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Abstract

An AA6082 alloy deformed by equal channel angular pressing (ECAP) was studied. The
evolution of microstructure as a function of the strain imparted was evaluated by optical
microscopy (OM), scanning electron microscopy (SEM) coupled with an electron backscattered
diffraction (EBSD) detector, X-ray diffraction (XRD) and Differential Scanning Calorimetry
(DSC). XRD showed that MgSi; precipitates developed in the ECAPed specimens. Texture
analysis showed the apparition of two types of textures, one associated with shearing deformation
and the second due to the recrystallization phenomena. Mechanical strength properties measured
by tensile tests increased in the first ECAP pass, and then progressively diminished. This
phenomenon was associated to the activation of continuous softening phenomena. Calorimetric
analysis indicated a slightly rise in the recrystallization temperature of the deformed specimens.
Also, the stored energy increased with rising ECAP passes due to the production of new
dislocations. The average geometrically necessary dislocation (GND) density, measured by
EBSD, increased with increasing ECAP passes. However, the rate of increase slows down with
the progress of ECAP passes.
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1. Introduction
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Severe plastic deformation (SPD) techniques have been intensively used to produce
ultrafine grain (UFG) microstructures in metals and alloys [1]. One of the most popular and
feasible SPD methods is the equal channel angular pressing (ECAP). ECAP is an efficient
technique for reducing the grain size to submicrometer level through the introduction of a wide
plastic strain via repetitive processing. This technique requires the pressing of a billet via a die
composed by two channels with equal cross-sections, intersecting at an angle ® that usually
ranges from 90° to 157° [2]. This process has been applied to several metallic materials leading
to significant grain refinement and enhancements in mechanical properties [3,4]. Yield strength
of the material rises significantly after the first ECAP, and then increases progressively as further
strain in subsequent passes are applied. On the contrary, the elongation to failure considerably
diminishes after the first pass and keeps nearly the same after subsequent passes [5].

Al-Mg-Si alloys are intensively utilized for structural applications owing to their
excellent chemical and physical properties. The alloy with the designation AA6082 is classified
to be the hardest alloy in the 6000 family. High weldability, low density and good formability,
all along with low cost, are facts that made of this alloy one of the most commercially demanded.
One of the useful ways by which aluminum alloys can obtain further superior mechanical
properties is grain refinement. Thanks to the formation of UFG structures, an apparent
improvement in mechanical properties such as strength and hardness can be obtained without
severe penalty on ductility [6].

During the last decades, several metals and alloys were successfully processed by ECAP.
However, hexagonal closed-packed alloys (such as titanium and magnesium-based alloys) and
age-hardenable alloys (such as aluminum alloys) displayed several difficulties while being
processed by ECAP at ambient temperature. Practically the formation of precipitates in the
solution treated age-hardenable Al alloys promotes a heavy decrease of the material formability,

and under this condition the processed materials displayed cracking or segmentation in the



samples [7,8]. However, these problems may be solved by rising the processing temperature [9]
and altering the channel angle in the die [10]. Nevertheless, an increase at the pressing
temperature must be carefully done to avoid further precipitation (or even overaging) and
microstructural restoration in the form of conventional recrystallization and grain growth [11].
Accordingly, Baig et al. [7] come up with a new strategy for the ECAP processing of AA6082 at
ambient temperature and discovered that ECAP processing may be performed successfully,
without a remarkable catastrophic cracking or segmentation, if ECAP processing is conducted
immediately after quenching from the solution treatment. Accordingly, aging is carried out after
deformation. Other authors have extruded aluminum alloys in the over aged condition [11, 12].
The goal of this study was to process by ECAP the AA6082 at warm temperature avoiding sample
cracking and segmentation as well as the evaluation of the ECAP efficiency to reach good
mechanical properties under warm processing conditions. Finally, the evolution of the

microstructure, texture and mechanical properties on the ECAP passes was also studied.

2. Material and experimental details

The chemical composition of this alloy, evaluated by spark emission spectrometer, is
listed in Table 1. Rods were divided into cylinders having 60 mm length and 10 mm diameter.
They were solution treated (ST) at 530°C for 2 h and then water quenched prior to ECAP. Fig 1a
shows the ECAP die geometry, corresponding to a theoretical strain of ~1 per pass [12]. To avoid
cracking and segmentation of the rods (see Fig.1b), the ECAP processing was performed at
250°C via route Bc, i.e. the billet is rotated in the same sense by 90° about its longitudinal axis
between each pass. It was expected to obtain the maximum precipitation of B"-Mg.Si (hardening
phase) from the Al matrix with the chosen temperature of 250 °C. Specimens were held inside
the ECAP die for 5 min (already at 250 C°) before pressing [13, 14]. This process was performed
up to eight ECAP passes. Molybdenum disulfide (M0S;) was used as lubricant and the pressing

speed was set to 0.02 m/s.



The microstructures of the specimens were investigated by optical microscopy (OM) with

an Olympus GX51 microscope and by electron backscatter diffraction (EBSD) in a FEG-SEM
ZEISS Ultra Plus scanning electron microscope (SEM), operating at 20 kV. The EBSD data was
studied using the HKL Channel 5 software. Geometrically Necessary Dislocations (GNDs) were
obtained by MTEX tool box.
For this goal, samples were cut from the center of each billet. The metallographic specimens for
OM were prepared by mechanical polishing and etched with a special reagent (30 ml HCI +
40ml HNO3 + 3.5 ml HF + 3.5 ml H20 ) [15]. The ECAPed specimens for EBSD observation
were cut from the central region in the transversal plane (XY), as described in Figure 1a, where
the axes of the reference system coincide with the extrusion direction “X” (ED), the normal
direction “Y” (ND) and the transversal direction “Z” (TD). These samples were mechanically
polished using standard metallographic procedures until 0.02 um colloidal silica suspension.

To identify the phase composition present after ECAP, a Philips Xpert Pro diffractometer

was used, employing Cu Ko radiation ( A = 1.5406 A). Specimens preparation for X-ray
diffraction measurements mainly consisted of mechanically polishing the examined specimens
with 1000 grade SiC paper and then etching with Keller’s solution (95 ml H.O + 2.5 ml HNO3 +
1.5 ml HCIl + 1 ml HF).
Mechanical properties of ECAPed specimens were also measured in longitudinal direction by
tensile tests with specimens having a standard gauge dimension of 6x3x2 mm. The tensile tests
were carried out in an INSTRON 5585H universal testing machine at a displacement rate of
3.3x1073 mm/s (strain rate of 5.5x107* %) at room temperature.

In order to clarify the precipitation sequence and the peak temperatures, miniature
specimens of 20—35 mg were cut near the axial center of the as-pressed specimens and they were

subjected to Differential Scanning Calorimetry (DSC) analysis by using a Labsys Evo (800 °C)



facility with a heating rate of 20 °C min under argon atmosphere and in the temperature range
from 30 to 550 °C.
3. Results and discussion

3.1 Initial microstructure before ECAP

Figure 2 shows the initial microstructure of the extruded AA6082-T6 aluminum alloy in
the as-received state and before ECAP. Coarse and very elongated grains along the ED are
apparent in the optical micrograph in Figure 2a. Moreover, the EBSD micrograph of the alloy
after solution treatment still displays elongated grains along ED with dimensions of ~15 um and
~ 50 um along the transverse and longitudinal directions, respectively (Fig.2b). The black and
white lines in the EBSD maps indicate the location of high angle grain boundaries (HAGBS)
(misorientations 6 >15°) and low angle grain boundaries (LAGBS) (misorientation of 3°< 6
<15°), respectively. As shown inset of Figure 2b, the color of each grain is coded by its crystal
orientation based on [001] inverse pole figure (IPF) of aluminum. It is remarkable that although
the sample is solution-treated, a relatively high substructure (LAGB’s) within the interior of
elongated grains is noticed, especially in those grains with a <111> orientation. Figure 2c displays
the correlated distribution of grain boundaries misorientation, indicating a proportion of HAGB
of ~ 67%while the average misorientation is ~29.63°. Meanwhile, the typical XRD pattern in
Figure 2d shows that the phases in undeformed AA6082 alloy after solution treatment are the o
(Al) matrix and a series on intermetallic compounds, namely Ali2(Fe,Mn)sSi , AIMn and AIMnSi
[16,17]. According to Kumar et al [16], the insoluble dispersoids of Ali2(Fe,Mn)sSi which are
present even after performing the solution treatment at high temperature, results in an extension
of the Fe solubility into the AIMnSi phase.

3.2 Microstructure evolution after different ECAP passes
The orientation maps obtained after 1, 2, 4, 6 and 8 ECAP passes are displayed in Figure

3. Figure 4a shows that the alloy after the first ECAP pass exhibits elongated grains with an
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average grain size around 3.64 pum and with a well-developed subgrain microstructure. The
microstructure at this condition is mostly formed by LAGB with a preferential orientation
towards <111> direction (Fig.3a). After the second ECAP pass, as shown in (Fig.3b), the
microstructure still has the same aspect of the elongated structure after one single ECAP pass but
a preferential orientation change from <111> to <101>. The bands in this step were 1.67 um in
width. It can be seen in Fig. 3c that material with 4 ECAP passes presents a mixed microstructure
and texture described by elongated and equiaxed grains (average grain size around 0.93 um) with
preferential orientation in its grains between <100> and <111> directions. With increasing strain
(N = 6 ~8 passes) the initially high fraction of LAGBs transforms into HAGB (see Fig. 3d-3e)
following the mechanisms described by the phenomenon known as continuous dynamic
recrystallization (CDRX). In addition, the average grain sizes are around 1.02 pm and 0.73 um
after 6 and 8 ECAP passes, respectively (see Fig. 3d-3e), sharing orientation in their grains
between the <111> and <101> directions. According to Beyerlein et al.[18] the continuous
texture changes observed in Figure 3 can be attributed to the change in the deformation plane as
the Bc processing route indicates.

The misorientation distributions as a function of the number of passes together with the

HAGB fraction (fracs) and the average misorientation (6_ ) are shown in Figure 4. It is observed

that 6, rises continuously by increasing the ECAP pass number in a similar way than fuacs.
After one ECAP pass, more than 75% of the boundaries correspond to LAGB (Fig.4a). Up to the
fourth ECAP pass, the misorientation distribution is gradually displaced towards higher angles,
and the fuace progressively rises (Fig.4b-c) achieving ~49% after 4 ECAP passes and ~57%
after 8 ECAP passes, as displayed in Figures 4d-e, respectively. The slow evolution of HAGB in
the present alloy can be explained by the existence of solute atoms, which delay the recovery

rate, and therefore prevent HAGB to be formed. Indeed, an interesting remark from Fig.4e is the



fact that after eighth ECAP passes, the misorientation distribution is quite like the random
distribution predicted by Mackenzie [19].

The evolution of the HAGB and LAGB fractions of the present alloy as a function of the
ECAP passes are better illustrated in Figure 4f. It is apparent that the ECAPed alloy generates a
large amount of subgrains in the first pass, which decreases gradually with increasing the ECAP
passes, as already stated. In the early SPD stage, geometrically necessary boundaries (GNBs) are
created to subdivide the coarse grains into cell blocks. For that reason, in the first ECAP pass one
can observe a high LAGB fraction, while in the following ECAP passes (2, 4, 6 and 8 passes),
once continuous dynamic recrystallization takes place, the HAGB number increases
continuously. Accordingly, the transformation of LAGB into HAGB is controlled by the
recovery rate. In this sense, if one compares the evolution of HAGBs of AA6082 with the results
reported by Subbarayan et al. [20] for pure Al ECAPed at 250 °C, it is revealed that the large Mg
content in the present alloy must be behind the diminution of the recovery rate, [14].

On the other hand, Figure 5 illustrates the variation of average grain size as a function of
ECAP passes. The average grain size of the unprocessed specimen was ~32 um. After the first
ECAP pass, the grain size decreases rapidly to ~3.64 um. Subsequently, the grain size decreases
gradually to 0.73um after 8 ECAP passes. Interestingly, the present evolution in the AA6082
alloy at elevated temperature is very similar to the evolution noticed in AA6060 ECAPed at room
temperature [21]. This later alloy has an average grain size around to 0.5 pum after 8 passes,
whereas the present work indicates an average grain size close to 0.73um. Similar results have
been reported by other authors [13,22]. Particularly interesting are the results of Subbarayan et
al. [20] on ECAPed pure Al at 250°C by route B¢ as the obtained mean grain size of 4um after
8 passes. This difference of the average grain size was already explained by Mazurina et al. [22]
based on the effect of the dispersoids and precipitates delaying any strain relaxation within the

grains. However, other authors [23, 24] have reported that in heat treatable aluminum alloys



(AAT7034 and AA2024) where precipitation is one of the dominant strengthening mechanism,
ECAP processing is able to introduce a wide dislocations number within the grains, which then,
become potential sites for precipitation nucleation, enhancing therefore the hardening ability, and
offering an additional mechanism to delay the recovery kinetics even at elevated temperature.
3.3 X-ray diffraction of samples after different ECAP passes

The X-ray diffraction patterns of the present AA6082 alloy processed through ECAP until
8 passes are shown in Figure 6. It is clear from the undeformed sample that Alix(Fe,Mn)sSi,
AIMNSi and AlIMn dispersoids remain insoluble after ST. After one ECAP pass, only the major
peaks corresponding to the AIMnSi and AIMn dispersoids are visible, indicating that they remain
insoluble. This behavior is very similar to Kumar et al’s. [17] results for an CRed AA6082 at
room temperature. By increasing the ECAP passes, a small peak around 20 =41 ° is noticed since
the third pass. This peak can be attributed to the Mg.Si phase [25]. Furthermore, the intensity of
Mg2Si peak increases while increasing the amount of deformation (ECAP passes). These results
are in agreement with Kumar et al. [16] for an AA6082 alloy after Cryorolling
followed by warm rolling at 100-250°C.

The crystallite size <D> and the lattice strain <e?>2 were calculated from the peak

broadening (p) using the Halder-Wagner (HW) method [26] as given below:
%\ 2 * 2
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where B* = cos6/A and d* = 2 sinb/A; 0 is the Bragg angle and A is the wavelength used.

The crystallite size <D> and the lattice strain <e>>'2 are obtained by drawing a plot between
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straight lines obtained (see Fig.7). The values of the crystallite size <D> and lattice strain <¢?>'/2
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were then used to calculate the dislocation density (o, ) in the ECAPed alloy according to the

following equation [27]:
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:2\/§<8 > 2
PD <D>xb @
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where b is the Burgers vector (b = a7for FCC crystals, being a the lattice parameter). The

crystallite size, lattice strain and dislocation density of the ECAPed alloy are listed in Table 2.

A very small <D> is observed since the early first ECAP passes accompanied by a substantial
amount in lattice strain ¢ due to the large amount of deformation introduced by each ECAP pass.
From the 2" to the 8" ECAP passes, no strong or systematic variations are observed either in
<D> or <¢?>2, In fact, one can estimate an average value about 54 nm and 0.4%, respectively.
This behavior is consistent with results for an ECAPed AA6060 alloy at ambient temperature
[21]. Furthermore, it is evident from Table 2 that the dislocation density (p) increased
significantly from 102 m2to 11.67-10'* m as the number of ECAP passes increased from 0 to
2 and then slightly decreased to about 7-10'* m™ after eight passes. This decrease can be

explained in terms of the development of continuous recovery and dynamic recrystallization.

3.4 Texture evolution

Figure 8 indicates the texture evolution using Pole Figures (PFs) and orientation
Distribution Functions (ODFs) at different number of ECAP passes. The texture analysis was

done following the ideal orientation components for ECAP and recrystallization described by



Humphreys el al. [28], which are summarized in Table 3. To see the ECAP and recrystallization

components the texture was analyzed on both the TD plane and the ND plane.

It can be observed in Figures 8 and 9 that the initial material (0 pass) texture presents
some rolling and recrystallization components. It was found the existence of several components
like R, Brass, Copper and S, but with a small fraction of grains following those orientations.
This could be attributed to the solution treatment applied before the ECAP process, which gave
rise to a random texture, similar to the investigation of Zhang et al. [29] for AA6011 alloy before
rolling deformation. On the other hand, after the first ECAP pass the texture totally changes with
the apparition of shearing and recrystallization components. It can be seen in Figure 9a the
apparition of all ECAP texture components with the B component as the most important. This
behavior is very similar to Wronski et al. [30] results for an ECAPed Aluminium at room
temperature where they also found the existence of the B as the most intense at the early stage of
deformation. On the other hand, it was also observed in Figure 9b the important apparition of
recrystallization texture components such as P and Brass. The formation of those recrystallization
components could be associated with the processing temperature involved in each ECAP pass.
Under these conditions, it is possible that both Continuous Dynamic Recrystallization (CDRX)

and Discontinuous Dynamic Recrystallization (DDRX) took place.

It worth mentioning that after 2 ECAP passes the texture is still dominated by the shearing
components. As can be observed in Figs. 9a and 9b, after 2 ECAP passes, the main texture
components were Al and B. On the other hand, after 4 and 8 ECAP passes, the material texture
changed from shearing components towards recrystallization texture components. For that
reason, it was observed in Fig. 9b a great fraction of grains following the orientation of

components like R, Brass, Copper, S and Dillamore.
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Accordingly, it can be stablished that the texture evolution of the AA6082 alloy processed
by ECAP at warm conditions until 8 passes presents two behaviors: the first one, with
deformations lower than the second pass where the texture was mainly dominated by the presence
of shear components. The second behavior, with deformations higher than 4 passes where the
texture was dominated by the presence of recrystallization components. This texture change
could explain the fact the texture intensity never decreases even after 8 passes, which is
something expected after severe plastic deformation as for e.g. in the research work of Mufioz et
al. [31].

The recrystallization texture obtained after 4 and 8 ECAP passes can be attributed to the
occurrence of recovery and recrystallization phenomena. This is coherent with the reduction of
the dislocation densities observed after 2 passes in Table 2. For that reason, it can be expected
that after 2 ECAP passes the SPD process for this alloy with the chosen processing temperature
is not efficient as a tool to improve the mechanical properties.

3.5 Mechanical properties

Figure 10a shows the engineering stress-strain curves for the present AA6082 alloy after
ECAP as a function of the number of ECAP passes. The mechanical properties extracted from
the tensile tests including yield stress (YS), ultimate tensile strength (UTS) and percentage of
elongation to failure are displayed in Figure 10b. YS and UTS increase simultaneously in the
first ECAP pass and then decrease progressively until 8 passes. In absolute values, the YS rises
from 172 to 274 MPa after one ECAP pass and then diminishes to 168 MPa after 8 ECAP passes.
Similar YS values after one ECAP pass were found between the present study (274 MPa) and
the investigation of Baig et al. [7] (255 MPa) for a similar alloy ( ST + over aging treatment)
under room temperature processing conditions. This observation indicates and confirms that the
warm processing conditions still favor the material strength increase until the first pass. For that

reason, it is observed in Figs. 10a and 10b that after one pass the YS stress was ~1 time larger

11



than material without ECAP passes. The increase of strengths (YS and UTS) in the first ECAP
pass can be due to several factors such as the effect of decreasing the grain size, the increase of
the precipitation of the intermetallic phases in the matrix of the material and also to the wide
quantity of dislocations introduced in the process of deformation, or in other words, due to the
substructuration that the material is undergoing, as it is obvious in Table 2 with the dislocations
increments. On the other hand, the subsequent decrease of strength in further ECAP passes can
be explained by the occurrence of dynamic recovery and discontinuous dynamic
recrystallization, which leads to the elimination of dislocations. It is accepted that in severely
deformed materials diffusivity can be enhanced by the large amount of dislocation and defects
introduced [32] because the internal energy introduced by the defects promotes its acceleration.

The elongation to failure of the alloy decreases from an initial value of 35% to 25% after
the first ECAP passes and then stabilizes up to four passes. After the fourth ECAP pass, the
elongation raises till it achieves 30% after eight ECAP passes. This rise indicates an improvement
in the ductility of the studied alloy which can be explained again by the grain refinement and the
slight diminution in dislocation density, which in turns can be associated to the increment in the
quantity of HAGBs [33]. This decrease can also be explained by recovery and recrystallization,

which eliminate dislocations [16].

3.6 DSC of samples after different ECAP passes

It can be seen in Figure 11a the DSC curve for the undeformed specimen. It indicates four
exothermic peaks and three endothermic peaks. To facilitate reading, the 4 exothermic peaks
related to the formation of GP zones and precipitation of Mg2Si (8", B' and ) phases respectively
will be referred as event 1, event 2, event 3 and event 4 (Table 4). The same applies for the
endothermic peaks correspond to the dissolution of GP zones, ' precipitate and B-Mg2Si
equilibrium phase, which will be referred to as event 1', event 3' and event 4' (Table 4). This

explanation is in agreement with results reported in the literature for similar alloys [34].
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Figure 11b shows the superposition of the DSC curves for the deformed alloy at different ECAP
passes. Comparing with the undeformed alloy, several remarks can be extracted regarding the
position, intensity and shape of the peaks. The events 1 and 1' corresponding to the formation
and the dissolution of GP zones respectively still exist in all deformed specimens. Conversely,
the event 2 is apparent in the DSC curves of the alloy after 1, 2 and 3 ECAP passes. The widening
of this event (after 1, 2 and 3 ECAP passes) could result from the overlap between the event 3
and the event 4. This behavior was very similar to a previous work [21] results for an ECAPed
AA6060 alloy at room temperature. In comparison with DSC curve for the undeformed
specimen, the intensity of this event has reduced and it position has shifted to higher
temperatures. The reduction of this event can be due to the partial dissolution of the hardening
phase B". Thus, it can be concluded that after 4 passes, the event 2 is totally suppressed. Figure
11b allows to see that event 3 corresponding to the formation of ' precipitates is missed after 1,
2 and 3 ECAP passes and it appears after 4, 5, 6 and 8 passes. The lack of the event 3 after the
three first ECAP passes may be due to the superposition with the tail of the former event, as other
investigations demonstrate [21]. The precipitation sequence is further accelerated compared to
the sequence observed at ambient temperature. This acceleration is enhanced by the ECAP
temperature and the occurrence of recovery and recrystallization phenomena. A similar result
was also observed by Kumar et al. [17] for the same alloy under cryorolling conditions. The
events 4 and 4' corresponding to the formation and the dissolution of 3-Mg2Si equilibrium phase
respectively, still exist in all deformed specimens. In comparison with the undeformed specimen,
the intensity of the event 4 has been reduced. According to Khelfa et al. [21] this reduction could
be related to the possible Si depletion from the matrix.

The temperature of the event 2 as a function of the ECAP passes number is shown in
Figure 11c. It is noticed that this temperature increases slightly (40°C) from the first ECAP pass

and then stabilizes for subsequent numbers. This increase may be correlated with the
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recrystallization process. A slight temperature fluctuation between passes 3 and 5 is observed
which can be associated to the rise in HAGBs observed in Figure 4f. A similar variation was also
observed in a magnesium ZK60 alloy deformed by ECAP according to Dumitru et al. [33].

Moreover, the decrease in strengths after 2 ECAP passes can be also related to the
transformation of metastable B" precipitates into metastable B' precipitates, which was confirmed
by the DSC results.
3.7 Stored energy

Further arguments to the occurrence of softening phenomena can be done by

calculating the stored energy. The EBSD results can be used for this purpose. The estimates of
the stored local energy can be calculated by the contribution of geometrically necessary

dislocations (GNDs) using the Read-Shockley equation [28], as follows:

Ym if 6)0nm

s TS I

where 5, =0.324 Jm? is the value of energy per unit area of HAGB for aluminum [35], 0, 1s

the value of the boundary misorientation (obtained from the EBSD measurements) and g, =15°
is the value of the misorientation angle above which the energy per unit area is independent of
misorientation angle [28]. The mean boundary energy is obtained as the sum of all the boundary

misorientations between 2°< g <62.8° according to the following equation:

62.8

7= [16,)16)] 4)

2
where f(g,) represents the boundary fraction for a given orientation. On the other hand, the

stored energy per unit volume attributed to a dislocation boundary (E,) can be derived by
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multiplying the average energy per unit boundary area j~ with the area per unit volume (s, ~ 2/

where d_., is the mean equivalent circle diameter considering all misorientations between

d ECD

2° £§<62.8°). Thus, the stored energy due to the boundary energy (g, ) is given by the next

equation:
_ 2y
Eb = SV Y= d Y (5)
ECD
The stored energy from dislocations between cell walls is expressed from the dislocation
density measurements applying the next equation [36]:
1 2

where G is the shear modulus (for Aluminum, 26 GPa), b is the length of the Burgers vector of

dislocation (b=0.286 nm), and o is the dislocation density.
Table 5 and Figure 12 summarizes the results of g, and g,. The g, rises almost a factor

30 from 0.016 J/g to 0.48 J/g after 4 ECAP passes, which gives a large driving force for dynamic
recrystallization (in accordance with the increment of HAGB fraction from 1 to 4 ECAP passes

(Fig.4f)). The g, rises softly from 4 to 8 ECAP passes, showing the slight rise of the driving
force. The dependence of g, with the ECAP passes number is displayed in the same figure. It is
clearly seen thatg, increases from about 3.94 x 10 J/g to 0.46 J/g with increasing ECAP passes

from 0 to 2, and then slightly decreases to about 0.27 J/g after eight passes. This decrease can be

associated to the dislocation annihilation due to a softening mechanism.
3.8 Geometrically Necessary Dislocations (GNDs) evolution

In order to understand the softening observed in the tensile curves with the increase in the
number of ECAP passes, the GND evolution was represented in Figure 13. The density of GNDs

can be calculated from EBSD data. Figure 13 shows the GND density maps for both the
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undeformed and after different ECAP passes. The initial condition does not exhibit some
grouping of GNDs, the GNDs over the scanned area looks quite homogeneous with average and
maximum values of 5.1-:10'> m? and 5.0-10'® m™ respectively. On the other hand, with further
ECAP passes the GNDs start to increase and develop places with high densities. This behavior
is also corroborated by the GNDs distributions in Figure 13 which show a shifting in the peaks

to higher values.

After one and two ECAP passes the average GND values were 3-10* m? and 9-10%* m
reaching maximum values of 1.5-10* m? and 2.5-10'* m respectively. These increments
correspond well with the energy calculations coming from the grain boundaries showed before
in the section 3.7 which also presented and increasing behavior with the deformation. After four,
six and eight ECAP passes the average GND values start to reach a saturation with values of

1.2-10%, 1.3-10* and 1,5-10% m™ respectively.

GNDs as a precursor of grain subdivision tends to show a decreasing behavior with higher
deformations as has been indicated by Toth et al.[37]. However, in this study a continuous
increasing behavior was found which could be attributed to the ECAP processing conditions
(temperature) that generates a recovery state in the microstructure given rise to a lot of potential
places for the grain subdivision. For that reason, while the GND values increase with
deformation, the dislocations calculated by the X-ray decrease after the second ECAP pass. The
values of GNDs reported in other studies such as accumulative roll bonding (ARB) [38] ECAP
[39] and HPT [40] presented higher magnitudes than the values reported in this study. Those
differences can be related to different factors like the higher amount of deformation introduced,
the processing conditions (room temperature) and the hydrostatic pressures involved in these
processes, especially in HPT. As established by Téth et al. [39], the higher hydrostatic pressures

favored the dislocation multiplication instead of their annihilation.
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4. Conclusions

During the present work, the following conclusions can be drawn:
- The results reveal a successful strategy for processing the AA6082 by ECAP up to eight passes
at 250°C. It is seen that pressing may be conducted without sample segmentation and cracking.
- After the first ECAP pass, the alloy has a microstructure consisting of elongated grains with a
large amount of LAGBs, associated with the formation of sub-grains. By rising the ECAP passes
number, LAGBs were progressively transformed to HAGBs. The fraction of HAGBs was raised
from ~22.1% after one ECAP pass to ~57% after eight ECAP passes.
- The dislocation density and the lattice strain rise in the early ECAP stage but continuously
decrease after 2 ECAP passes. This diminution may be interpreted in terms of the occurrence of
continuous recovery and dynamic recrystallization.
- After the two first passes the texture is dominated by the shearing components. By increasing
the ECAP passes number, the material texture changed from shear components to be dominated
by recrystallization texture components. This change can be due to the occurrence of recovery
and recrystallization phenomena.
- An increase of YS was observed after one ECAP pass, and then diminish until 8 ECAP passes.
The rise of the YS can be due to intensive dislocation density in the first ECAP pass. Diminution
is also associated to the concurrent softening phenomena.
- The calculated stored energy rises abruptly to a value of 0.48 J/g after 4 passes and then it rises
slight from 4 to 8 ECAP passes around a value of 0.62 J/g. However, the dislocations energy
rises with rising ECAP passes and reaches a maximum after 2 ECAP passes, when the stored
energy is 0.46 J/g and t then starts to diminish at increasing ECAP passes.
- During first ECAP passes, a significant increase in GND density is produced to reach a stable
state rapidly. This stabilization can be attributed to the state of dynamic equilibrium reached

between multiplication and annihilation of dislocations. On the other hand, the dislocations
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calculated by the X-ray showed a decrease after the second ECAP pass that was attributed to a
kind of softening as a consequence of dislocation annihilation.

- Severe plastic deformation under this processing conditions for the AA6082 alloy demonstrated
not to be an efficient tool to improve the mechanical properties due to the occurrence of recovery
and recrystallization phenomena, which was corroborated by the texture evolution, dislocation
densities and mechanical properties. Where 2 ECAP passes demonstrated to be the maximum

deformation to show some improve with the material properties.
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Fig.1. a) Schematic illustration of the ECAP process, b) Surface cracks of the ST AA6082
subjected to ECAP processing for 1 and 2 passes at room temperature and c) Surface without
cracks of the ST AA6082 subjected to ECAP processing for 1 to 8 passes at warm temperature
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Fig.2. Initial microstructure of AA6082 aluminum alloy before ECAP after ST: (a) optical
micrograph, (b) typical EBSD map, (c) misorientation angle distribution, and (d) typical XRD
pattern.
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Fig.3. EBSD maps and inverse pole figures of AA6082 processed by ECAP with different

number of passes: a) 1 pass, b) 2 passes, c) 4 passes, d) 6 passes and e) 8 passes.
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Fig. 5. Dependence of the grain size on the ECAP passes number at 250°C.
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Fig.6. X-ray diffraction patterns of AA6082 before and after different ECAP passes.
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Table 1. Chemical composition of AA6082 (in %wt).

Element wt% Element wt% Element wt%o
Al 96.5 Ca 0.0025 Zn 0.1625
\V/ 0.0066 Ti 0.0321 Mg 0.841
Sr 0.0004 Sn 0.0027 Mn 0.829
Sb 0.1750 Pb 0.0217 Cu 0.1071
P 0.0013 Cr 0.0222 Fe 0.3931
Na 0.0007 Ni 0.0167 Si 0.863

Table 2. Structural parameters and dislocation density of the AA6082 alloy processed by

ECAP.

ECAP passes Dxro (nm) (£%)2 (%) p (10¥) m~2
1 34 0.15 5.36
2 52 0.50 11.67
3 44 0.31 8.54
4 56 0.40 8.69
5 51 0.35 8.32
6 65 0.42 7.91
8 77 0.44 7.01
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Table 3. ECAP and recrystallization texture components fcc materials [28].

Texture component Miller indices Euler angles
{hkl}<uvw> P, P P,
Cube {001}<100> 0 0 0
P {011}<122> 70 45 0
R {124}<211> 57 29 63 S
Goss {011}<100> 0 45 0 I
S {123}<634> 59 37 63 i
Rotated goss {011}<011> 90 45 0 %5
Brass {011}<211> 35 45 0 g8
Goss/brass {011}<115> 16 45 0 T g
Y {111}<112> 90 55 45 © O
Copper {112}<111> 90 35 45 £
Rotated copper {112}<011> 0 35 45 n_°:
Dillamor {4411}<11118> 90 27 45
S/brass {414}<234> 49 40 75
A* (811)[144] 80.26 45 0 @
170.26 90 45 g
A* (144)[811] 9.74 45 0 S
99.74 90 45 £
A (914)[1115] 45 35.26 0 v
A (1115)[914] 225 35.26 45 2
B (15411)[72619] 45 54.74 45 3
B (72619)[15411] 105 54.74 45 %
C {334}(223) 135 45 0 o
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Table 4. Summary of the different significant curve points of AA6082 of Figure 11 (DSC

curves).

Event kind of reaction Type of precipitates
1 exothermic GP zones formation
1 endothermic GP zones dissolution
2 exothermic " formation
2' endothermic B” dissolution
3 exothermic g formation
3 endothermic B' dissolution
4 exothermic B formation
4' endothermic B dissolution

Table 5. Values of boundary energy (g, ) and dislocations energy (E, ).

ECAP passes dox2e (LM) ¥ (3/m?) Eb (J/g) p (10*) m™2 Ed (J/9)
0 24.55 0.534 0.016 0.01 3.9410*
1 2.46 0.444 0.13 5.36 0.21
2 1.26 0 .488 0.28 11.67 0.46
4 0.81 0.537 0.48 8.69 0.34
6 0.85 0.521 0.45 7.91 0.31
8 0.65 0.553 0.62 7.01 0.27
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