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ABSTRACT

The mechanical behavior and microstructural evolution of an AA2017 aluminum alloy processed by ECAP with
an equivalent simple shear deformation of ~6 at 200 °C were studied. Samples were characterized by means of
scanning electron microscopy (SEM-EDS- EBSD), image-assisted by focus ion beam (FIB), Vickers microhardness
and X-ray diffraction (XRD) techniques. During the deformation process, the Al,Cu precipitates did not get
fragmented or re-absorbed in the Al matrix. After the first ECAP pass, at least 50% of grains displayed an
ultrafine size. The EBSD analysis showed an increment of the misorientation angle immediately after the first
ECAP pass. The macrotexture evolution was explained in terms of the formation of f1: A;¢*, Ag, Ag, Ase", £2: Co, 6,
Bo, Ag, Ag, A1g* and 3: Cq, Bg, o, Ag, Ag, Aze™ fibers. The macro-residual stress measurements of the highly
deformed samples showed linear sin?y profiles. The micro and macro-residual stresses were compatible with
dislocation rearrangement, in which the annihilation and formation were in quasi-equilibrium. It was found that
the highest microhardness value (1176 MPa) and grain refinement (at least 20% of grains showed a size smaller
than 100 um?) appeared after the first extrusion pass. The decrease in hardness, after the second pass and the
residual stress stability, could be associated to a dynamic recovery phenomenon.

1. Introduction

One of the most recurrent techniques of severe plastic deformation
for obtaining grain refinement and nanostructures is the equal channel
angular pressing (ECAP) [1,2]. The importance of ECAP process is re-
lated to many factors such as the feasibility of implementation, the
possibility of using the process in several alloys and the improvement of
some mechanical properties without, significantly, deteriorating the
thermal or electrical properties [3]. It is well known that important
microstructural changes occur after the firsts ECAP passes, for instance,
Iwahashi et al. [5] reported a grain refinement from 1 mm to 4 um with
a single ECAP pass. However, the subsequent passes are necessary to
achieve large grain misorientation angles [6,7] and to improve the
microstructural homogeneity of the alloy. It was also reported that the
microstructure could vary on the highly deformed samples as a function
of the processing route [8]. Other reports have identified that among
the different processing routes, the route named Bc, generates a greater
homogeneity of crystalline orientations [9] and equiaxed micro-
structure in the extruded products [10,11].

A number of aluminum (Al) alloys have been processed by ECAP,
but specifically for the 2017 Al alloy (AA2017), the number of reports
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are very scarce, even though this alloy is widely used in the automotive
and aeronautical sectors (due to their high fracture toughness and
corrosion resistance). Because of the cracking phenomenon that occurs
at room temperature extrusion of this alloy [12], there is only one re-
port that has succeeded in ECAPing the AA2017, but in an overaged
condition (350 °C for 1h), resulting in a decrease in hardness due to
recrystallization [12]. In addition to the above-mentioned AA2017 re-
port, other studies of Al-4 wt% Cu alloys, deformed by ECAP, have been
reported. These focused on the precipitates morphology after the ECAP
process and the subsequent hardening [13-15].

Other Al-Cu based alloy compositions processed by ECAP have also
been studied with the aim of reporting the fracture behavior, i.e. the
transformation of a brittle fracture to ductile mode [16-17]. For in-
stance, the 2219, 2024 and 2014 alloys were ECAPed, and the effect of
the process on 2219 alloy was reported in terms of the microstructural
changes that can be subdivided into three stages: 1) an incubation
period for new grain evolution, 2) grain fragmentation by frequent
formation of deformation bands and 3) full development of new fine
grains [18]. Besides, the results for the 2024 and 2014 alloys reported a
considerable improvement in mechanical properties as a consequence
of the ECAP passes [19-21].
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Reports on the residual stress generated by ECAP are also rare.
Previous results [22] showed that the residual stress values strongly
depend on the inner or outer faces and the friction effects between the
die-set and the sample in the study. On the other hand, there are some
reports, in ECAPed Al alloys, related to texture analysis. For instance,
El-Danaf reported the effect of extrusion die-angles on the texture after
a single ECAP pass [23]. Similarly, Hoseini et al. compared different
processing routes [24], indicating that the grain refinement effective-
ness during ECAP depends on the die angle and the sample rotation
between passes.

Due to the lack of information related to residual stresses, hardness
and texture on this particular alloy, the objective of this work was to
evaluate the ECAP effects on the microstructural evolution, including
the grains morphology and size, precipitates and texture in an AA2017.
The residual stresses and hardness profile as a measure of strain
homogeneity were also assessed. This work introduces the measure-
ment of near surface residual stresses in order to evaluate the im-
portance of friction between the ECAP die and the sample.

2. Experimental procedure

Commercially available AA2017-T6 (Al-3.83Cu-0.62Mn-0.58 Mg-
0.558Si-0.51Fe-0.08Zn-0.04Cr-0.04Ti-0.11other, in wt%) bars were used
as starting material. The alloy was annealed at 400 °C for 1 h and then
furnace-cooled. The particular process was carried out in order to fa-
cilitate the extrusion by partial over-aging of the Al,Cu precipitates. A
D2 steel die was used for the ECAP process. Samples with dimensions of
60 mm in length and 10 mm in diameter were used for the extrusion
process at room temperature. The die has an inner angle of ¢ = 90°, an
outer curvature W = 37° and a channel diameter of 10 mm. This die
geometry generates a shear strain of ~0.99 for every ECAP pass, as
previously reported [22]. The schematic representation of the experi-
mental setup and the place where the samples were taken for the dif-
ferent characterization are shown in Fig. 1. It is worthy to note that the
ECAP die set was placed inside an electrically heated furnace in order to
keep a constant working temperature of 200 °C. The Bc route (rotation
along its longitudinal axis by 90° clockwise between each pass) was
carried out. MoS; lubricant was used for reducing the friction between
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the sample and the die walls.

The samples were identified as OP, 1P, 2P, 3P, 4P, 5P and 6P, where
the prefix corresponds to the number of ECAP passes when completed.
Previous to the microstructural examination, the surface of the samples
was prepared, starting with SiC sandpaper of 800, 1200 and 2000, then
diamond solutions of 0.3 and 0.1 um were used to obtain a mirror ap-
pearance. A Focus lon Beam apparatus (model JEM-9320FIB) was used
for metallographic observation, as conventional etching did not reveal
the sub-grain microstructure in optical microscopy. Grain size ob-
servation was performed on the extrusion plane (EP - Fig. 1). The XRD
measurements were performed using a Rigaku Ultima IV dif-
fractometer, with Cu-Ka radiation, crossbeam optics (CBO), 40 kV and
44 mA, with a step size of 0.02° and a scanning speed of 0.07°min ",
For the texture analysis, Al pole figures of (111), (200) and (220) planes
were obtained by employing a scanning range of a(0°-90°) and f
(0°-360°). The 3D Explore 2.5 software and MTEX (MATLAB toolbox
R2014b) were used for calculating the orientation distribution func-
tions (ODF) and data displaying. For Electron Backscattering Diffrac-
tion (EBSD) the material was prepared using conventional metallo-
graphic preparation, then colloidal silica of 0.1 um for the final stage.
Ultrasonic cleaning was used for removing surface impurities. The
EBSD analysis was carried out with a Jeol 7600F scanning electron
microscope (15kV) with a Bruker Quantax EBSD detector.

The macro residual strains and stresses (type I) were evaluated on
the internal surface (IS) (Fig. 1), using the sinz\y method, in which the
stress is calculated using the slope of the graph epsilon versus sin®y
(where v is the angle formed between the normal of the sample and the
normal of the diffraction plane). The working (422) plane was used
with at least 10 experimental y values (from —60° to 54°). The mac-
roresidual stresses were evaluated on the internal surface, without any
surface preparation. This is important to retain the residual stresses
produced during the process.

Microresidual strain (type II) was performed in the normal plane
(NP) (Fig. 1). The microstrains (€) were evaluated using a William-
son-Hall plot based on the reflection peaks (111), (200), (220), (311),
(222) and (400). Profile matching with a constant scale factor method
(FullProf released 2017) was used for calculating the peak broadening.
The instrumental peak width was calculated using a LaBe standard
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Fig. 1. Schematic representation of the ECAP system used in this study and planes where the samples were taken for the characterization. ND, TD and ED are the
normal, transversal and extrusion directions, and TP, EP and NP are the transversal, extrusion and normal planes, respectively.



powder. The working method assumes a Lorentzian XRD peak profile,
within this approximation; it is possible to separate the strain (¢) and
crystallite size (D) effects from the integral breadth (f3) peak, following
Eq. (1):

Beos® _ 1 + 4E(sme)
A D (€Y
Although the Williamson-Hall model is merely qualitatively, it can

evidence the tendency between the number of ECAP passes and the

accumulated strain and/or crystallite size. The plot of £ versus 2$2®

A A

gives directly the crystallite size and the strain from the ordinate in-
tersection and the slope of the linear fit of the experimental points.
Within this approach, a slope closed to zero means that the strain is
negligible, however, if the slope values are different from zero, they
represent the strain contribution to the broadening [25].

A Shimadzu microdurometer model HMV-G was used for the mi-
crohardness measurements; the load was 100 g for 10 s on the normal
plane (NP) (Fig. 1). A standard of medium-carbon steel was used for
calibrating the microhardness tester. Taking into account that 55
measurements were taken per sample, the experimental error was cal-
culated using the standard deviation.
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Fig. 2. a) SEM images of the ECAPed samples, indicating the presence of Al,Cu phase and Mg,Si precipitates for the initial condition (OP) and 6P sample, b) EDS

mapping of Al,Cu and Mg,Si phases, c¢) X-ray diffractogram for the alloy studied.
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Fig. 3. XRD patterns for OP, 1P and 6P samples.

3. Results and discussion

In this study, the Al,Cu precipitates and the presence of Mg and Si-
rich compounds were observed as demonstrated in the micrographs
obtained by SEM (Fig. 2a). From the EDS analysis (Fig. 2b), the black
dots in the micrographs were identified as the Mg,Si phase, and the
presence of these dots was mainly found at the center of Al,Cu pre-
cipitates. The Mg,Si precipitates were always observed independently
of the degree of deformation applied. These precipitates have been seen
in Al alloys with even lower contents of Mg and Si [26]. Fig. 2c shows
the identified characteristic phases for 1P sample, similar results were

ED

also found for OP and 6P samples.

The presence of Al,Cu in OP, 1P and 6P passes was confirmed by
XRD, as shown in Fig. 3. The most intense peaks corresponded to Al and
the weakest to the Al-Cu phase. Complementary, further evaluation of
grain morphology, misorientation and size were carried out for a better
understanding of the microstructural evolution of this alloy.

The ECAP process generated a substantial grain refinement. Fig. 4
shows the corresponding micrographs for OP, 1P, 5P, and 6P obtained
by FIB. With this technique, the erosion of Ga ions on the sample sur-
face generated an orientation contrast. For the last ECAP passes, it was
possible to observe zones with weak contrast. It is though that these

1pm

Fig. 4. Representative FIB images showing the microstructures for initial condition (OP), first, fifth and sixth ECAP passes (1P, 5P, and 6P respectively). For a better
grain size statistics, the image for OP has been taken with less magnification. TD is transversal direction and ED extrusion direction.



zones were produced due to the existence of dislocations tangles, where
grain misorientation is < 3°, coexisting with high angle grain boundary
(HAGB). The grain refinement was clear, since the grain size dropped
from 4 pm for OP to 0.3 um for 6P.

Fig. 5 shows the misorientation histogram of the highly deformed
samples, for 1P and 6P. For samples 1P to 6P the tendency for subgrains
formation with low angle grain boundaries (LAGB) was observed. The
subsequent formation of HAGB was also corroborated by electron

backscattering diffraction (EBSD). The micrographs obtained by EBSD
indicated substantial grain refinement after the first ECAP pass, pro-
ducing ultrafine grain sizes, as expected for Al alloys processed by
ECAP. It is worthy to note that after the 1P sample the grain refinement
was rather small.

Fig. 6 shows the grain size histogram from OP, 1P, and 6P samples,
assuming for the histogram calculation, an equivalent radius. According
to the data obtained, and as already mentioned, the grain refinement
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Fig. 5. EBSD results showing the misorientation histograms and micrographs for samples a-b) OP, c-d) 1P, and e-f) 6P, respectively.
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Fig. 6. Grain size distribution OP, 1P and 6P samples.

was observed for the first ECAP pass. For the initial condition (OP), a
grain area smaller than 10,000 um?, which corresponds to 30% of the
studied zone, was determined. Similarly, for 1P and 6P samples, the
results showed an area smaller than 100 um?, corresponding to 23%
and 15%, respectively. These results indicated a drop in grain size of
two orders of magnitude.

At this stage, it can be assumed that the success of the severe plastic
deformation process reported in this work was due to the over-aging of
the Al,Cu precipitates. As it will be explained later, the Al,Cu phase
effect on the hardening process can be considered negligible. Thus, the
ECAP hardening could be exclusively attributed to grain refinement
[27]. Furthermore, the ECAP process did not generate any re-absorp-
tion of Al,Cu precipitates, but it cannot be denied that other pre-
cipitates could have partially disappeared during the process, although
further investigation is highly pertinent to confirm this point. On the
other hand, the increase of low angle grain boundaries could also be
associated with the dislocation density, which was produced by the
shear deformation process. The dislocation cells tended to accom-
modate in such fashion that produced high angle grain boundaries, as it
has already been reported [28].

Another aspect for evaluating the microstructural change is the
orientation or randomness of the processed grains. For this purpose, the
analysis of the macrotexture evolution was performed in all samples,
using the normal plane (NP), as illustrated in Fig. 1. The pole figures are
shown in Fig. 7. At the initial condition (Fig. 7-OP) two partial fibers
were observed. They were designated as <110>¢ and {111}, respec-
tively. An orientation along the <110>¢-fiber has a <110>¢-direction,
which is counterclockwise rotated by 6 = 90° from the ED, and or-
ientation along the {111}¢ -fiber has a {111}-plane counterclockwise
rotated by 6 from the ND-plane [29]. The 1P sample (Fig. 6-1P) showed
five different texture components, identified as A", A16", Co, Ag and
Ag. These components are considered as the ideal ones for a simple
shear process [30]. The pole figures for the 2P sample (Fig. 7-2P),
showed the components Ag, Ass*, By and Bg. The pole figures for the
samples from 3P to 6P (Fig. 7-3P-6P) showed the disappearance of Ay,
whilst the Ae*, By and By components displayed a decrement in in-
tensity. The initial texture was strongly modified from the first to the
third ECAP passes; however, it remained rather constant from the
fourth to the sixth passes. Some shear components were found as ex-
pected, according to the literature [30]. Not all texture maxima on the
PFs are described within the A, B, and C components of the simple shear
texture. Kocks et al. mentioned that highly deformed metals might re-
lease some of the lattice strain through recovery, without changing the
texture [31]. On the contrary, recrystallization might produce different
texture in the new grains. Nevertheless, in this case, such re-
crystallization tended to be rather limited, as the process temperature
was carried out at 200 °C. Fig. 8 shows the total volume fraction as
function of ECAP passes. It was observed that the total volume fraction
decrease monotonously as a function of ECAP passes. These results
suggest that the new grains are, mainly, randomly orientated.

The orientation distribution functions (ODFs) were calculated for a
complete study of the sample texture and are presented in Fig. 9. This
figure confirms the presence of the aforementioned deformation com-
ponents. From the same image, the presence of the following fibers was
observed, being labeled as: f1 = A1g* — Ag/Ag — Azg™ {111}, f2 = Gy
passes through B /By and Ag/ Ag ending at Ajp* and f3 = Co - By /
Bo — Ag/Ag<110>¢ and Ag/ Ag — Aze* {111} (symmetrical to the f2)
[32]. The fibers intensity diminished after 3P sample for all fibers,
showing a loss of symmetry intensity.

These results indicated the strong effect of the deformation me-
chanism of the ECAP process over the sample texture. However, it is
also important to evaluate the effects of the mechanical process on the
generated residual stresses. This has been attributed to the accumula-
tive dislocation density, stored energy in the sample and heterogeneity
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Fig. 7. Pole figures for samples OP, 1P, 2P, 3P, 4P, 5P and 6P and key positions of ideal shear texture components for (111), (200) and (220) poles.
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of deformation process. The macro residual stress distribution profiles
were obtained from the inner surface of the ECAPed samples, as shown
in Fig. 10. For OP, a linear profile almost horizontal or neutral in terms
of stresses was observed, this was expected as all the starting samples
were annealed and therefore any stress tends to be released. Sample 1P
showed a linear profile with a positive slope that indicated a tensile
stress behavior. A linear profile also denotes an alignment of main
stresses with the sample axes (absence of 073 0 023). In the case of the
last ECAP passes (after 3P), a compressive stress slope profile was ob-
tained. The compressive stress slopes are strongly related to the size of
the highly deformed layer that was produced due to friction effect be-
tween the die and the sample, during the ECAP process, as the size of
this layer was proportional to the extrusion passes.

Fig. 11a displays the surface hardness for OP and for 1P, 3P and 6P.
Fig. 11b shows the residual stresses at the surface of the processed
samples. Although there is no a correlation between the hardness and
residuals stresses, in this particular case, the change in microhardness
and the residual stresses showed, somehow, an asymmetric tendency,
where both increased (in absolute values) as a function of the ECAP
passes. The observed hardness drop, for samples 3P and 6P, was at-
tributed to the dynamic recovery that was originated for the tempera-
ture (200 °C) used in the ECAP process.

The evolution of the micro-strain was obtained by means of the
Williamson-Hall plots (Fig. 12). From this figure, the slopes, which
correspond to 2, increased as a function of ECAP passes. From the
microstructural point of view, the ECAP process introduces a large
number of dislocations. Therefore, it is anticipated an increment in the
residual stress magnitude as a function of the number ECAP passes,
however, such magnitude changed slightly for the last ECAP passes (3P-
6P). This indicates that the process does influence a dislocation re-
arrangement. It is thought that this condition is due to the inherent
nature of the recovery that is taking place at the present ECAP pro-
cessing temperature.

Fig. 13a shows the Vickers microhardness measurements for OP, 1P,
3P and 6P samples. In this figure, it was possible to evaluate the local
hardness distribution from the internal to the external faces of the
tested samples. The maximum hardness value was obtained for 1P
sample (1176 *= 2MPa), and then it dropped down to a rather constant
value of 1081 2 MPa, for the subsequent passes. This tendency can
be clearly observed in Fig. 13b, where the bulk microhardness values

*
+

are plotted, exhibiting the same behavior.

From the hardness evolution, the maxima and subsequent drop after
2 passes, could be explained in terms of partial dynamic recovery, as
already stated. A similar phenomenon in an alloy of Al-1.7 at.% Cu
processed by ECAP has been reported [33], being attributed to this
phenomenon. Here, the organization of the dislocation tangles gives
way to new ordered borders with few dislocations inside the grain.

The lack of softening in the first ECAP pass can be explained re-
garding the limited occurrence of diffusional processes [12]. It is well
known that the diffusion is accelerated in SPD-processed metals due to
the highly non-equilibrium grain boundaries [34] and internal stresses
[35], therefore, it is necessary to increase the dislocation density, by
work hardening, being generated after the first ECAP pass. Then, the
sample extrusion temperature used in this study was high enough to
accelerate the diffusive processes during the applied deformation in
subsequent ECAP passes, as demonstrated in previous reports [36,37].
Such phenomenon is more frequent in materials with a high stacking
fault energy (SFE), as is the case for highly pure Al with an SFE reported
in the literature of ~160 mJ/m? [36,38]. In addition to the drop in
hardness for sample 2P, the hardness values for the alloys with higher
deformation passes are also congruent with the dynamic recovery
process. These samples (2P to 6P) showed lower hardness values than
those reported for similar compositions, after being subjected to the
ECAP process [39,20]. The dynamic recovery effect of this system is not
enough to avoid the formation of new grains in the last ECAP passes, as
shown in Fig. 5. Here, the increment of grain misorientation angles
indicates the possible dislocations re-arrangement, generated during
the ECAP process.

4. Conclusions

From the results obtained in this study, the following conclusions
can be considered as the most important:

1) The grain refinement was evident from the first ECAP pass, where at
least 20% of grains showed a size smaller than 100 um? For 1P
sample, 72% of low angle grain boundaries (LAGB) were observed,
being the result of sub-grains formation due to the ECAP process.

2) The Al,Cu and Mg,Si precipitates did not change the morphology or
size after the deformation process.

3) The formation of fibers f1, f2 and f3 were observed for all deformed
samples.

4) The residual macro-stresses profile showed a neutral tendency for
the initial condition, tensile behavior for 1P sample and compressive
values from 3P to 6P samples. The maximum absolute value was
obtained for the sample with 3 ECAP passes. This tendency is also
congruent with the resultant surface hardness.

5) The hardness profile from the internal to external faces showed an
augmentation of hardness after the first ECAP pass. Subsequently, a
drop from 1P to 2P was observed. For the subsequent passes, the
hardness values exhibited a rather constant trend.

6) For the last ECAP passes, the resultant low grain refinement, the
drop of macro-residual stresses and surface hardness are congruent
with a dynamic recovery phenomenon. Similarly, the low percen-
tage of HAGBs and the almost constant values hardness profile can
also be associated with this phenomenon.
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