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Abstract: The effect of reverse straining on the microstructure, texture, and hardness of the pure
Al during the single cycle of the simple shear extrusion (SSE) process is investigated. Electron
backscattering diffraction (EBSD), transmission electron microscopy (TEM), and scanning transmission
electron microscopy (STEM) are used for microstructural evaluations. Due to the nature of the SSE
process, the direction of the shear is reversed in the second half channel. As a result, the mean
misorientation angle, dislocation density, and hardness decrease. The grain size increases to some
extent in the exit of the channel compared with that in the middle. The structural evolution during
the single pass of SSE is described in terms of the dislocation cancelling, “untangling” of the cell
walls and disintegration of the “forward” cell structure due to the reverse straining in the second half
channel. Some simple shear components replace the first texture component in the middle of the
channel. At the exit of the channel, the primary texture components appear somewhat confirming the
strain reversal effect in the second half channel.

Keywords: severe plastic deformation (SPD); simple shear extrusion (SSE); microstructural evolution;
hardness; strain reversal

1. Introduction

When a material is loaded in tension and subsequently in compression, the yield stress in
compression is lower than the tensile yield stress. This is called the Bauschinger effect [1]. The same
effect occurs when the loading path is changed. For example, when the direction of torsion is
reversed, the yield stress is less than the last one [2]. The strain reversal can also affect its impact on
microstructure and mechanical behaviour. After strain reversing, the deformation behaviour of the
material differs during forward and reverse straining. The competition between dislocation storage
and the disappearance of the dislocations accumulated during the forward straining attribute to such
action [3,4]. Though the reversal deformation mode cannot significantly affect the grain refinement,
the strain reversal potentially delays the formation of high angle grain boundaries (HAGBs) compared
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with the monotonic deformation one [5,6]. Texture evolution in pure Al subjected to the monotonous
and reversal mode in high pressure torsion (HPT) indicates a similar texture in low strain regimes.
At the same time, significantly different behaviour is observed at high strain regimes [7]. The modelling
of equal channel angular pressing (ECAP) proves that the texture can return to its initial random state
when the strain path is reversed through route C (where the sample is rotated 180 degrees between
passes) under the simple shear conditions [8]. However, the experimental results reveal that the shear
texture is still observed, though the deformation mode is shear and is reversed every second pass [9].

The reversal deformation mode can also affect other microstructural features, such as martensitic
transformation and austenite to ferrite transformation. The cyclic forward-reverse torsion accumulates
lower dislocation density and less martensitic transformation compared with monotonic torsion
under the same accumulative strain [10]. The strain reversal can delay the start of the austenite
to ferrite transformation [11] and influence the evolution of austenite grain boundaries through
inhomogeneous deformation, affecting the dynamic transformation [12]. The role of strain reversal on
static recrystallization and precipitation kinetics [13,14] and the fracture behaviour [15–17] has also
been documented by other researchers.

The strain reversal takes place during several processing routes such as the cyclic
tension-compression [18,19], cyclic torsion [20–22], cyclic HPT [7,23–25], ECAP [6,8,9], and simple
shear extrusion (SSE) [26–28]. Among many processing routes that involve reverse straining, SSE is
the newest, and more detailed studies need to be done to understand this phenomenon. The previous
works consider the SSE process mainly as a severe plastic deformation (SPD) method with the
capability of grain refinement [29–35]. Less attention has been paid to the strain reversal feature of the
process. The strain reversal effect in the SSE process has been previously evaluated just in Cu and
twinning-induced plasticity steel (TWIP) steal as a medium [36–38] and a low stacking fault energy
(SFE) material [39], respectively. The SFE can affect the degree of reversibility of dislocation slip and
the resulting microstructural evolution. Therefore, the impact of reverse straining on a material with a
high SFE during a single pass of SSE needs to be investigated. In the present work, pure Al, a typical
high SFE material, is conducted through the SSE process. The microstructure, texture, and hardness
of the pure Al after forward and shear reversing is investigated during a single pass of SSE as a
non-monotonic simple shear straining mode.

2. Materials and Methods

A bisection SSE die with maximum distortion (αmax) and inclination (βmax) angles of 45◦ and 22.2◦,
respectively, was used for SSE processing. The cross-section had a square shape at the channel inlet,
changing to a parallelogram with a maximum distortion angle in the middle, and restoring to the square
at the outlet (Figure 1a). The material’s microstructure characterization in the deformation zone was
examined at three different locations (Figure 1b) named as annealed, forward-shear, and reverse-shear
segment through this article. The die has a square cross-section with a 10 mm side length and the
deformation channel length of 24.2 mm. The AA1060 aluminium alloy billets with dimensions of
10 mm× 10 mm× 50 mm were machined and annealed for 2 h at 620 ◦C and then cooled gradually in
the furnace to reach the room temperature. The chemical composition of the Al samples used in the
present study is given in Table 1. All samples were wrapped with polytetrafluoroethylene (PTFE) tape,
and tools were sprayed by a silicon-based lubricant in order to reduce the friction.
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Figure 1. (a) The gradual change in the sample's cross section in the SSE channel and (b) an 
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(reverse-shear segment) experienced an equivalent strain of 0, 0.575, and 1.15 respectively. While the 
forward-shear segment experienced the highest amount of forward shear, the reverse-shear segment 
was affected by the highest amount of the reverse strain. 

The microstructure of each segment was investigated by electron backscattering diffraction 
(EBSD) (JEOL Ltd., Tokyo, Japan), transmission electron microscopy (TEM) (JEOL JEM-2100F, JEOL 
Ltd., Tokyo, Japan), and scanning transmission electron microscopy (STEM) (JEOL JEM-2100F, JEOL 
Ltd., Tokyo, Japan). For the EBSD, each segment was ground and polished by cloths and a suspension 
of Al2O3. Then, the obtained surfaces were electrically polished in 20% HClO4-80% C2H5OH using a 
DC voltage of 35 V for 20 s at 273 K. EBSD observations were undertaken by a JEOL 7001F SEM 
equipped with a field emission gun, running at 20 kV. The INCA suite 4.09 software package (Oxford 
Instruments, Abingdon, UK) was used for the analysis of the EBSD data. For TEM studies, specimens 
were cut from the central region of each segment by application of a microcutter. After polishing of 
the specimens’ surface to the thickness of 100 µm using abrasive papers, thinning by a twin-jet 
polishing Tenupole 5 facility (Struers Co., Ltd., Cleveland, UT, USA) using the same solution as that 
of EBSD sample preparation in the 35 V at 273 K. Then, the specimens were polished by an ion beam 
using a Gatan 691 precision ion polishing system (PIPS) (Gatan Inc., USA). A JEOL JEM-2100F TEM 
with an acceleration voltage of 200 kV was used for TEM observations. 

Ham’s intersection method was used to evaluate internal dislocation density [40]. By this 
method, the detectable dislocations in the grains are identified by the STEM. A grid is placed on the 
STEM image of a grain, fulfilling the diffraction condition. By measuring the overall length of the 
grid, L, and counting the number of intersections, m, of the grid with dislocations, the dislocation 
density was calculated through 𝜌𝜌 = 2𝑚𝑚/𝐿𝐿𝐿𝐿 where t is the thickness of the TEM foil. The TEM foil 
thickness was approximated from the thickness fringes in the high angle grain boundaries [41]. The 
extinction distance was determined to measure the foil thickness. The relationship between the 
reflection and the extinction distance for Al is given in Ref. [42]. Three grains with different 

Figure 1. (a) The gradual change in the sample’s cross section in the SSE channel and (b) an experimental
sample processed by SSE showing the selected segments for the microstructural investigations.

Table 1. Chemical composition of AA 1060 aluminium alloy (wt %).

Al Si Mn Mg Zn Ti Fe v

99.27 0.21 0.05 0.03 0.04 0.03 0.34 0.03

For a SSE process with the αmax = π/4, the shear strain, γ, in the forward-shear segment is given
by tan (αmax) [26]. The same shear strain was accumulated in the reversed-shear segment. According
to the Mises criterion, the equivalent strain was calculated by γ/

√
3. Therefore, the segments in the

entrance (unstrained/annealed), in the middle (forward-shear segment), and in the exit of the channel
(reverse-shear segment) experienced an equivalent strain of 0, 0.575, and 1.15 respectively. While the
forward-shear segment experienced the highest amount of forward shear, the reverse-shear segment
was affected by the highest amount of the reverse strain.

The microstructure of each segment was investigated by electron backscattering diffraction (EBSD)
(JEOL Ltd., Tokyo, Japan), transmission electron microscopy (TEM) (JEOL JEM-2100F, JEOL Ltd.,
Tokyo, Japan), and scanning transmission electron microscopy (STEM) (JEOL JEM-2100F, JEOL Ltd.,
Tokyo, Japan). For the EBSD, each segment was ground and polished by cloths and a suspension
of Al2O3. Then, the obtained surfaces were electrically polished in 20% HClO4-80% C2H5OH using
a DC voltage of 35 V for 20 s at 273 K. EBSD observations were undertaken by a JEOL 7001F SEM
equipped with a field emission gun, running at 20 kV. The INCA suite 4.09 software package (Oxford
Instruments, Abingdon, UK) was used for the analysis of the EBSD data. For TEM studies, specimens
were cut from the central region of each segment by application of a microcutter. After polishing of the
specimens’ surface to the thickness of 100 µm using abrasive papers, thinning by a twin-jet polishing
Tenupole 5 facility (Struers Co., Ltd., Cleveland, UT, USA) using the same solution as that of EBSD
sample preparation in the 35 V at 273 K. Then, the specimens were polished by an ion beam using a
Gatan 691 precision ion polishing system (PIPS) (Gatan Inc., USA). A JEOL JEM-2100F TEM with an
acceleration voltage of 200 kV was used for TEM observations.

Ham’s intersection method was used to evaluate internal dislocation density [40]. By this method,
the detectable dislocations in the grains are identified by the STEM. A grid is placed on the STEM
image of a grain, fulfilling the diffraction condition. By measuring the overall length of the grid, L,
and counting the number of intersections, m, of the grid with dislocations, the dislocation density
was calculated through ρ = 2m/Lt where t is the thickness of the TEM foil. The TEM foil thickness
was approximated from the thickness fringes in the high angle grain boundaries [41]. The extinction
distance was determined to measure the foil thickness. The relationship between the reflection and the
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extinction distance for Al is given in Ref. [42]. Three grains with different crystallographic orientations
were detected at the central region of each sample for the dislocation density measurements.

Hardness tests were used to investigate the effect of microstructural changes on the mechanical
properties of each segment. Vickers microhardness was performed by applying 100 g for 15 s of dwell
time on a polished surface. It is noted that the non-standard cutting may result in the trimmed surface
state and affect the testing results [43]. However, the authors used the hardness test, not tensile testing,
to evaluate the mechanical properties of the processed samples. Therefore, the effect of the sample
preparation method is not applicable here.

3. Results

3.1. EBSD Characterisation

Figure 2 shows the initial EBSD colour (Figure 2a) and boundary (Figure 2b) map of the Al sample
before the SSE process. Under the fully annealed conditions, the grains were mainly equiaxed and
large (with a size of about 240 µm). The colour map indicates a somewhat random texture, and the
boundary map shows that the fraction of high angle grain boundaries (HAGBs) was more than 60%.
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Figure 2. (a) The initial electron backscattering diffraction (EBSD) colour and (b) the boundary map of
the undeformed Al sample.

The colour and the boundary misorientation maps of the forward- and reverse-shear segments are
presented in Figures 3 and 4 respectively. The geometry of the forward- and reverse-shear segments
were parallelogram (Figure 3) and nearly square (Figure 4) in shape, respectively. The reason for
the aforementioned cross-sectional changes was the reversion of the shear direction occurred in the
second half of the SSE channel. The complete square-shape of the cross-section was more likely to be
achieved in the presence of sufficient backpressure [26]. The microstructure of these two segments
was characterized both at the central and peripheral regions. In the central part of the forward-shear
segment (Figure 3a), most grains were elongated and oriented about 47◦ to the transverse direction (TD)
direction. In a die with maximum distortion angle of 45◦, the theoretical analysis [30] demonstrated that
the angle between the maximum principal strain and transverse direction would be 31.7◦ (about 32◦).
The deviation from ideal calculation might be due to the insufficient backpressure, friction resistance
to metal flow in the transverse direction, and the assumption of homogeneous material properties
in strain calculations; despite the fact that the local mechanical behavior varies from grain to grain.
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The grains at the periphery of the forward-shear segment (Figure 3b) are considerably less elongated
since this area is more affected by friction. The fraction of HAGBs in the centre and periphery of the
forward-shear segment were 8% and 15% respectively, suggesting that most of the grains both in the
centre and in the periphery had low misorientation angles. The average grain size at the centre and
periphery of the forward-shear segment were about 65 µm and 83 µm respectively. It is noted that the
boundaries with low misorientation angles were not considered in grain size measurements, and the
grain size evaluated by EBSD includes only the HAGBs.
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The colour and the boundary misorientation maps of the reverse-shear segment at the central
and peripheral regions are shown in Figure 4. The average grain size in the centre and periphery of
the reverse-shear segment was about 81 µm and 98 µm respectively, which was larger than that of
the forward-shear segment, indicating that some HAGBs were eliminated in the second half channel.
Similar to the forward-shear segment, the grains at the centre were elongated while they were less
elongated in the periphery. The elongation angle of grains in the reverse-shear segment increased to
about 65◦ due to shear in the opposite direction in the second half channel. The fraction of HAGBs in the
centre and periphery of the reverse-shear segment was 7.2% and 11.5%, respectively, which was lower
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than that measured in the forward-shear segment. It was consistent with the grain size measurements
that show an increase in the grain size and the elimination of some HAGBs in the reverse-shear segment.

3.2. TEM/STEM Characterisation

TEM micrographs and the corresponding selected area diffraction (SAD) patterns (with 1.3 mm
aperture size) taking from the central part of the forward- and reverse-shear segments are illustrated
in Figure 5. It is seen that the microstructure is characterized by lamellar boundaries with about
580 nm and 710 nm boundary spacing in forward- and reverse-shear segments respectively. The main
difference between these two microstructures is that subgrain boundaries were less elongated after
reversion, while the angular spread of the spots was approximately the same for the forward- and
reverse-shear segments. Besides, the number of SAD spots was higher in the forward-shear segment,
indicating a higher number of LAGBs.
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the central region of the (a) forward- and (b) reverse-shear segments.

Figure 6 shows the STEM images of the segments in the central region. The STEM images
were used to indicate dislocation arrangement and to measure the dislocation density. Results show
that the dislocations were arranged randomly in a tangled array between the extended boundaries.
Several dislocations having a random orientation subdivided the extended boundaries. The measured
dislocation density in the forward- and reverse-shear segments were about 5.1 × 10−14 m−2 and
3.8 × 10−14 m−2, respectively, showing a 25% decrease in the dislocation density as a result of reversing
the shear direction.
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3.3. Texture Evaluation

The development of texture through the forward- and reverse-shear segments of the Al sample is
shown by the orientation distribution function (ODF) obtained by the EBSD analysis (Figures 7 and 8).
For this purpose φ2 = 0 and φ2 = 45◦ sections of the ODFs of the forward- and reverse-shear segments
are shown in Figures 7 and 8, respectively. The essential simple shear texture components and their
corresponding Euler angles in an face-centred cubic (FCC) metal are listed in Table 2. The ODF key
figure with the overlaid texture components on the φ2 = 0 and φ2 = 45◦ sections were used for the
texture interpretation.

The φ2 = 0 section of the ODF of the annealed Al (Figure 7) shows the presence of the strong cube
texture components, which is one of the proved recrystallization textures formed during annealing of
cold deformed FCC materials having medium to high SFE [44]. During the SSE process, in the middle
of the channel (forward-shear segment), the annealing components were eliminated. Instead, due to
the activation of the maximum shear, a strong A∗1 component developed in the centre and the periphery.
In the exit of the channel (reverse-shear segment), the A∗1 component with its strong intensity was
retained in the central area. The annealing components restored in the periphery as a result of the
reversion of the shear through the second half channel. The φ2 = 45◦ section of the ODF (Figure 8)
revealed the cube texture in the annealed sample as well. The annealing texture was wholly diminished
in the central region of both forward- and reverse-shear segments. No visible texture component was
observed in the central area. However, some components of the initial texture were re-established in
the periphery of the segments. The most crucial point was that the intensity of the initial texture was
reduced in the middle of the channel (forward-shear segment). At the same time, it increased at the
exit of the channel, confirming the strain reversal effect in the second half of the channel.
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Table 2. Main ideal orientations in the simple shear deformation of FCC materials [45].

Notation {hkl}〈uvw〉
Euler Angles (◦)

φ1 Φ φ2

A∗1 (111)
[
112

]
35.26/215.26 45 0/90

125.26 90 45
A∗2 (111)

[
112

]
144.74 45 0/90

54.74/234.74 90 45
A

(
111

)
[110] 0 35.26 45

A
(
111

)[
110

]
180 35.26 45

B
(
112

)
[110] 0/120/240 54.74 45

B
(
112

)[
110

]
60/180 54.74 45

C {001}〈110〉 90/270 45 0/90
0/180 90 45

3.4. Hardness Investigation

Figure 9a shows the Vickers hardness values measured on various locations from the centre to the
surface of the forward- and reverse-shear segments. The hardness of the undeformed segment was also
included for comparison. In both segments, the hardness decreased with increasing the distance from the
centre. However, the hardness of the forward-shear segment was higher than that of the reverse-shear
segment. The average hardness at the exit was 7% lower than the middle and was 53% larger than that
of the entrance. The variation in the average hardness from the entrance to the exit of the channel is
plotted in Figure 9b. The highest average hardness, about 42 VHN (Vickers hardness number), was
achieved in the middle of the channel. To evaluate the hardness non-uniformity from the centre to surface,
the hardness non-uniformity factor is defined as (VHNmax −VHNmin)/VHNave, where VHNmax, VHNmin,
and VHNave are the maximum, minimum, and average hardness values, respectively. The higher the
non-uniformity factor, the lower the uniformity of hardness. As it is shown in Figure 9b, the hardness
non-uniformity was more significant at the reverse-shear segment than at the forward-shear one.Crystals 2020, 10, x FOR PEER REVIEW 10 of 15 
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4. Discussion

4.1. Grain’s Elongation Angle

In contrast to many SPD processes in which the strain reversal was developed by changing
the processing route, the strain reversal in SSE (Figure 1) occurred innately in the second half of
the deformation channel. The microstructural investigation of Al (Figures 2–4) indicates that strain
reversal affected the grain size, fraction of HAGBs, and formation of subgrains. In the first half of
the SSE channel, where the forward shear was imposed into the material, the grains were elongated
and rotated in a clockwise direction to the normal direction (ND). The highest angle of elongated
grains was achieved in the middle of the channel and, theoretically, must be around 32◦ to the TD
or 58◦ to the ND. In the second half of the channel, the angle of elongated grains increased due to
changing the direction of shear in an anticlockwise rotation. Theoretically, after the complete reversion
of the strain, the grain’s elongation angle must be around 90◦ to the TD (and 0◦ to the ND). However,
in practice, the grain’s elongation angle in the forward- and reverse-shear segments was about 47◦ and
65◦ (to the TD), respectively. The same trend was observed in the pure Cu samples during shear strain
reversal [36]. The grain’s elongation angle in the forward-shear segment was approximately reported
46◦ (for Cu), which was 14◦ higher than the ideal angle of 32◦. It confirmed the non-ideal deformation
in both forward- and reverse-shear segments.

4.2. Grain Size

By applying the forward shear, the grain size in the centre decreased by about 73%. After
the complete return of the geometry, grain size increased by about 25% compared to the maximum
forward-sheared situation. However, the reverse-shear segment’s grain size was still smaller (about 67%)
than that of the undeformed sample. The reduction in the grain size in Cu after the same amount of
forward shear was almost 60% and 8% lower than the undeformed and fully reversed sample [36],
respectively. This confirms the more significant impact of forwarding and reversing shear on the
microstructural evolution of the Al in comparison to the Cu. The same trend was observed in the
variation of dislocation density. However, it is noted that the strain reversal could not completely
restore the initial microstructure. These results were consistent with the cyclic HPT of commercially
pure Al, where the strain reversal did not have a significant effect on grain refinement. Simultaneously,
it can prevent the formation and reduce the development rate of HAGBs [5,23]. The comparison
between the central and periphery areas (Figures 3 and 4) indicates that in the periphery, the grains
remained approximately equiaxed due to lower strains in the peripheral regions. The lower strain
in the peripheral areas is related to the process geometry [26,36] and the effect of frictional forces.
Moreover, the formation of LAGBs in the centre was more substantial; thus, the fraction of HAGBs in
the periphery was more significant than in the centre was that. Therefore, a higher fraction of HAGBs
was measured in the edge, while the average grain size was more abundant.

4.3. Dislocation Density

The cell walls and sub-boundaries are unstable against the strain reversal, and they can be
dissolved and reformed during the reversed straining [46]. Additionally, the total dislocation density
decreased by about 16% at the early of the reversed straining of Al. These microstructural effects can
be a consequence of the Bauschinger effect in metals and alloys capable of forming cells or subgrains
during prestraining. The strain reversal caused the dislocations at dislocation boundaries or the tangle
dislocations to move and annihilate at the initial source of dislocations [47]. The TEM and STEM
images at the middle and exit of the channel (Figures 5 and 6) shows that the lamellar boundaries in the
middle were sharper and distinguishable. The “untangling” of the cell walls due to the reverse flow
can be a reason for the disintegration of the “forward” cell structure [48]. The “untangling” of the cell
wall has also been observed in Cu under cyclic shear straining [36]. The annihilation of dislocations in
high SFE metals occurred more easily during reversed deformation while it was more difficult in lower
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SFE metals due to the difficulty of cross slipping. Therefore, in the present study, higher dislocation
density was recovered in Al (about 24%) compared with Cu (about 14%) in the previous research [36].
Besides, theoretical investigations demonstrate that, compared with the monotonic ones, the effective
strain is lesser in the cyclic SPD processes that involve strain reversal [49]. Therefore, the saturation
rate of HAGBs can be retarded also in terms of the total effective strain. It is noted that during strain
reversing, the initial structure cannot wholly reoriginate at the channel exit because the microstructure
is not fully reversible.

4.4. Texture Evolution

The comparison between the texture evolution in Al (Figures 7 and 8) and Cu [37] revealed some
differences in the texture evolution during the single pass of the SSE process. First, the initial texture
restored more significantly at the exit of the channel in Al while it was not entirely recovered in Cu.
Second, A∗1 was the major component developed in Al, whereas in Cu, approximately all the simple
shear components were developed. Third, the intensity of the texture component was not the same.
These differences can be attributed to several factors, including the intensity of initial texture, initial
grain size, and the SFE.

The polycrystal model of the texture after ECAE via route BC of pure Cu and Al samples revealed
that the difference in texture evolution between these two materials was mainly attributed to their initial
textures, despite the differences between the initial microstructure and mechanical properties [50].
In route BC the billet is rotated in the same sense by 90 degrees around the longitudinal axis between
each pass while in route A the sample is pressed repetitively without any rotation. The study of the
initial texture effect in ECAP through routes A and Bc suggests that after a large number of ECAP
passes, the impact of initial texture on the texture strength is more significant than on the texture
components [51] although it is negligibly small on grain size [52]. In contrast, it has been reported that
despite having a robust initial fibre texture, a similar texture is developed after the third pass ECAP of
Cu through route A [53]. It is suggested that the initial texture has a strong impact on the final texture
when the strain per pass is low, or the deformation mode is simple shear [54]. Therefore, the effect of
the initial texture of Al and Cu during a single pass of the SSE process can be substantial.

Al and Cu with the SFE of about 160 mJ/m2 and 78 mJ/m2 are considered as typical high and
medium SFE materials, respectively. The SFE can influence the texture by affecting the formation of
subgrains and deformation bands and changing the ability of cross slip and altering the deformation
mode between slip and twinning. The texture development during torsion as a function of SFE at
intermediate to large strains indicates that [55] for a high SFE material, the major components were
A, B, C, A∗1, and A∗2, and did not change from medium to large strains. The major components for
a medium SFE material identified as A, B, C, and A∗1 for intermediate deformation, and C for large
deformations. For a low SFE, the components of A, B, and A∗1 was retained with deformation for
medium to high strains. With decreasing SFE, the C component was replaced by B/B components
during ECAP (route A) due to the occurrence of twinning or hindering in the slip activity [56]. In the
present study, the A∗1 component was the only texture component in Al likely because the imposed
strain during the first pass of SSE was low.

4.5. Hardness

The forward shear segment shows the highest hardness (see Figure 9), which was entirely
consistent with the microstructural evolutions. By reversing the direction of the shear, a kind of work
softening occurred by decreasing the dislocation density. At the same time, the hardness distribution
homogeneity decreased by changing the direction of the shear. The same trend was reported during
the shear strain reversal in pure Cu [6,33] and TWIP steel [39]. In the present study, the hardness of Al
was decreased by almost 7% after strain reversal, while the decrease in hardness of Cu was 3% after
the same amount of strain reversal. This confirmed the higher impact of strain reversal in hardness
changes in the Al in comparison to the Cu.
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5. Conclusions

The EBSD, TEM, and STEM were used for microstructure, texture, and hardness evaluation in
pure Al through a cycle of non-monotonic simple shear strain to investigate the effect of the strain
reversal. The significant results are summarized below:

1. Application of a single cycle of SSE caused the large and equiaxed grain structure to replace with
fully elongated grains at the centre and less elongated ones at the samples’ surface.

2. The grain size decreased from 240 µm at the initial stage to 65 µm and 83 µm at the central and
peripheral regions respectively, after reaching the highest forward shear strain. Interestingly,
after a full reversion of the strain, the grain size was 81 µm and 98 µm at the central and surface
peripheral regions.

3. The fraction of HAGBs on the centre and periphery of the reverse-shear segment was 7.2% and
11.5%, showing a decrease in comparison to that of forward-shear segment, which was 8% and
15% respectively.

4. TEM image characterized a structure with lamellar boundaries before and after strain reversal,
with a higher number of LAGBs in the forward-shear-segment. The dislocation density decreased
from 5.1× 10−14 m−2 in the forward-shear segment to 3.8× 10−14 m−2 in the reverse-shear segment
due to the strain reversal.

5. The hardness of the initial sample rose from 25 VHN to 42 VHN by applying of the forward
shear and decreased to 36 VHN after strain reversal. Additionally, the hardness distribution
inhomogeneity increased by changing the direction of the shear.

6. The cube texture was diminished and/or replaced with the simple shear texture in the
forward-shear segment and restored to some extent in the reverse-shear segment.

7. Strain reversal resulted in the increase in the grain size, reduction in the dislocation density,
hardness and mean misorientation angle, and restoring the texture in the reverse-shear segment.
This behaviour was contributed to a kind of Bauschinger effect that affected the microstructure
and mechanical properties during strain reversal.
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