ECAP leads to the formation of solute rich clusters/Guinier-Preston (GP) zones and to an important
reduction in the peak temperature correlated with the 50% of recrystallization with increasing ECAP
passes. It was suggested that can impose a pinning impact (Smith-Zener pinning) on grain boundary in
the annealed specimen after one ECAP pass, which prevents or retards the mechanism of
recrystallization. Studying the recrystallization mechanism at particles in rolled aluminum, Humphreys

[31] has deduced that the recrystallization arises with a random orientation at a pre-existing sub-grain



inside the deformation region. Then, the nucleation takes place by rapid sub-boundary migration.
Finally, once the deformation zone is consumed, the grain growth may stop.

Complete recrystallization seems to occur after annealing at temperatures of 450, 300, 300, and 350°C
for samples ECAPed once, twice, four and eight times, respectively as displayed at Figures le, 2c, 3c,
and 4d. These results indicate that the kinetics of recrystallization significantly based on the strain
imposed. It is well established that a rise in strain contributes to a rise in stored energy, which is the
major driving energy for recrystallization. Consequently, the mechanism of recrystallization is
accelerated. Inhomogeneous grain growth is obtained and some coarse grains can be observed in the
EBSD maps at higher annealing temperatures (see Figures 1e, 2e, 3e, and 4e) due to the intense grain
growth. However, some small regions with fine grains are still noted. As reported in the literature [32],
the smaller grains are removed during annealing, while the larger grains grow, and the grain
boundaries adopt a lower energy configuration. Under some conditions, through the mechanism of
abnormal grain growth (secondary recrystallization), this normal grain growth can give way to the
selective growth of a few large grains (Figure 3e, for example).

During annealing, changes in the relative proportions of HAGB were found to provide a valid
way to determine the nature of the recrystallization mechanism [33]. As discontinuous recrystallization
occurs, the HAGB fraction rises fairly rapidly, while the recrystallizing grains consume the deformed
substructure. On the other hand, there is a slight shift in the HAGB fraction during continuous
recrystallization [33]. The evolution of HAGB fraction during isochronal annealing is illustrated in
Figure 5. HAGB fraction increases sharply and continually for the one pass specimen, at temperatures
range between 250-300 °C in the 2 and 4 ECAP specimens and between 250 and 350 °C for the 8
ECAP passes specimen, indicating discontinuous recrystallization.

Nevertheless, despite a rise in the annealing temperature, it can be found that for the 4 ECAP
specimen, the HAGB fraction remains nearly stable in the 300-450 °C temperature range and above

350 °C for the 2 and 8 ECAP passes specimens. This observation cannot indicate the occurrence of



continuous recrystallization since larger grains have been developed during recrystallization. Earlier
observations [28,30], have suggested that continuous recrystallization occurs in specimens where a
crucial HAGB fraction was formed during deformation (~64%). Thus, in the case of sufficiently large
strains, the HAGB fraction rises to a reasonable value to maintain the microstructure against
discontinuous recrystallization. In the present work, the AA6060 alloy has exhibited its maximum
value of ~55% in HAGB fraction after deformation up to 8 ECAP passes [15] which seems to be

insufficient to achieve continuous recrystallization.

Figures 6 and 7 summarize the grain size evolution and the recrystallized grains, respectively.
Based on the grain orientation spread approach (GOS) available in OIM-software, the recrystallized
grain fraction was determined. GOS represents the average deviation between every point orientation
in the grain and the average grain orientation [34]. The recrystallized grains are distinct from the

deformed ones by a threshold GOS value of 1° [35]. In the present study, GOS <1° are considered to

be fully recrystallized.

As plotted in Figure 6, the average recrystallized grains is gradually increasing with rising
annealing temperature. Initially, the measured grain sizes are marked by a stage of relatively slow
evolution until 300 °C. Further annealing up to 450 °C shows a faster evolution, and the smallest grain
size is obtained after 8 passes, which is inconsistent with several previous findings [29,36]. From this
standpoint, it can be considered that the control of grain growth is more efficient after larger strain.
According to Humphreys predictions [37], as the HAGB fraction produced on deformation increased,
the microstructure gradually becomes stable against the catastrophic grains growth that bounded by
HAGBSs because of the energies and mobilities of HAGBSs are not sensitive to boundary misorientation
comparing to low angle boundaries. The average grain sizes after 1, 2, 4 and 8 ECAP passes after
annealing at 450 ° C are approximately identical to 18 um. This grain size is well below than the one

of the as-received alloy (52 um) [15] and could enhance its superplasticity ability.



The recrystallized grains fraction evolution in Figure 7 shows curves with a sigmoidal shape
composing mainly of three distinct stages. The recrystallization fraction rate in the first stage ranges
from 150 °C to 250 °C, and it grows slowly due to the incubation period. The second stage highlights a
roughly considerable increase of the recrystallized grain fraction up to 350 °C. After that, a flat region

with quite constant evolution takes place since the recrystallization is complete.

3.2 Texture evolution
3.2.1 Texture of the initial state

Figure 8 presents the texture of the as-received AA6060 alloy in terms of recalculated pole
figure {111} and ODF section at ¢2 = 0 and 45°, respectively. The as-received alloy exhibits a typical
extrusion texture, where a typical <001> fiber is formed. In this texture, the directions <001> are
preferably aligned along the extrusion direction [38]. It also becomes apparent that the texture is

dominated by the presence of components like Cube and Goss.

3.2.2 Texture evolution after ECAP and subsequent annealing

The ideal ECAP orientations for face-centered cubic (FCC) alloys utilizing a channel angle ¢ =
90° are presented and their characteristic positions in Euler space (¢1,, ¢2) are given in Table 1.
Figures 9-12 show the texture in term of recalculated pole figures (111) and ODF sections at ¢2 = 45°
after ECAP via 1, 2, 4 and 8 ECAP passes and subsequent annealing for 1 h at 150, 250, 300, 350 and
450 °C, respectively. The ideal ECAP texture components are like the texture components for simple

shear that are only rotated by 45° in comparison to the ECAP reference system [39].

Figure 9a indicates the development of a strong C component and weak B component after 1

ECAP pass. In addition, a very weak B component can be noticed in the ODF section (Figure 9a). The
development of a strong C component during the first ECAP passes was already reported in ECAPed

Copper and Al alloys using route B¢ [40, 41].



These texture components seem to be stable until the 4 ECAP pass. Additionally, the ODF

section of the sample extruded twice (Figure 11a) shows a weak A component. The intensity of the
present orientations rises with rising the ECAP passes number up to 4 passes with a deviation from
their ideal positions about 5-10° toward 1. This deviation is attributed to the effect of friction and dies
geometry [39].

The presentation of ODF sections in the range of 0-360° in @1 revealed that the monoclinic
symmetry is not evident. The monoclinic symmetry loss is frequently reported in route Bc due to a
rotation around the ED axis between each pass [42]. After 8 ECAP passes, Figure 12 allows seeing

significant texture changes. The texture intensity decreases and A component appears after annealing
(Figure 12). This behavior leads to the formation of B fiber {hkl}<110> (containing the A, Z\, B and
B components) [39]. Conversely, the A fiber {111}<uvw> (containing A,Z\ ,A] and A’ components)

[39] is not complete due to the absence of A, component.

Molodova et al. [43] also reported the strengthening of C and B components with a rising

ECAP passes number for UFG pure copper via route Bc. In the meantime, the domination of AI was

reported in copper, and Al-7075 alloy with increasing the number of ECAP passes using route Bc [42,
44]. Several authors [39, 44] reported that the texture components in route Bc are not stable (both in
position and intensity) during the first 4 passes because of the complexity in the imposed deformation,
which makes the texture characterization relatively tricky compared to route A. Accordingly, the
development of the different shear texture components in the first ECAP passes strongly depends on
the initial texture [39, 45, 46]. Thus, the ECAP processing with route Bc of material with strong <100>
fiber leads to the development of a strong C component in the first passes [46]. This observation is in
good agreement with the present finding, where the initial texture of the alloy developed a well-

defined <100> fiber (Figure 9). The texture weakening with increasing ECAP passes was reported in



various FCC alloys processed by ECAP via route Bc [41, 42, 47]. According to some researchers [41],
this texture evolution is attributed to the formation of new grains with different or random orientations.

The texture after 1 ECAP pass seems to be stable up to annealing at 350 °C for 1 h. As the
annealing temperature rises, the C component remains the dominant texture although their intensities
decrease. Interestingly, annealing at 450 °C leads to some changes in the texture of the specimen with

one pass where C component tends to disappear and B to appear. The A-fiber and B-fiber are partially

present due to the absence of A andB component. It is important to note that this typical ECAP texture
was evaluated upon annealing at 300 °C in the 2 ECAP passes specimen and rapidly after annealing at
250 °C in case of the 4 ECAP passes specimen. The development of shear texture with decreasing
annealing temperature could be attributed to the increase of stored energy introduced by high strain,
thereby the acceleration of static recrystallization.

A significant shear texture weakening can be noticed in all annealed specimens. The texture

weakening and randomization were also reported after annealing of deformed pure copper via route Bc

with increasing ECAP passes [43]. Besides, intensity differences of A/A and B/B components are
observed in the annealed samples implying the absence of the monoclinic symmetry.

The orientation changes during different annealing temperatures could be an indication of the
discontinuous recrystallization occurrence. Indeed, it is well established that the evolution of the
recrystallization texture is strongly related to the recrystallization mechanism [30,48]. The deformation
texture was found retained during continuous recrystallization [36], while discontinuous
recrystallization could lead to new orientations [49]. Indeed, the weakening of the recrystallization
texture was associated with the appearance of large grains due to the occurrence of discontinuous
recrystallization [43].

Figure 12 illustrates the texture during the isochronal annealing of the 8 ECAP pass specimen.

This figure highlights that the texture intensity is higher than the other samples. The B, A and A;
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components disappeared upon annealing at 150 °C, and 250 °C. Figure 12d indicates a typical ECAP
texture beginning from 300 °C.

The texture strengthening can be measured using the following equation [50]:
1 2
=16 f2(9).dg €y

where f(g) is the ODF intensity at g orientation and G is the Euler space.

Figure 13 displays the texture index evolution against the annealing temperature of AA6060
alloy after ECAP processing and subsequent annealing.

This figure demonstrates that the texture indexes is almost stable during annealing up to 250 °C
for all ECAPed samples, except for the 4 ECAP pass one where the texture index decreases rapidly
from 8.5 to 3.2 upon annealing at 150 °C. The decrease in the texture strength can be noticed after
annealing at 250 °C followed by stabilization until annealing at 450 °C where the texture index value

is similar for almost all the ECAPed samples (~ 1.4).

3.3. Microhardness and dislocation density evolution after ECAP processing and annealing
Figure 14 shows the microhardness variation after annealing treatments. Before annealing, the
microhardness values rise steadily with rising the ECAP passes number. The tendencies of
microhardness-temperature relation for all specimens are similar, i.e., the microhardness values vary
slightly till the temperature of 150 °C. Then, the microhardness sharply drops during annealing

temperatures between 150 °C and 300 °C, and finally, it stabilizes for temperatures higher than 350 °C.

As shown in Figure 14, the microhardness of specimens after 1 and 2 passes undergo a gradual
increase during annealing up to 150 °C. This evolution is related to the creation and the precipitation of
solute rich clusters which create a pinning effect of precipitates on dislocations causing the

strengthening of the material. An analysis of differential scanning calorimetry (DSC) carried out on the
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identical material and under the identical ECAP conditions [15] demonstrated the presence of an

exothermic peak in the range of 150-225 °C. This peak was associated with the GP zones precipitation.

A comparison with materials ECAPed 4 and 8 times revealed that the softening of these latter
began at slightly lower annealing temperatures than the samples processed once and twice. In the range
of temperature between 150-300 °C, the lowest microhardness value has been recorded for the four
passes sample. In keeping with the rule of Johnson-Mehl-Avrami-Kolmogorov (JMAK) [51], this
decrease becomes faster as the level of deformation rises. After registering almost the same
microhardness values before annealing, the 8 ECAP pass sample seems to be more stable against
annealing up to 300 °C having higher microhardness value than the 4 ECAP pass sample. The
character of the curve indicates a shift in the process that governs the mechanical properties'
deterioration. According to Hall-Petch relation [52,53], the strength of severely deformed UFGed
material is affected mainly by the grain size and the dislocation densities [54]. Therefore, it is expected
that the coarsening of grain and the elimination of dislocations during annealing would regulate the
hardness and strength of the material. Figure 6, displaying the evolution of grain size, and Figure 15,
displaying the evolution of dislocation density with isochronal annealing, need to be checked at the

same time.

The Kernel Average misorientation (KAM) method characterizing the local misorientation is used
to calculate the Geometrically Necessary Dislocations (GND) density in all the microstructure. Its
principle is well explained in the literature [55]. From misorientation measurements, the density of

dislocation (penp) can be calculated using the next equation [56-58]:

6
ponp = Lok 2)

where o is the parameter depending on the type of grain boundary and it is is equivalent to two for the
tilting boundaries, four for twist ones and three for the mixture of the two types, X = nd is the kernel

size (n the closest neighbors to be identified (n=3)) and d is the scan step (d=0.1 um for specimens
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annealed at 150 °C and d= 0.2 um for specimens annealed at 250 to 450 °C ) and b is the Burgers

vector (b= 0.286 nm in aluminum).

The grain growth is negligible in the low temperature region (i.e.,150 °C-250 °C), while the
dislocation density exhibits a dramatic collapse suggesting regeneration of the dislocation structure
associated with UFG structure creation. In this temperature region, the most likely re-arrangement and
mutual annihilation of dislocations with opposite signs occur during annealing. This observation ties
well with earlier reports [59,60]. The fine grain structure is unstable during annealing and the grain
sizes of recrystallized grains increase at temperatures 250 < T < 300 °C (see Figure 6). For all samples,
the dislocation density declines abruptly in the same temperature range. Indeed, both dislocations
annihilation and coarsening of grain are considered to contribute concurrently to the alloy softening.
At elevated temperatures (T > 350 °C), the grain growth is likely to greatly affect the hardness of the

studied alloy because no significant change occurs on dislocation density evolution.

3.4 Grain Growth Kinetics

The mechanism of grain growth requires a specific driving force, which is either supplied by
diverse microstructural modifications ( recrystallization, precipitate evolution, annihilation) or by
external heat sources. Thus, normal grain growth is commonly characterized by a form relationship.
[61]:

d2—d? =kt (3)

where d is the mean grain size after annealing, do is the original grain size [15], t is the annealing
duration (where t=1h is used in those studies) and k is a parameter that describes the mobility of the
grain boundary and the interface. The grain growth rate is correlated with the factor of boundary

mobility (k) and can be calculated through the use of the conventional Arrhenius equation [61]:

k = Aexp(=) 4)
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where A is a pre-exponential constant, R is the gas constant, Q is the activation energy for boundary
mobility that is correlated with the driving force needed to activate grain growth, and T is the absolute

temperature of annealing.

d?—
t

The present data can be interpreted by constructing the plot of In ( d‘%) versus 1000/RT.

Figure 16 represents the annealing influence on grain growth kinetics of AA6060 alloy. This plot
allows distinguishing two temperature ranges with different activation energies. The difference in the
rate of grain growth from lower to higher temperatures, which reveals distinct growth regimes, has
been extensively reported in the literature [61-65]. At low annealing temperature (T < 300 °C), Q is the
energy needed for complete recrystallization of the unrecrystallized microstructure, while at the
elevated annealing temperature (T > 300 °C) Q is the activation energy for coarsening of the initial
UFG microstructure [65].

One can easily observe that the activation energy continually reduces with increasing ECAP
passes. A similar observation was obtained earlier [43,66]. This finding was correlated with a rise in
HAGBs fraction with an increasing ECAP passes number allowing less activation energy of
recrystallization.

The main activation energy (Q) determined from the slopes of the experimental results in the
unrecrystallized grains at lower temperatures (< 300 °C), is about ~ 75 kJ mol™. This value is
significantly smaller than the predicted value for lattice self diffusion in pure Al (~143.4 kJ mol*[67]),
or the activation energy for Mg impurity diffusion in Al (~130.5 kJ mol*[68]), neither that for lattice
diffusion of Si in Al (~125-154 kJ mol™? [69]). However, it is quite closer to the value expected for
grain boundary diffusion in Al (~86 kJ mol™[67]) and that for diffusion across dislocation cores in Al
(~82 kJ mol™[70]). Previous studies have claimed that low activation energy for grain boundary
diffusion could be accomplished in SPD-produced UFG materials. One reason is that the non-
equilibrium grain boundaries are unstable requiring a slight additional driving force to allow the grains

and grain boundaries to be rearranged [71,72]. Other researchers attributed the low energies to the
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improved atomic mobility of the nonequilibrium grain boundaries owing to the enhanced diffusivity
resulting from the existence of multiple extrinsic dislocations [73]. Besides, aluminum with its strong
stacking fault energy favors the dislocation annihilation and offers the required driving force for the
annihilation of dislocation and recrystallization [74].

The activation energy is unexpectedly low (=20 kJmol?) in the completely recrystallized
structure at high temperatures (> 300 °C). This value is inconsistent with numerous findings in the
literature obtained after several SPD techniques of different Al alloys like Al-Mg processed by ECAP
[61], AA6061 subjected to ARB [63], AA5083 fabricated by cryo-milling [65] or AA2014 processed
by cryo-rolling [65]. Nevertheless, several other studies suggest a similar change to a high-temperature
regime with very low activation energy [75-78]. E.g., studying the thermal stability of AA6061
aluminum alloy developed by cryo-rolling followed by optimal aging heat treatment [75], it has been
recorded a decrease in the activation energy in the elevated temperature range (300-500 °C). They
attributed to the dissolution of coherent and semi-coherent precipitates and to the diminution in the
pinning impact that inhibits the migration of grain boundaries and then the amount of activation
energy. Likewise, there have been reports of a change to quite a low activation energy in an elevated
temperature regime which is near to that for boundary diffusion in high purity lead [76] and to that for
liquid diffusion in zinc [77]. The first study [76] has suggested the occurrence of change to various
boundary structure. Nevertheless, in the second investigation [77], the low energy was described as a
transition in the boundary migration process from one dominated by diffusion to other requiring
collaborative shuffles of atomic. Recently, a one grain growth regime was observed in the AA7075
alloy treated by ultrasonic shot peening and annealed at different temperatures up to 350°C where the
activation energy for grain growth was determined to be 37.9 kimol? [78]. The latter research
considered that the dominant role in grain coarsening was played by grain boundary self-diffusion.

Grain growth requires the migration of HAGBs and the kinetics are strongly influenced by

many factors, including solute (impurity) drag, second phase (Zener) drag, the temperature dependence
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of grain boundary mobility, and grain boundary segregation [78, 79]. The driving force for grain

growth is typically quite low at high temperatures, particularly in comparison to the recrystallization

regime [80].

Conclusion

Series of AAG060 alloy samples for thermal stability investigations were subjected through

Equal Channel Angular Pressing using the Route Bc for 1, 2, 4 and 8 passes and followed by

isochronal annealing at various temperatures range between 150 and 450 °C for 1 h.

The following conclusions were drawn.

The specimens showed recrystallization and grain growth. In addition, the recrystallized
microstructure typically has the randomly scattered large grains and small grains indicating the
appearance of the discontinuous recrystallization process.

ECAP process through 1, 2, and 4 ECAP passes lead to the development of strong C
component and weak B component. Meanwhile, the typical shear ECAP texture of FCC metals
is observed after 8 ECAP passes. The texture intensity increases with increasing ECAP
processing up to 4 passes and then decreases after 8 ECAP passes. The calculation of the
texture index shows the propensity for texture weakening and randomization with rising
annealing temperature up to 450 °C.

It was noticed from the observed transitions distinguished by sudden softening and degradation
of the deformation texture components, which occurred after annealing above 150°C while the
UFG microstructure of the AA6060 ECAPed material remained stable up to this temperature.
The 8 ECAP pass sample has shown a limited grain growth and a restricted evolution after
300°C. A relatively homogeneous microstructure after annealing up to 450 °C has been
obtained with reasonably small mean grain size ~ 12.5 um compared to the 4 ECAP pass
sample (~16 pm) despite their similar behavior after ECAP processing in terms of achieved

grain sizes (0.57 and 0.68 um, respectively).
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e The grain growth kinetics of AA6060 alloy are followed by two stages that rely upon the range
of annealing temperature. Average order values of ~75 and ~20 kJ mol* of activation energies
were estimated in the elevated temperature 300—450 °C range and the low temperature 150-300
°C range, respectively. At elevated temperatures, the grain growth is controlled by lattice self
diffusion. While at low temperatures, the grain growth is governed by high mobility of the

nonequilibrium grain-boundary.
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Figures captions

Figure 1: IPF maps of AA6060 after 1 ECAP passes and subsequent annealing for 1 h at: (a) 150 °C,
(b) 250 °C, (c) 300 °C, (d) 350 °C and (e) 450 °C.

Figure 2: IPF maps of AA6060 after 2 ECAP passes and subsequent annealing for 1 h at: (a) 150 °C,
(b) 250 °C, (c) 300 °C, (d) 350 °C and (e) 450 °C.

Figure 3: IPF maps of AA6060 after 4 ECAP passes and subsequent annealing for 1 h at: (a) 150 °C,
(b) 250 °C, (c) 300 °C, (d) 350 °C and (e) 450 °C.

Figure 4: IPF maps of AA6060 after 8 ECAP passes and subsequent annealing for 1 h at: (a) 150 °C,
(b) 250 °C, (c) 300 °C, (d) 350 °C and (e) 450 °C.

Figure 5: Volume fraction of HAGBs of AA6060 processed by ECAP through 1, 2, 4 and 8 passes as
function of annealing temperature.

Figure 6: Recrystallized grain size evolution of AA6060 processed by ECAP through 1, 2, 4 and 8
passes as function of annealing temperature.

Figure 7: Evolution of the recrystallized grain percentage of AA6060 processed by ECAP through 1,
2, 4 and 8 passes as function of annealing temperature.

Figure 8: Recalculated pole figure (111) and ODF sections at @2 = 0 and 45° of the as-received
AAG060 alloy.

Figure 9 : Recalculated pole figure (111) and ODF section at @2 = 45° of AAG060 alloy after: a) 1
ECAP pass and subsequently annealing for 1 h at : b) 150 °C, c) 250 °C, d) 300 °C, e) 350 °C and f)
450 °C.

Figure 10 : Recalculated pole figure (111) and ODF section at g2 = 45° of AA6060 alloy after: a) 2
ECAP passes and subsequently annealing for 1 h at : b) 150 °C, c) 250 °C, d) 300 °C, e) 350 °C and f)

450 °C.
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Figure 11: Recalculated pole figure (111) and ODF section at @2 = 45° of AA6060 alloy after: a) 4
ECAP passes and subsequently annealing for 1 h at : b) 150 °C, c) 250 °C, d) 300 °C, e) 350 °C and f)
450 °C.

Figure 12: Recalculated pole figure (111) and ODF section at @2 = 45° of AA6060 alloy after: a) 8
ECAP passes and subsequently annealing for 1 h at : b) 150 °C, c) 250 °C, d) 300 °C, e) 350 °C and f)
450 °C.

Figure 13: Evolution of the texture index before and after annealing.

Figure 14: Hardness evolution the of AA6060 alloy processed by ECAP through 1, 2, 4 and 8 passes
as a function of annealing temperature.

Figure 15: Evolution of the dislocation density in AA6060 alloy as a function of annealing
temperature.

Figure 16: : Evolution of In(d?-do?/t) as a function of 1000/RT for AA6060 alloy processed by ECAP

and subsequent annealed:a) 1 pass, b) 4 passes, c) 4 passes, d) 8 passes.

Table captions

Table 1: Ideal ECAP orientations for FCC alloys using a channel angle ¢ of 90°
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Euler angles (°)

Notation o1 o 02
A A 170.26/ 350.26 90 45
vV oA 99.74/279.74 90 45
O A 45 35.26 45
® A 225 35.26 45
o 45/165/285 54.74 45
¢ B 105/225//345 54.74 45
O C 45/225 90 0
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