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Abstract: The aim of this paper was to investigate the microstructural development and properties
of interstitial free (IF) steel fabricated using the DSR (differential speed rolling) process. Severe
plastic deformation of the DSR passes was imposed on the sample for up to four passes, leading
to ~1.7 total strain with a speed ratio of 1:4 between the two rolls. Microstructural observation
revealed that the equiaxed grain size of ~0.7 um, including the formation of grain boundaries with
a high angle of misorientation, was reached after four operations of DSR, which was attributed to
the grain subdivision of severely elongated ferrite grain. Since the deformation mode of the DSR
operation was dominated by severe shear deformation, the main shear texture of the bcc components
appeared in all DSR operations in which the x-fiber of the {110} slip became a main component in
accommodating the severe plastic deformation of the DSR process. The intensity of the shear texture,
the {110} and {112} slip, increased by increasing the number of passes. Moreover, the y-fiber of the
<112>-type planes was activated as a result of the alternation of the shear direction during sample
rotation. The microhardness and room temperature tensile tests revealed that the strength of the IF
steel improved as the amount of strain increased, and this was attributed to the grain refinement and
texture characteristics of the samples after the DSR processing.
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1. Introduction

The metallic materials that have improved mechanical properties receive great at-
tention, both in academic and industrial fields. For instance, steel has been regarded
as a dominant material for numerous products since these materials possess unrivaled
combinations of promising properties and low cost, making it affordable compared to the
other materials. Among the various types of steel materials, IF (Interstitial-free) steel is
widely used for automotive industries, due to its excellent processability and formability.
The IF steel contains less than 0.01 wt.% carbon, leading to a fully ferritic microstructure;
accordingly, it exhibits low strength and high ductility at room temperature. In this regard,
its mechanical strength needs to be enhanced without a large decrease in ductility. This
can be performed through a plastic deformation process where the structure is modified to
reach the targeted properties.

For example, the strength of metals can be enhanced through grain refinement accord-
ing to the Hall-Petch equation, and this can be achieved using severe plastic deformation
(SPD) methods, such as equal channel angular pressing, high-pressure torsion, accumula-
tive roll bonding, etc. [1-5]. However, due to their nature, the applicability of SPD methods
is limited and cannot be used for large-scale production. Thus, to avoid this, asymmetrical
rolling (ASR) has been found to be an effective technique by which the fine or ultrafine
metals with high strength can be obtained in a larger scale [6-8]. Several reports on various
metals produced via ASR show considerable results that the deformation, where the upper
and lower roll speeds—hereafter called differential speed rolling (DSR) [4]—were set to be
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different, was found to be very effective and reliable in producing metallic materials with
improved properties [9-11]. Considering the promising properties of SPD-fabricated met-
als, the large-scale fabrication of metals using SPD methods is still a challenge, especially in
the case of ECAP and HPT. Recently, a friction welding process was used to fabricate steel
samples with an ultrafine-grained structure with optimized properties [12]. In this regard,
due to its continuous nature, the DSR process can be used to fabricate metallic materials
with ultrafine-grained structures in large scales.

Second, it was found that the textural change of the IF steels has a significant im-
pact when determining the final properties, such as high deformability, since the grain
reorientation would occur during deformation [13]. For instance, the texture development
of {111} | IND, which is responsible for enhancing planar isotropic properties, could be
produced by utilizing hot rolling [14,15]. At first, strong {111} | | ND recrystallization tex-
tures in IF steel were evolved through a hot rolling operation, leading to a recrystallized
microstructure. However, due to the difference in the composition between various IF
steels, the microstructure, texture, and properties would be different—even in the same
process. In addition, it was also reported that the texture developed during hot rolling
was found to be inhomogeneous, influenced by the main texture components of the parent
austenite [16]. In addition, the texture of the IF steel, which was evolved during cold
rolling, was investigated too [17,18]. The y-fiber ({111} | IND) was formed after cold rolling,
with a reduction of 30%; then, the a-fiber (RD | | <110>) appeared after cold rolling, with
a reduction of 50%. The strengthening of the o-fiber is the main characteristic of the de-
formation, with 70% reduction. On the other hand, it was found that the distribution of
plastic deformation imposed on the sample using conventional rolling was not uniform,
resulting in the high heterogeneity in the texture formation throughout the sample [19].

In this study, DSR deformation will be used to modify the texture and microstructure
of IF steel, and, as a result, the mechanical properties associated with the evolved structural
parameters will be investigated. The dominated mechanism responsible for the grain
refinement in IF steel, as it is induced by DSR deformation, will be investigated in this
study too.

2. Experimental Procedure

The IF steel samples, in the form of sheets containing 0.009 wt.% C, were used in
the present work. Figure 1 shows the initial microstructure of the IF steel sample with
recrystallized grain structure (~35 um). For the DSR deformation, the sheets were cut into
small plates (90 mm x 30 mm x 4.8 mm). Then, the plates were subjected to 4 passes of
DSR deformation at room temperature (RT), with a 30% reduction per pass, leading to a
strain of ~0.43; a roll speed ratio of 1:4 (lower to upper rolls) was used in the deformation.
The samples were flipped around 180 degrees to their longitudinal axis between each
passage to control the materials with fine grains, which required the utilization of different
shear characteristics during the DSR deformation. For ease of understanding, the schematic
diagram of the DSR operation in this study is provided in Figure 2. Right after the RT DSR
deformation, samples were prepared for structural characterizations and mechanical tests.

The microstructure characteristics were determined via both optical and transmission
electron microscopy (TEM). The samples for TEM observations were first prepared through
mechanical grinding and polishing to obtain foils with less than 0.1 mm in thickness, and
then these foils were subjected to electropolishing using a 10% perchlorate solution. The
TEM micrograph and diffraction from the selected area were performed using a TEM
(model H-7600, Hitachi, Japan) machine with an acceleration voltage of 120 kV. Electron
backscatter diffraction (EBSD) was employed to study the texture of the DSR-deformed
samples; for this, a field emission scanning electron microscope (model S-4300SE, Hitachi,
Japan) was used. Sample preparations for EBSD and the optical microscope (OM) were the
same, where samples cut from the thickness direction (normal direction-rolling direction
(ND-RD)) of the deformed plates were mechanically ground and polished. They were
etched using a nital (nitric acid in methanol) solution.
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Figure 2. Differential speed rolling (DSR) technique used in the present work.

Some non-etched OM samples were used in the Vickers microhardness tests, which
used the load and time of 0.1 Kg for 10 s, respectively. The hardness of the DSR-deformed
samples was investigated throughout the thickness direction of the sample (the ND-RD
plane), where indentation measurements (more than 20) were taken in various positions on
this plane, and an average value was calculated. The standard deviation of these measure-
ments can represent the homogeneity, where more deviation represents less homogeneity.
Tensile tests were conducted at room temperature on samples (25 mm length, 4 mm width,
and 1 mm thickness) cut from the plate after the DSR deformation. The crosshead of the
tensile machine was set to obtain a strain rate of 1073 s~ 1.

3. Results and Discussion
3.1. DSR Deformation

Figure 3 displays the load-stroke curves during DSR deformation, with respect to the
number of DSR operations. The loads of the IF steel samples were apt to rapidly increase,
and reached a steady state as the materials were inserted into the rotated rolls. The curve
also shows that the load for the deformation of the IF steel sheet sample was gradually
increased with the increasing strain, where it slightly decreased after four operations of
DSR. It was assumed that the increment of the load during deformation was attributed
to strain hardening, while the significant microstructural change was contributed to the
decrement of load. To fully understand those mechanisms, further observation in the
microstructural analysis is provided.
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Figure 3. Load-stroke curves, recorded during the DSR deformation while the IF steel sample

underwent the various processing conditions.

3.2. Microstructural Evolution

In the present study, the DSR-deformed IF steel samples have a good appearance
without any cracking. Figure 4 shows the IQ (image quality) maps of the IF steel samples—
taken along the thickness direction of these samples after one, two, three, and four passes
of the DSR—and taken from the middle regions on the ND-RD planes.

350< §< 459
45° < 9= 55°%

Figure 4. (a-d) Grain boundaries map of the IF steel samples deformed by 1, 2, 3, and 4 passes of
DSR, respectively.

The evolution of the ferrite grains with misorientation bigger than 15° (high angle
boundaries (HABs)) were tracked to see how the DSR processing modified the structure.
After one pass of DSR, the microstructure of the deformed sample exhibited HABs parallel
to the RD, forming elongated grains, as shown in Figure 4a. Due to the small amount of
strain (~0.4) introduced into the sample, the structure seemed to be highly deformed but
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with no indication of forming ultrafine grains. By increasing the introduced strain, the
structure became more severely deformed after the fourth pass, which is equal to a strain of
~1.7; ultrafine grains were observable using the EBSD, as seen from Figure 4b—d, and these
results were like those from previous investigations [20,21]. The microstructure showed
relatively elongated grains with regular orientations along the rolling direction after the
four-pass DSR deformation. In addition, the presence of the black color increased, indicat-
ing that the present microstructure contained high internal stress due to the severe plastic
deformation imposed by the DSR; thus, the specific grain could not be detected during
observation. Furthermore, the microstructures exhibited evidence of the homogeneous
penetration of shear strain throughout the thickness of the DSR-deformed IF steel sample,
where this was indicated by the general shape of the grain being severely elongated and
parallel to the deformation flow.

To figure out the general microstructural trends, EBSD analyses on hundreds of de-
formed grains were conducted to measure the grain size and misorientation distributions,
as seen from Figure 5. In Figure 5a, the grain size distribution of the IF steel deformed
by a single DSR was dominated by a coarse ferrite grain of ~14 um. After two-pass DSR
deformation, the grain size distribution became relatively narrow, obtaining the mean size
of ~8 um. When increasing the amount of strain, the UFG structure with an average size
of ~0.7 pm was obtained after the four-pass DSR deformation due to the accumulation
of plastic deformation that was stored during multi-pass processing. Figure 5b shows
the distribution of the grain misorientation angle of the deformed microstructure during
DSR. After the single DSR deformation, most of the grain boundaries of the deformed
microstructure possessed a low angle misorientation, and a small fraction of high angle
grain boundaries (HAGBs, 15° or higher) were detected (as low as ~25%). After two
passes, the volume fraction of HAGBs slightly increased, implying that the number of
lattice dislocations due to repetitive DSR deformation was absorbed by subgrain bound-
aries, which led to the transformation of grain boundaries from low angle to high angle
characteristics [22,23]. After the four pass DSR, the deformed IF steel showed a noticeable
increase in the volume fraction of HAGBs up to ~58%.
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Figure 5. (a) Grain size and (b) grain boundary characteristics of the IF steel samples, respectively, deformed by DSR under

the various conditions.

A close examination, as displayed in Figure 6a—d and obtained using TEM, shows
the important features of the microstructure of the deformed samples where the grain was
successfully refined to ~0.7 um. It is apparent that most of the grains were considerably
equiaxed after two and four passes of DSR, as seen in Figure 6b,d. The formation of
the nearly equiaxed grains could be explained by modifying the shearing characteristics
affected by the deformation route associated with the sample rotation of each passage.
The deformation of the sample rotating 180 degrees around its longitudinal axis results



Metals 2021, 11, 1925

6 of 10

in macroscopic intersecting shearing. Hence, the dislocation slip would conjugated at
each even-numbered pass, allowing the subgrains to restore their original segments in
order to accommodate severe plastic deformation. Furthermore, the selected area’s electron
diffraction pattern in the DSR-deformed IF steel sample revealed a ring-like pattern, as
shown in Figure 6d, which confirmed the formation of an ultrafine grain structure.

I pm - 3 1 pm

1 pm . 1 pm

Figure 6. (a—d) TEM and selected area diffraction of the IF steel samples, deformed by 1, 2, 3, and
4 passes of DSR, respectively.

3.3. Textural Evolution

Figure 7 shows the (110) pole figure of the deformed sample with respect to DSR.
After one pass of DSR, the a-fiber of the {112} <110> slip was found to be the dominant
slip system for accommodating the plastic strain in the deformed IF steel samples. Both
a-fibers remained constant as a dominant slip and intensified even after four passes of DSR
deformation. In addition, it was found that the y-fiber of {111} <112>, which is responsible
for good deformability, was activated after four operations of DSR deformation.

Figure 8 depicts the bulk texture evolution, which is indicated by @, = 45° ODF
sections of the DSR-deformed IF steel samples with respect to the number of passes. During
DSR deformation, the e-fiber of {001} | | ND was constantly activated as the strain increased,
even its intensity was increased after four passes of DSR deformation. In y-fiber evolution,
the {111} <110> and {111} <1-21> slips were activated after one pass of DSR deformation.
Then, it rotated to the {111} <112> slip, which is the strongest component among the y-fiber,
after two and three passes. After four passes of DSR deformation, the {111} <112> slip partly
shifted to {111} <0-11>. In addition, the intensity y-fiber strengthened with the increasing
strain. For «-fibers’ evolution, the {001} <100> and {112} <110> slips were activated after
one pass of DSR, and its intensity was increased up to three passes of DSR deformation.
Nevertheless, their intensities slightly reduced after four passes of DSR, which might be
attributed to the crystal shifting to y-fiber of {111} <211>. Thus, according to these results,
the crystal rotations during DSR deformation occurred along two paths: (i) {001} <110> —
{112} <110> — {111} <112> and (ii) {111} <1-21> — {111} <112> — {111} <0-11>. Clearly,
the rotations along both paths seem plausible in explaining the textural change of the
present work.
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Figure 7. (a—d) Pole figures of the IF steel samples, deformed by 1, 2, 3, and 4 passes of DSR, respectively.
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Figure 8. (a—d) Orientation distribution functions of the IF steel samples, deformed by DSR under various conditions.
(e) The texture components of BCC metals.

3.4. Mechanical Responses

Figure 9 shows the microhardness results of the DSR-deformed samples under the
various processing conditions. The results show that the hardness values increased by a
factor of 2.5—that is, from ~98 in the non-deformed sample to ~235 Hv in the four pass
DSR-deformed sample, with the tendency of the value to increase significantly after the first
pass and modestly during subsequent DSR deformation. This hardening can be attributed
to the dislocation accumulation effect (work hardening) and the grain size reduction (Hall-
Petch strengthening) [24], leading to a significant improvement in the strength after the
DSR deformation as compared to the non-deformed sample.
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Figure 9. Microhardness measurements of the IF steel samples, deformed by DSR under various conditions.

In addition, it is worth noting that the hardness values measured in the counterpart
faces of the sample became closer to each other by increasing the number of DSR passes.
This trend is mainly attributed to the deformation path used in the present work. In
this path, the sample was rotated by 180 degrees around its rolling direction between the
successive passes; accordingly, the deformation can be introduced homogeneously through
the sample, leading to uniform hardness after the four-pass DSR. The related illustration is
also provided in Figure 10.

Rolling direction

odd number of operation even number of operation

Figure 10. DSR route used in the present work, showing the interaction of the shear band during the deformation.

Figure 11 shows the room temperature tensile curves of the steel samples after the DSR
deformation under the various conditions. The tensile properties of the DSR-deformed
samples, including yield strength (YS), ultimate tensile strength (UTS), and elongation at
break are presented in Table 1. It is clearly seen from Figure 11 and the properties listed
in Table 1 that the strength (both the YS and UTS) increases by increasing the amount
of deformation introduced by the DSR process, and this was entirely consistent with the
trend noted in the hardness results. Here, a maximum UTS of 0.78 GPa was reached by
the four-pass DSR processing. Based on the structural evolution discussed in the above
sections, one can clearly attribute the strengthening to the Hall-Petch (grain size), where
the fraction of HAGs increased sharply by increasing the number of DSR passes. This
suggests the evolution of a higher number of ultrafine grains (Figure 5b). In addition,
the ductility of the DSRed samples was reduced by increasing the amount of introduced
deformation, where a ductility of 7.8% was reached in the four-pass sample, and this value
was a little higher than that obtained in the three-pass sample. This can be attributed to the
stronger shear texture evolved in the four-pass sample as compared to others. In addition,
this softening in the four-pass DSR sample could be the reason behind the decrease in the
load during the deformation, as seen by Figure 3.



Metals 2021, 11, 1925

90f 10

Eng. Stress (MPa)

0 10 20 30 40 50
Eng. Strain (%)

Figure 11. Room temperature tensile curves of the IF steel samples, deformed by DSR under

various conditions.

Table 1. Mechanical properties of ultrafine-grained IF steel samples.

Sample YS (MPa) UTS (MPa) Elor(log/oa)tlon Yield Ratio * Microhardness
As-received 207 430 56 0.48 98
1 pass 566 + 23 587 +19 129+2 0.96 192
2 pass 613 + 31 668 + 22 7+12 0.91 211
3 pass 667 +19 710 + 36 6.4+22 0.93 217
4 pass 770 + 26 780 + 28 74+15 0.98 235

* Yield ratio = yield strength/ultimate tensile strength.

4

. Conclusions

In the present work, IF steel samples were plastically deformed using the DSR method

to modify the structure and improve the mechanical properties of these samples. The
following conclusions can be reached from this work:

1.
2.

The DSR process can be successfully used to deform metallic materials plastically.
An ultrafine structure, with a grain size of less than 1 pm, was evolved after the DSR
deformation, and those grains are surrounded by high-angle grain boundaries.
Strong shear texture components were recorded for the IF steel sample deformed by
four passes of DSR.

As a result of grain refinement induced by the deformation, the strength (YS and UTS)
and hardness of the deformed IF steel samples increased by increasing the number of
DSR passes.

The ductility decreased in the IF steel samples by increasing the number of DSR passes.
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