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Abstract: In this study, for the first time, the effect of large non-monotonic simple shear strains on
the uniformity of the tensile properties of pure Cu specimens was studied and justified by means of
microstructural and textural investigations. A process called simple shear extrusion, which consists of
two forward and two reversed simple shear straining stages on two different slip planes, was designed
in order to impose non-monotonic simple shear strains. Although the mechanism of grain refinement
is continuous dynamic recrystallization, an exceptional microstructural behavior and texture were
observed due to the complicated straining path results from two different slip planes and two pairs of
shear directions on two different axes in a cycle of the process. The geometry of the process imposes
a distribution of strain results in the inhomogeneous microstructure and texture throughout the
plane perpendicular to the slip plane. Although it is expected that the yield strength in the periphery
reaches that of the center by retardation, it never reaches that value, which results in the different
deformation modes of the center and the periphery. The occurrence of shear reversal in each quarter
of a cycle results in the elimination of some of the boundaries, an increase in the cell wall thickness,
and a decrease in the Taylor factor. Change in the shear plane in each half of a cycle leads to the
formation of cell boundaries in a different alignment. Since the direction of the shear and/or the
shear plane change frequently in a cycle, the texture of a sample after multi-cycles of the process
more closely resembles a random orientation.

Keywords: microstructure inhomogeneity; non-monotonic simple shear strains; shear strain reversal;
severe plastic deformation; texture inhomogeneity; tensile properties

1. Introduction

Microstructural homogeneity plays an important role in the properties of various materials.
This becomes more important in severe plastic deformation (SPD) processing in which a large
amount of strain has been applied to the bulk materials to obtain ultrafine-grained structures [1].
The reason is because in almost all of the SPD methods such as equal-channel angular pressing
(ECAP) [2], high-pressure torsion (HPT) [3], twist extrusion (TE) [4], and simple shear extrusion
(SSE) [5], the imposed strain varies across the sample. Significant parameters in the homogeneity of
deformation through SPD methods are the mode of straining and its monotonicity. The dominant
mode of deformation in the mentioned methods is simple shear. While straining in a pass of ECAP
and a turn of HPT is monotonic, it is non-monotonic in a pass of TE and SSE. Therefore, in order to
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investigate the effect of non-monotonic simple shear straining on the microstructure and mechanical
properties of the materials, both TE and SSE methods are good candidates. However, in contrast to
TE, which has two shear planes, SSE has a single shear plane. Therefore, in order to achieve the goal,
the SSE [5] that was also named as planar twist extrusion (PTE) [6] is the best choice. As shown in
Figure 1a, during a pass of SSE, the material undergoes simple shear gradually without changing in
the cross-sectional area. As can be seen, in the middle of deformation channel, the shear direction
reverses on the same shear plane, and results in the non-monotonic straining during the process.
It was reported that the amount of accumulated strain at the center of the SS-extruded specimens is
higher than the periphery, both experimentally [7–9] and by simulations [5,10]. However, the effect
of this strain’s non-homogeneity and the corresponding microstructural differences on the tensile
properties has not been studied yet. On the other hand, it was well proved that the higher strains in
the processes such as ECAP, which was achieved after processing by several passes, results in the more
homogeneous microstructure and the uniform distribution of mechanical properties [2,11,12].
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The effect of large strains on the uniformity of the tensile properties has been not studied yet
for the non-monotonic simple shear straining. Therefore, this study has three main goals. The first
goal is to investigate the effect of large non-monotonic shear strains on the homogeneity of tensile
properties of Cu samples (as an FCC metal). The second goal is to explore the origins of the variations
in the distribution of the strength and ductility by means of microstructure and microtextural changes.
Finally, our third goal is to propose a mechanism for the change in the microstructure, microtexture,
and strength of Cu in particular, and FCC metals in general, that could be responsible not only for the
general behavior of the deformed material, but also for the regional behaviors.

2. Methodology

2.1. Cycles in Large Non-Monotonic Simple Shear Strains

For the first step, it is necessary to define the route that was used in this study to apply large
non-monotonic simple shear strains. As discussed in the introduction, SSE was used for this purpose.
For further straining, the repetition of the process is indisputable. Among different processing
routes [13] for the repetition of the process, the nominal route C was chosen. The rotation of samples
around extrusion direction (ED) by 90◦ between passes is the specification of route C. Assuming the
original coordinate system of the sample as xyz (see Figure 1b) and the coordinate system of the die
as ND-ED-TD (see Figure 1a), it is obvious that in the first pass, the x-axis and y-axis of the sample
matches the TD and ND directions of the die, respectively. This results in the gradual forward shearing
of the sample by γyx in the positive sense of x-axis in the first half of deformation channel. γyx reaches
its maximum at the middle plane. In the second half of the deformation channel, the direction of the
shear is reversed, and γyx applies to the material in the negative sense of the x-axis. Since in route C,
the sample rotates 90◦ around ED—the axis of the die—in the second half of the process, the x and y
axes of the sample align with the ND and TD directions of the die, respectively (see the second pass in
Figure 1b). By this rotation, in the first half of the deformation channel, the sample tolerates a gradual
increase of γxy in the positive sense of the y-axis. Afterward, it endures γxy in the negative sense of
the y-axis during the second half of the deformation channel. The deformation paths for the third
and the fourth passes are the same as the first and second passes respectively. As shown in Figure 2,
in the first and second passes of SSE, maximum γyx and γyx values of tanαmax apply to the materials,
which results in a complete deformation route after every two passes. Therefore, in the current study,
every two passes of SSE via route C is considered a cycle.
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2.2. Experimental Procedure

In the present investigation, pure copper samples have been deformed over up to 12 passes by
SSE processing. A die with a primary square cross-section of 10 mm × 10 mm was designed and
constructed for SSE processing. The maximum distortion [5] and maximum inclination [14] angles
of the die are 45◦ and 22.2◦, respectively. Such a die imposes a strain of 1.155 mm/mm in a pass.
Cu billets of 50-mm height and 10 mm × 10 mm in the cross-section were machined and then annealed
at 650 ◦C for 2 h to be used as an initial (starting) material. For lubrication, samples were wrapped
with Teflon tape, and tools were silicon sprayed. The specimens were pressed by a screw press with a
ram speed of 0.2 mm/s. The namely route C was used for SSE [13]. In route C, the specimen is rotated
90◦ around the shear direction between passes. Then, as shown in Figure 1b, TEM and tensile samples
are prepared from the center and periphery of the specimens of one, two, four, six, eight, and 12 passes.
For the preparation of TEM foils, first, the samples were cut from the desired places (see Figure 1b);
second, the surface of the specimens was mechanically polished to the thickness of 100 µm using
SiC abrasive papers; third, the samples electropolished in a mixture of 250 mL of ethanol, 250 mL
of phosphoric acid, 500 mL of phosphoric acid, 50 mL of propanol, and 5 g of urea at 273 K using
a twin-jet polishing Tenupole 5 facility (Struers Inc., Cleveland, UT, USA) with the applied voltage
of 10 V. Finally, the specimens were polished by ion beam using a Gatan 691 precision ion polishing
system (PIPS). A transmission electron microscope (STEM, JEOL JEM-2100F, JEOL Ltd., Tokyo, Japan)
with the acceleration voltage of 200 kV was used for TEM. Electron back-scattering diffraction (EBSD)
observations were performed by a JEOL 7001 F scanning electron microscope (FE-SEM, JEOL Ltd.,
Tokyo, Japan) equipped with a field emission gun operating at 20 kV. The EBSD measurements and
texture analysis were accomplished by the INCA suite 4.09 software package (Oxford Instruments,
Abingdon, UK). Specifications of the EBSD measurements including the area of investigations and
the approximate number of grains are 0.023 µm2 and ~2000 respectively. EBSD maps were taken
from two areas on each sample, one in the center and one 2.5 mm away from the center on the ED
plane, as shown in Figure 3. Prior to EBSD analysis, the surface of the samples was polished as per
the standard metallographic procedure, and followed with electrical polishing in a mixture of 300 mL
of ethanol and 700 mL of phosphoric acid with a DC voltage of 2.5 V for 15 min. Grain boundaries
were identified using 5◦ minimum disorientation angles between two adjacent pixels. Misorientations
below 3◦ were not considered in the post-processing data procedure.
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Tensile samples with the gauge width and length of 1 and 3 mm, respectively, were machined from
the center and the periphery of SSE-processed specimens with orientation along the extrusion direction
(ED), as shown in Figure 3. Tensile tests were performed at room temperature with a tensile testing
machine (AGS-10kND, SHIMADZU, Kyoto, Japan) operating at an initial strain rate of 1.1 × 10−3 s−1.
Five tensile tests were performed on each sample-condition, except for the sample of sixth cycle
(12th pass), from which three tests could be performed (these tensile samples was prepared from two
different specimens for each pass and position). The yield stress was calculated by a 0.2% strain offset.

3. Results

3.1. Microstructural Investigations

Figure 4 shows the microstructural evolution of the samples of one, two, four, and six cycles of
the process taken by TEM from both center and periphery of the samples. Also, the corresponding
selected area diffraction (SAD) patterns (have been taken with 1.3-µm aperture size) were shown on
the right upper corner of the TEM images of Figure 4. The microstructure after a cycle (two passes)
consists of two types of sub-grains at the center region, ~60% of elongated sub-grains, and ~40% of
equiaxed one. On the other hand, more than 90% of the cells in the periphery of the first cycle are
elongated sub-grains. The mean spacing of the parallel lamellar boundaries (LBs) in the sample of the
first cycle is about 400 nm and 550 nm for the center and periphery, respectively. Another indication
of finer grains in the center is that its SAD pattern that has more spots than that of the periphery.
Paying attention to the microstructure of the sample after two cycles (four passes), it is seen that
the area fractions of equiaxed grains at the center and periphery are ~75% and ~55% respectively.
After four passes, the spacing of the boundaries is smaller, which leads to smaller cell sizes after the
second cycle. The rate of reduction in the cell size, and the difference between the cell size of the center
and periphery decrease between second to fourth cycle. After four cycles (eight passes), almost all
of sub-grains are equiaxed. After six cycles (12 passes), a slight increase in the cell size of the center
region is observed, while the cell size at the periphery decreases a little (almost remains constant in
comparison to the sample of four cycles).

Values of the mean cell sizes have been shown in Figure 5 for the center and periphery of the
samples of various cycles. As can be seen, the value of the mean cell size for the periphery is higher.
For the center, the cell size decreases gradually from the first to the fourth cycle, which was followed
with a slight increase afterward. The minimum cell size of ~240 nm is achieved in the center of the
samples after the fourth cycle (eight passes). Interestingly, no increase is seen in the cell size of the
periphery in the first six cycles.

Figure 6 shows the smallest cells detected in the center and periphery of the samples of one to
six cycles. The average minimum cell sizes after one, two, four, and six cycles were approximately,
280 nm, 190 nm, 160 nm, and 100 nm, respectively for the center region, while they were approximately,
400 nm, 250 nm, 300 nm and 320 nm, respectively, for the periphery. In the center, the first cycle sample
has cell boundaries with a curved appearance, which are mobile boundaries and indicate the low angle
characteristic. On the other hand, the boundaries of the smallest cells after two, four, and six cycles
samples are sharp, and have high misorientation angles in the center region. For all of the grains in the
center part, the grain interior is more or less free of dislocations. In contrast to the center, the cells of
the periphery are almost full of dislocations. In the periphery, the smallest cell size and the clearest
cell were observed after two cycles of the process. Furthermore, almost all of the boundaries in the
periphery are of the curved variety with low misorientation angles.
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Figure 7 shows the typical cell boundaries in the periphery and center of samples after different
cycles. Also, the change in the average cell wall thickness (CWT) of Cu samples after multi-cycles of
SSE, which was calculated by measuring the thickness of 50 boundaries for each sample, is illustrated
in Figure 8. Generally, the CWT was higher for the periphery. Also, for the center, the trend of change
in the CWT was similar to that of cell size. For the center, the CWT decreased gradually from the first
to the fourth cycle, and then increased slightly. After about a 50% reduction in the CWT from the first
to the fourth cycle, an ~20% increase was seen in the CWT from the fourth to the sixth cycle. For the
periphery, the CWT decreased from one to two cycles. The decrease in the CWT at the periphery at
this stage was about 48%. However, after that, the CWT increased gradually, which resulted in an
~46% increase in the CWT of the sample after six cycles in comparison to that of two cycles.
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3.2. Texture Changes

As shown in Figure 1 during the non-monotonic simple shear straining, the sample is distorted on
the ED plane in the TD direction (that is, shear happens in the ND plane). Accordingly, it is realistic to
contemplate the development of simple shear textures on the ED plane after the process. In this regard,
a detailed comparison between the formed microtexture and the important shear textures would be
helpful. It should be pointed out that the ideal components were observed in the FCC metals after
the torsion test (as an ideal form of simple shear straining) [15]. The ideal orientations are collected in
Table 1, and also presented in the (100) pole figures of the right side of Figure 9. While most of the
orientations (A, A, B, B and C) are such that <uvw> is a close-packed direction of the FCC structure,
components with superscript star (A∗1 and A∗2) do not correspond to close-packed directions.

Table 1. Main ideal simple shear components of FCC materials.

Notation {hkl}〈uvw〉 Symbol Crystal mimic

A
{

111
}
〈110〉
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shear straining. The initial texture was nearly random in both the center and the periphery of the
sample, as a result of the annealing treatment. In the center region, by increasing the non-monotonic
shear strain, the C component decreased, whereas the other components increased. In the first two
cycles, the C component was the most intense simple shear component, while the B and B components
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did not present. After four and six cycles, the A and A components decreased significantly, and the B
and B components appeared and increased gradually. Careful examination of the pole figures discloses
slight rotations of the ideal orientations about the ED.

In the periphery, after one cycle, there were not any simple shear components, and the texture
was still randomly oriented. After two cycles, all of the important shear components appeared in
the periphery. The most intense shear components were A∗1 and A∗2 , and the weakest of them were
B and B. In the periphery of the sample of the fourth cycle, the B, B, and C components were the
dominant shear components. Finally, after six cycles, B and B became stronger, and were observed
in more grains, whereas A and A almost disappeared in the periphery. Similar to the center region,
the components rotated about the ED slightly.
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3.3. Tensile Properties

Figure 10a illustrates the variation of the yield strength (σy) and ultimate tensile strength (UTS) of
the center and the periphery of the samples of different cycles. By increasing the number of cycles,
σy and UTS increase gradually in the center region, and reach maximum values of 373 and 411 MPa,
respectively, after four cycles. An approximate decrease of ~8% and 2.5% was observed in the σy
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and UTS of the sample, respectively, after six cycles, which corresponds to an σy of 343 MPa and
an UTS of 400 MPa. For the periphery, σy and UTS increased from 0 to two cycles, and thereafter
decreased gradually. The maximum value of σy and UTS in the periphery were 321 MPa and 390 MPa,
respectively, which were achieved after two cycles (four passes). The amount of decrease in the σy and
UTS values from two to six cycles was ~6.5 % and 5%, respectively.

The variation of the uniform and the total elongations of the samples at different cycles of
non-monotonic shear strains are shown in Figure 10b. For the center and the periphery, both the total
and the uniform elongations decreased from 0 to two cycles, and remained approximately constant.
However, they increased from the fourth to the sixth cycle. The amount of increase in the total
elongation of the center and the periphery were ~7% and ~14%, respectively. The increment in the
uniform elongation of the center and periphery were ~50% and ~80%, respectively.
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4. Discussions

As is reported in Section 3.1 and shown in Figure 5, the minimum mean cell size of the center
region was achieved after four cycles, whereas the decrease in the cell size of the periphery continued
until the sixth cycle. The smaller grain size of the periphery is attributed to the lower strain in
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this region. This was reported previously for pure Al [5,10], pure Cu [7–9], and twinning induced
plasticity (TWIP) steel [16,17] in non-monotonic shear strains, both experimentally and by simulations.
Different values of strain in the cross-section of the specimens can be described by the geometry of the
process. At each quarter of a cycle, the die geometry forced the sample to move laterally in a simple
shear manner. Consequently, the strain developed along a diagonal of the initial square cross-section.
At the second quarter of a cycle, this phenomenon occurred in a reverse manner, in which strain
contours proliferated along the other diagonal. As a result, the strain at the center was the highest,
and decreasesd gradually from the center to the periphery symmetrically.

Paying attention to Figure 10a, the yield strength increased as the strain increased, cycle by cycle;
it reached a maximum value, and then a small drop took place steadily. That the yield strength of
the periphery is lower than that of the center is due to the lower effective strain in the periphery
compared to the center. However, the point that these maximum values (yield strength) are not
equal in the center and the periphery does not seem justifiable. In other words, since the theoretical
accumulated strain of the periphery reaches that of the center but in higher passes, normally it is
expected that the yield strength in the periphery reaches that of the center, but with a delay. However,
it never reaches that value. This shows that the deformation mode is not the same in all of the regions
of the cross-section of the sample. In addition, although in the center region, the variation of the
tensile properties is consistent with the cell size changes; by distancing from the center, there are some
deviations from the behavior that is predictable from the grain size (see Figure 10). According to the
Hall–Petch relationship [18,19], the flow stress of a material corresponds inversely to the square root of
its mean grain size. Therefore, it is reasonable to expect the ongoing increase in the strength of the
periphery from 0 to six cycles where the cell size decreases gradually within this range. Nevertheless,
unexpectedly, the maximum strength in the periphery was achieved after two cycles, and the yield
strength and UTS decreased from two to six cycles. To justify these contradictions, note that beyond
the proportion of the grain boundaries (high fraction of grain boundaries corresponds to the smaller
grain size), other mechanisms and parameters can affect the strength of a material.

Cells morphology is the fundamental issue that should be taken into account. In FCC metals, large
grains tend to refine by dislocation activities such as dislocation gliding, accumulation, interaction,
tangling, and spatial rearrangement. According to the grain subdivision mechanism [20], through
plastic deformation, dislocation accumulation results in the formation of the non-equilibrium
grain boundaries [21], which introduces an excess energy and elastic stresses into the structure.
The development of the accumulation of dislocations into the dislocation boundaries results in
the formation of two types of dislocation boundaries with different morphologies: the incidental
dislocation boundaries (IDBs) and the geometrically necessary boundaries (GNBs) [22]. The IDBs have
mainly a tangled dislocation structure, are formed by the reciprocated trapping of glide dislocations,
and subdivide the grains into cells. On the other hand, the activation of different slip system in adjacent
grains or the partitioning of total shear strain among a set of slip planes results in the formation of
GNBs. More plastic strain leads to a decrease in the boundary spacing of both IDBs, and GNBs
increases in the misorientation angle. The gradual change of the dislocation boundaries that were
produced at low strains into the high-angle boundaries at large strains is called the in situ or continuous
dynamic recrystallization [23]. This mechanism is responsible for the grain refinement in the forward
shear. Therefore, in large strains, smaller grains (cells) show more resistance to the grain refinement.
As shown in Figure 6, the smallest detected cells in the center of the samples are mostly free of
dislocations with sharp, high-angle boundaries. The trend of change in the size of smallest cells (see
the lower range of error bars in Figure 8) in the center region is same as the variation of mean cell
size. On the other hand, several dislocations are visible in the smallest cells in the periphery, which is
achieved after two cycles (see the lower range of error bars in Figure 8). Also, this cell has lower
dislocations. Besides, two of its boundaries are high-angle boundaries. Finally, it can be concluded
that the variation in the strength in each region is similar to the variation in the size of the smallest
cells in that region.
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The second parameter that is responsible for the dissemination of the tensile behavior is the CWT.
As discussed in Section 3.1, for the center and the periphery, the cell walls became thinner from 0 to
four cycles and from 0 to two cycles, respectively. For the center, the trend of variation in the CWT is
similar to the trend of change in the cell size. On the other hand, in the periphery, the CWT changes in
a different manner from the grain size. The minimum CWT was achieved after four and two cycles
for the center and the periphery, respectively. Since thinner cell walls are better obstacles for the
dislocation activities, higher strength is seen in the specimens or regions with thinner cell walls.

The last parameter involving the tensile behavior of a material is its texture. From the results of
Section 3.2, it is obvious that after multi-cycles of non-monotonic shear straining, the subsequent texture
of the samples is more random, and resembles the dominant textures in simple shear less. In both the
center and the periphery of the Cu sample after large non-monotonic shear strains, the dominant shear
textures were

{
112

}
〈110〉 and

{
112

}〈
1 10

〉
orientations, but with different intensities. The intensity

of the simple shear textures was higher in the periphery. However, despite the lower intensity of the
shear textures in the periphery, that of the {001}〈110〉 component (C component) of the simple shear
texture is equal to the intensity of the aforementioned textures of B and B. To relate the texture of a
material to its mechanical behavior, the qualitative analysis of the texture is not sufficient, and it is
important to investigate the texture quantitatively.

According to the Taylor model [24], during the deformation of a polycrystalline material, all of
the grains experience the same shape change in order to minimize the energy consumed in the slip.
The aforementioned model reveals that the general shape change achieved a homogeneous slip on
five independent slip systems, assuming the same critical resolved shear stress for all of the active slip
systems. Having the critical resolved shear stress on each of the activated slip systems (τc) and the
externally applied stress (σ), Taylor factor (M) has been defined as σ

τc
. It is clear that the Taylor factor is

supposed to determine the stresses required to activate a slip system, which essentially means that M
plays an important role in the tensile behavior of a polycrystalline material. The importance of M in
the strengthening of a material can be concluded from its contribution in the dislocation strengthening
(σdis) [25,26] as follows:

σdis = MαGb
√

ρ (1)

in which G is the shear modules, α is a numerical factor, b is the Burgers vector, and ρ is the dislocation
density that is stored in both the cells’ boundaries and the cells’ interiors.

Figure 11 shows the variation of the Taylor factor by increasing the non-monotonic cyclic shear
strains in the center and periphery of the Cu samples. As observed, for all of the passes, the value of the
M is higher for the center region. The least difference between the Taylor factor of the center and the
periphery is seen in the sample of two cycles (four passes), which is consistent with the variation of the
tensile behavior (see Figure 10). For both the center and the periphery, the Taylor factor increases in the
first cycle, where it achieves its highest value, and decreases sharply after that, from one to two cycles.
Interestingly, in the center region after two cycles, the M value remains approximately constant. On the
other hand, M decreases gradually from two to six cycles in the periphery. The discussed behavior can
describe the dissimilar tensile behavior of the center and the periphery of the samples well.
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Figure 11. Variation of the Taylor factor by increasing the non-monotonic simple shear strains in the
center and the periphery.

From all of the above discussions, the mechanisms involved in the microstructural and textural
evolution and the change in the tensile properties of the Cu samples in particular, and the FCC metals
in general, after imposing large non-monotonic simple shear strains is described in the following.
In Figure 1, it is obvious that a cycle of the present non-monotonic shear process has two perpendicular
shear planes, and each of them are active in one half of a cycle (a pass of SSE). As presented in Figure 12,
in one half of a cycle, the shear plane is parallel to the ND plane, which is in the other half. The slip
plane is parallel to the TD plane. On the other hand, in every quarter of a cycle (half of a pass),
the direction of the shear is reversed. Therefore, in a cycle, there are two different slip planes, and two
pairs of shear directions on two different axes. This complicated straining path results in a unique
microstructural and texture evolution. However, the mechanism of grain refinement still is in situ or
continuous dynamic recrystallization.

Metals 2018, 8, x FOR PEER REVIEW    14 of 17 

 

 

Figure 11. Variation of the Taylor factor by increasing the non‐monotonic simple shear strains in the 

center and the periphery. 

From all of the above discussions, the mechanisms involved in the microstructural and textural 

evolution and the change in the tensile properties of the Cu samples in particular, and the FCC metals 

in general, after imposing large non‐monotonic simple shear strains is described in the following. In 

Figure 1, it is obvious that a cycle of the present non‐monotonic shear process has two perpendicular 

shear planes, and each of them are active in one half of a cycle (a pass of SSE). As presented in Figure 

12, in one half of a cycle, the shear plane is parallel to the ND plane, which is in the other half. The 

slip plane is parallel to the TD plane. On the other hand, in every quarter of a cycle (half of a pass), 

the direction of the shear is reversed. Therefore, in a cycle, there are two different slip planes, and 

two pairs of shear directions on two different axes. This complicated straining path results in a unique 

microstructural and texture evolution. However, the mechanism of grain refinement still is in situ or 

continuous dynamic recrystallization.   

 

Figure 12. Two perpendicular shear planes in a cycle of SSE. 

In the first quarter of a cycle where the slip happens on an ND plane in the positive direction of 

TD, a random dislocation distribution rearranges itself into elongated dislocation cells. By increasing 

the amount of shear  in this stage, the boundary misorientation  increases, and the aforementioned 

cells become elongated sub‐grains. In the case that the shear amount in this stage is equal to one, the 

grains are elongated ideally in an inclined direction, in a clockwise rotation, through an angle of ~45° 

to TD. By increasing the shear, this angle becomes lower. In the second quarter of a cycle where shear 

happens on the ND plane but in the negative direction of TD, the shear direction is reversed, and the 

Figure 12. Two perpendicular shear planes in a cycle of SSE.

In the first quarter of a cycle where the slip happens on an ND plane in the positive direction of
TD, a random dislocation distribution rearranges itself into elongated dislocation cells. By increasing
the amount of shear in this stage, the boundary misorientation increases, and the aforementioned cells
become elongated sub-grains. In the case that the shear amount in this stage is equal to one, the grains
are elongated ideally in an inclined direction, in a clockwise rotation, through an angle of ~45◦ to
TD. By increasing the shear, this angle becomes lower. In the second quarter of a cycle where shear
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happens on the ND plane but in the negative direction of TD, the shear direction is reversed, and the
dislocation fluxes are reversed as well, which leads to the decrease of the stored excessive dislocations
introduced in the boundaries and disintegration of misfit dislocations. Therefore, reversing the shear
direction might lead to diminishing the misorientation angle and/or the elimination of the dislocation
boundaries results in postponing the grain refinement [8]. Also, the mean angle between the elongated
cell boundaries and TD increases. Furthermore, the boundaries become thicker.

In the second half of a cycle, shear happens on a TD plane in the positive direction of ND.
Assuming the imposing shear strain of one in the third quarter of a cycle, elongated sub-grains were
formed through the same mechanisms as in the first quarter but this time, the sub-grains are inclined
to the ND through an angle of ~45◦. Finally, by reversing the direction of shear in the same slip plane,
the fraction of high angle grain boundaries decreases, and the mean angle between the elongated cell
boundaries and ND increases.

The same mechanism happens in the other cycles. Nevertheless, each cycle changes some of the
microstructural features of the previous one, due to the back and forth straining between the cycles.
More importantly, since the direction of the shear and/or the shear plane change frequently in every
quarter cycle, the texture of a sample after multi-cycles of the process resembles more the random
orientation, and the simple textures are not expected.

The mechanism of grain refinement, texture formation, and strengthening in the center and the
periphery is the same. However, since the imposed strain in the periphery in each quarter of the
process is lower than that in the center, the shear reversal has more effect on the periphery. Therefore,
grain refinement postpones in the periphery, and the strength of the periphery is lower than the center.

Finally, to summarize the microstructure evolution, texture changes, and variation in the tensile
properties of the FCC metals in large non-monotonic simple shear strains, all of the mentioned
properties and parameters are presented schematically in a single diagram in Figure 13. The uniformity
in the properties and parameters is predictable by the concurrent and mutual effects of cell size,
cell wall thickness, and Taylor factor. Furthermore, the trend of change in the texture, Taylor factor,
cell size, cell wall thickness, strength, and ductility of the FCC materials is predictable with the
aforesaid mechanism.
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5. Summary and Conclusions

The effect of large strains on the uniformity of the tensile properties was studied for the
non-monotonic simple shear straining. The microstructure and texture of the samples were studied
using EBSD analysis and TEM investigations. The investigated microstructural parameters are cell
size and morphology, SAD patterns, and cell wall thicknesses. The measured tensile parameters are
the yield strength, the UTS, and the elongation. The behavior of the center of the samples could be
described by the variation of cell size. On the other hand, the tensile behavior of the periphery could
not be defined by the variation of the cell size independently, and the effects of other parameters
were considered. It was concluded that the most important parameters that are responsible for the
tensile behavior of deformed FCC metals by large non-monotonic shear strains are the mean cell
size, the minimum cell size, the thickness of the cell wall, and the Taylor factor. Therefore, in order
to predict the behavior of the FCC metals during non-monotonic simple shear straining, all of the
aforementioned parameters should be taken into consideration altogether. Interestingly, the tensile
behavior and microstructure of the samples are affected by the complicated straining path of the
process. While the reversion in the direction of the shear in each quarter of a cycle results in the
elimination of some GNBs, the increase in the cell wall thickness, and the decrease in the Taylor factor,
the change in the shear plane in each half of a cycle results in the formation of cell boundaries in a
different alignment, which leads to more equiaxed cells with more random orientation. The mechanism
of grain refinement, texture formation, and strengthening in the center and the periphery is the same.
However, since the amount of the imposed strain in the periphery in each quarter of the process is
lower than that in the center, the shear reversal has more effect on the periphery. Therefore, grain
refinement postpones in the periphery, and the strength of the periphery is lower than that of the center.
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