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Abstract: To produce a highly refined microstructure, several metals or alloys have been processed via equal-channel angular pressing
(ECAP). In this work, the mechanical and microstructural changes of the 5083 aluminum alloy in H11 condition after processed by two ECAP
passes were investigated. An ECAP H13 steel die with an inner angle () of 120° and outer curvature () of 20° was used. The microstructural
changes were associated with the loss of texture symmetry. The morphologies of the Mg,Si and a-Al(Mn,Fe)Si precipitates for the sample at
the initial condition were similar to those subjected to two ECAP passes. The peak broadening measured by X-ray diffraction revealed an in-
crement of both grain refinement and microstrain. After the second extrusion pass, the hardness increased by 62% compared with the initial
condition. Moreover, the heterogeneous hardness behavior was compatible with a highly localized dislocation density. After two ECAP passes,
shear parallel bands were observed to be at nearly 45° to the extrusion direction. The evaluation of first-order residual stress as a function of the
depth of the analyzed sample displayed compressive or tensile values, depending on the measured face. With the plastic deformation applied,
the first and second-order residual stresses exhibited significant increment. Williamson-Hall plots showed positive slopes, indicating an incre-

ment in the microstrain.
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1. Introduction

Equal-channel angular pressing (ECAP) is a successful
process for generating nanostructures, aiming to improve the
mechanical properties of components with potential industri-
al applications. Despite their wide technological applications
in areas such as the marine, automotive, and aerospace indus-
tries [1], the 5083 aluminum alloy has rarely been studied un-
der severe plastic conditions. Compared with other alumin-
um alloys, 5083 Al alloy has some advantages, which in-
clude good mechanical properties [2], high corrosion resist-
ance, formability [3], and superplasticity behavior [4]. The
5083 Al alloy possesses a higher ultimate tensile strength
compared with other aluminum alloys after equal-channel-
angular-pressed (ECAPed); this is due to its high Mg content
and microstructure with sub-micrometric and micrometric
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grains [5].

Studies on the ECAP of 5083 Al alloy are mainly fo-
cused on the change of the second-phase morphology, re-
porting the fragmentation of second phases as a function of
the ECAP passes and the distribution of such fragmented
particles throughout the sample [6]. Several researchers [7]
have also studied the dependence of the 5083 alloy tensile
behavior on the ECAP temperature. Lee et al. [8] reported a
reduction in the recovery temperature, recrystallization, and
precipitation with an increase in the number of passes.
However, the existing studies on the ECAPed 5083 Al alloy
did not investigate the presence of the residual stresses in-
duced by the process. This is important, as such stresses have
a strong effect on the mechanical properties. In addition,
measuring the residual stresses helps in detecting stress con-
centration zones that can promote failure [9]. Moreover, the
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texture evolution generated in the 5083 alloy by the ECAP
process has rarely been reported in the literature. This is im-
portant as it is considered a relevant microstructural effect in
forming processes.

Considering the above, the aim of this work is to study
the evolution of the profile stress state and assess the effect of
the friction between the die and the sample. Residual stress
measurements were also carried out at different depths to
evaluate the effect of the ECAP process. The texture and ob-
tained microstructures for samples at the initial condition and
after one and two ECAP passes were also examined.

2. Experimental

Commercial 5083 H11 aluminum alloy was used as the
starting material, with a nominal composition (wt%) of
4.0-4.9 Mg, 0.4-1.0 Mn, 0.4 Si, 0.4 Fe, 0.25 Zn, 0.05-0.25
Cr, 0.18 Ti, 0.1 Cu, and Al balance. Bars of 16 mm X 16 mm
x 120 mm were cut for the ECAP analysis. The ECAP H13
steel die set had an inner angle (o) of 120°, an outer curvature
(p) of 20°, and a channel with a square section of 16 mm per
side. The schematic representation of the experimental setup,
the angles of the ECAP die, and the location where the speci-
mens were taken for the different characterizations are dis-
played in Figs. 1(a), 1(b), and 1(c), respectively. In Fig. 1(c),
ND, TD, and ED are the normal, transversal, and extrusion
directions, respectively; TP, EP, and NP are the transversal,
extrusion, and normal planes, respectively. The Bc route (ro-
tation along its longitudinal axis by 90° clockwise) at room
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temperature was carried out between passes. This route was
employed to obtain higher grain refinement compared with
those of other routes [10] and generate greater homogeneity
in the extruded products [11]. Moreover, MoS, lubricant was
used to reduce the friction between the sample and the die
walls. The alloy was extruded up to two passes with a press-
ing speed of 1 mm-s™'. According to Iwahashi’s equation [12]
and the die geometry, every single ECAP pass generates a
deformation of 0.63, which becomes accumulative for con-
secutive passes. From this point, the sample without deform-
ation is named OP, and the samples subjected to one and two
ECAP passes are named 1P and 2P, respectively.

The microscopic analysis of the samples, taken from the
extrusion plane (EP in Fig. 1(c)), was carried out on a JEOL
7600F scanning electron microscope (SEM). Before the mi-
crostructural examination, using alumina abrasive of 0.1 um,
the surfaces of the samples were prepared to obtain a mirror
finish appearance. Lamellas for transmission electron micro-
scopy (TEM) analysis (JEOL 120EX) were obtained by fo-
cus ion beam microscopy (JEOL-9320FIB). The X-ray dif-
fraction (XRD) measurements were performed using a
Philips X’pert diffractometer, with Cu K, radiation and 30
kV and 35 mA as the voltage and current conditions, respect-
ively. The texture analysis was performed in the normal
plane (NP) of the processed samples (Fig. 1(c)), and pole fig-
ures for (111), (200), and (220) planes were taken. Rigaku-
3D EXPLORE 2.5 software and MTEX (Matlab toolbox
R2014b) were used to display data and calculate the orienta-
tion distribution functions (ODFs), respectively.
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(a) Schematic representation of the ECAP experimental setup used in this study; (b) angles in the extrusion channel; (c)

planes where the samples were taken for the characterization. Here, ND, TD, and ED are the normal, transversal, and extrusion dir-
ections, respectively; TP, EP, and NP are the transversal, extrusion, and normal planes, respectively.
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For residual stress study, a diffractometer Set-X was
used. The samples for this analysis were electrochemically
polished with 85vol% ethanol, 10vol% 2-butoxyethanol, and
5vol% water solution under 10 A and 5 V. Measurements
from the superficial NP (Fig. 1(c)) to a depth of 80 um were
conducted by taking values every 20 um. The macro-resid-
ual stresses (order I) were evaluated on the internal (top) and
external (bottom) faces of the NP (Fig. 1) using the sin’y
method. Bruker-STRESS software was used for calculating
the stress values. This technique assumes that the macro-
strain is uniform over relatively large distances, namely sev-
eral grains; the macro-strain is deduced from measuring the
diffraction peak shift as a function of angles y and ¢, where
w is the angle subtended by the bisector of the incident and
diffracted beam and the surface normal, and ¢ is the angle
that describes the direction of the measurement.

The micro-residual stresses (orders II and III) were de-
termined in the EP (Fig. 1(c)). Rietveld refinement calcu-
lated by FULLPROF 2017 version was used for obtaining the
lattice parameters and the peak broadening. This technique
focuses on the strain that occurred inside the grain, which is
measured by the corresponding diffraction peak broadening.
Finally, through the elastic tensor for a specific material, the
strain can be converted to stress values. The instrumental
broadening was evaluated with LaBs powder. The evolution
of microstrains was assessed using Williamson-Hall plots.
This analytical procedure can be found in detail in a previous
work [13].
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A Shimadzu microdurometer model HMV-2000 was
used to determine the microhardness on the EP (Fig. 1(c)).
For this purpose, a load of 1 N was employed for 10 s. A total
of 70 measurements were taken per sample.

3. Results and discussion

Fig. 2 shows the presence of two phases: the dark gray
zones correspond to Mg,Si precipitates, which are second-
phase particles found in Al 5xxx alloys [14—15]; the light
gray zones are o-Al(Mn,Fe)Si phase. Similar results have
been reported for other Al alloys [14].

The chemical composition of the a-Al(Mn,Fe)Si phase
can be different depending on the initial chemical contents
and the thermal history [15—16]. In the present case, the mean
composition of the a-phase was 58wt% Al, 13wt% Mn,
24wt% Fe, and Swt% Si. The chemical compositions of both
phases are congruent with the preexisting particles reported
in other works for the same 5083 alloy [17—18]. The mor-
phologies of the Mg,Si and a-Al(Mn,Fe)Si precipitates for
the OP and 2P samples were similar (Figs. 2(a) and 2(b)). Fig.
2(c) shows the zoomed XRD pattern of the diffraction peaks
generated from the Mg,Si and the a-Al(Mn,Fe)Si phases in
the 2P sample.

As can be seen in Fig. 3(a), the initial microstructure
showed fine precipitates homogeneously distributed in the
sample. In contrast, as an effect of the two ECAP passes,
shear parallel bands at nearly 45° to the extrusion direction
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SEM microstructures and energy-dispersive X-ray spectroscopy mapping in the extrusion plane (EP) for the (a) OP and (b)

2P samples; (c) zoomed XRD pattern showing the secondary phases in the 2P sample.
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Fig. 3. TEM microstructures in the EP for the (a) 0P and (b) 2P samples, showing the presence of shear bands (SB) and dislocation

tangles.

were observed (Fig. 3(b)). The microstructure analysis
showed a successful grain refinement and the presence of
subgrains inside the grain, which was expected after the ini-
tial ECAP passes [19—20]. Dislocations were also observed
inside the grains, indicated by the dotted arrows in Fig. 3(b).
The comparison between Figs. 3(a) and 3(b) allowed ob-
serving the increment of dislocation density after two ECAP
passes, which was a result of the applied deformation.

Fig. 4 shows the presence of subgrains that were formed
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as a result of the deformation process after the second ECAP
pass. These subgrains changed from white to black zones in
the diffraction position when the sample was rotated from 0°
to 4° with the double tilt holder. Dislocation tangles occurred
after two extrusion passes, and the characteristic shapes of
the Mg,Si precipitates were also observed (Fig. 4).

To evaluate the effect of the microstructural reorganiza-
tion over the macrotexture, ODFs were obtained (Fig. 5).
These ODFs showed the presence of texture components ex-
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Fig. 4. TEM images showing subgrains after the second ECAP pass, observed from different rotation angles: (a) 0°; (b) 1°; (c) 2°;
(d) 3°; (e) 4°. The original grain is indicated by the black loop; the yellow and red arrows indicate dislocation tangles and Mg,Si pre-

cipitates, respectively.
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Fig. 5. ¢, sections of the orientation distribution functions for (a) 0P, (b) 1P, and (c) 2P samples; (d) key of ideal texture compon-
ents of the ODFs.

pected for a simple shear process on face-centered cubic
(FCC) metals, with an extrusion angle of 120° [21]. The OD-
Fs were calculated with triclinic sample symmetry.

After the ODFs analysis, the initial texture components
A%y, Co, By, and By were identified. At the first ECAP pass,
the component A%, lost intensity and the Ajj component ap-

peared. The remaining textures of By and By were observed
in the 1P and 2P samples. The cube texture indicated by “C”
in Fig. 5(d) was observed for the OP sample, but as the num-
ber of passes increased, the intensity of such texture dropped.
The loss of intensity could be related to the formation of ran-
domly organized new grains as a function of the ECAP
passes, which was associated with the subgrains formation
shown in Fig. 4. As observed in Fig. 5, the texture intensity
symmetry changed from monoclinic (two-fold axis around
the ND axis of the sample) to triclinic (one-fold axis of sym-
metry). This loss of symmetry indicated that the texture was
rotated between passes around an axis, which was not the
texture-symmetry-axis of the process, as expected for Be and
Baroutes [21].

To illustrate the effect of the microstructure on the mech-
anical behavior, the microhardness mappings for samples OP
and 2P were carried out. From Fig. 6, the hardness for the 2P
sample almost doubled that obtained for the initial-condition
OP sample. When analyzing the mapping, it is evident that
heterogeneous hardness values were obtained, indicating that
the ECAP process induced a heterogeneous deformation
state. The localized plastic deformation in ECAP was pro-

moted by the heterogeneous deformation [22].

The average hardness values for the OP and 2P samples
were 784.6 and 1275 MPa, respectively. The increase in
hardness after the first ECAP pass has been reported by other
authors [23]. This heterogeneous hardness behavior was
compatible with a highly localized dislocation density. The
hardness values divided by a factor of 3 could be considered
a good approximation of the yield strength (YS) [24—26]. If
this relation was applied, the OP and 2P samples obtained Y'S
of 261.5 and 425 MPa, respectively.

Due to the nature of the ECAP process, one part of the
energy applied is kept as elastic energy, producing residual
stresses. Fig.7 shows the results for the residual stress pro-
files for the internal and external faces. Two zones were iden-
tified: zone I, from the surface to a depth of 20 pm; zone II,
from 20 to 80 pm. Zone I is considered a mixture of the fric-
tion effect (die and sample) and ECAP process, and zone II is
representative of the residual stress generated only by the
ECAP process. In general terms, the 1P sample showed com-
pressive values, or these values could be assumed as neutral,
since the magnitude of the residual stress is less than 5% of
the YS (Figs. 7(a) and 7(b)), while the 2P sample showed
higher compressive values for the external face, with a posit-
ive slope for the deepest analyzed zone (Fig. 7(c)). For the 2P
sample, the formation of a plateau from 20 to 60 pm was ob-
served. This could indicate that the stress was rather constant,
being consistent with the deformation of this zone. For the in-
ternal face (Fig. 7(d)), a tensile tendency with a positive slope
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was also noticed. Comparing the obtained residual stress val-
ues for the 2P sample with the estimated YS (425 MPa), the
maximum residual stress on the surface corresponded to 44%
and 35% of the YS for the external and internal faces, re-
spectively. Below 20 um of the surface, these percentages
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dropped to 40% and 27%, which was attributed to the fric-
tion effect between the sample and the die walls. These are
considerable amounts for those applications where the fa-
tigue limit is important.

The peak broadening depicted in Fig. 8 is strongly re-
lated to the grain size and microdeformation generated by the
ECAP process. The maximum broadening observed was
between the OP and 1P samples. As mentioned above, the
typical contributions to the peak broadening are the mi-
crostrains or the second-order residual stress and the decre-
ment of the crystalline domain. In this case, the grain size is
larger than the instrumental limit (100 nm); therefore, the
peak broadening will not be significantly affected by the
grain size.

The Williamson-Hall method was employed to qualitat-
ively measure the microstrains produced by ECAP (Fig. 9).
Here, a change in the slope is related to the change in the
strain; this can be explained in terms of the increase of dislo-
cation density as a function of the applied deformation. This
result is supported by the subgrain formation associated with
the dislocation tangles, as previously shown in Fig. 4.

In general, the results showed a grain refinement that was
concomitant with the texture evolution, with the ideal com-
ponents for ECAPed FCC metals, and with the increment of
macro- and micro-residual stresses following the applied de-
formation. The dislocation tangles observed by electron mi-
croscopy were related to the increase of hardness for the 2P
sample; they were also caused by the intensification of mi-
crostrains as a function of the number of ECAP passes, which
was also observed by XRD peak broadening. The effect of
the friction process between the die and sample was evident
from the surface down to 20 um, observed by the residual
stress profiles. The residual stresses showed compressive val-
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Fig. 7. Residual stress profiles for the 1P sample in the (a) external and (b) internal faces and the 2P sample in the (c) external and

(d) internal faces. ¢ corresponds to the direction of the measurement.
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Fig. 9. Williamson-Hall plots for the 0P, 1P, and 2P samples,
where £ is the integral breadth, 4 is the wavelength, and & is the
diffraction angle.

ues on the surface and down to 20 pm. This could be suitable
for applications related to the stress corrosion cracking resist-
ance [27-28].

4. Conclusions

The ECAP process via the Bc route was applied on a
5083 Al alloy until an equivalent deformation of ~1.26 was
obtained. The microstructural characterization showed grain
refinement after the first ECAP pass and the formation of
subgrains after the second pass. The morphologies of the
Mg,Si and o-Al(Mn,Fe)Si precipitates for the OP and 2P
samples were similar. The hardness of the 2P sample was al-
most double of that obtained for the OP sample. The 61.5%
increment in hardness after the second extrusion pass and the
XRD peak broadening indicated some degree of grain refine-
ment. The loss of cube texture intensity was related to the

formation of randomly organized new grains as a function of
the ECAP passes, which was associated with subgrains form-
ation. The observed texture components also corresponded
with those of a simple shear process. Residual stresses of first
and second orders showed an increase with the plastic de-
formation applied, having different stress states, depending
on the measured face. The dislocation tangles observed by
electron microscopy were related to the hardness increase of
the 2P sample and caused by the intensification of mi-
crostrains, which was dependent on the number of ECAP
passes. Finally, the heterogeneous hardness behavior was
compatible with a highly localized dislocation density.
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