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ARTICLE INTFO ABSTRACT
Article history: It is believed that texture, as the preferred crystallographic orientation of microstructural
Received 27 November 2017 features, causes plastic anisotropy, leading to a decrease in formability. Thus, promoting
Accepted 11 June 2018 recrystallization and randomizing crystallographic texture have been the main methods
Available online 23 November 2018 of increasing formability. The aim of the current study was to improve the tensile proper-
ties and formability by means of controlling the microstructural features under controlled
Keywords: rolling processes in an SAE 970X steel. The evolution of microstructure, crystallographic ori-
Texture entation, and grain boundary distribution was analyzed by scanning electron microscope,
Electron backscattered diffraction X-ray diffraction, and electron backscatter diffraction. The results of tensile uniaxial tests
Tensile properties and equibiaxial tension behaviors showed that the ultrafine ferrite grains oriented along the
Erichsen test {011} and {111} planes parallel to the rolling direction, with adequate slip systems accom-

panied by the dispersion of martensite/austenite (M—A) microconstituents in the ferritic
structure, improved the tensile mechanical properties and formability. The sample sub-
jected to isothermal rolling at 850°C achieved successful results compared to as-received
and other controlled rolling methods.
© 2018 Brazilian Metallurgical, Materials and Mining Association. Published by Elsevier
Editora Ltda. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Society of Automotive Engineers (SAE) indicates that steels
are widely used in heavy-duty highway engines (or truck

* Corresponding author. L - . .
b J applications or tractor-trailers) and off-road vehicles, mining
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equipment, railroad cars, barges and dredges, snowmobiles,
lawn mowers, and passenger car components [1,2]. For many
engineering applications, favorable high strength-to-weight
ratios, thickness reduction, formability, and weldability are
steel requirements. Therefore, the higher yield strengths of
SAE steels (higher grades than SAE 950X, e.g. 960X, 970X,
980X, etc.) are produced with a fine ferrite grain size formed
during controlled hot rolling and precipitation strengthen-
ing due to the presence of vanadium, niobium, and titanium
[3,4]. The purpose of these microalloyed steels is to increase
load-carrying ability without increasing the carbon and/or
manganese contents. However, the non-uniform deformation
and early fracture of these steel grades are critical problems
in engineering applications [5,6]. The effect of vanadium and
niobium additions on strengthening by forming fine precipi-
tate particles (such as niobium carbide or carbonitride) in the
ferrite microstructure during cooling after hot rolling has been
studied in detail [3,4,7].

Grain refinement (Hall-Petch effect) and precipitation
strengthening have been proven to be the main hardening
mechanisms (i.e. solid solution strengthening, precipitation
hardening, and grain boundary strengthening) in low alloy
and Nb/V microalloyed steels. Microalloyed steels with low
carbon content (0.05-0.25wt.%) and low alloying elements
(less than wt.5%) exhibit superior mechanical properties and
toughness because of the strengthening effects of niobium
and vanadium [8-10]. Fine precipitates of niobium carbides
and vanadium carbonitrides, formed at prior-austenite grain
boundaries, restrict austenite grain growth during hot rolling,
leading to a fine ferritic structure. As consequence, the for-
mation of finer ferrite grain size from the fine prior-austenite
grains simultaneously increases yield strength, toughness,
and ductility. Mechanical property test data confirmed a sig-
nificant increase in strength and hardness by refinement of
the ferrite structure. Besides, the ductility of the investigated
steels can be improved thanks to the application of annealing,
which turns the deformation-induced substructure into stable
ultra-fine grains [11,12]. Moreover, the fine-grained materials
containing a large amount of dislocations and strain-induced
boundaries formed through the accumulation and rearrange-
ment of dislocation during the manufacturing processing,
have two opposite effects [13-15]. On the one hand, the high
dislocation densities lead to higher strength and hardness due
to the barriers impeding sliding by decreasing the grain size.
Conversely, dislocation-trapping effects that occur extensively
at grain boundaries reduce dislocation interaction and con-
sequently reduce the strain-hardening capacity by leading to
early localized deformation [16].

In addition, it is well known that the crystallographic tex-
tures developed by manufacturing processing and post-heat
treatments play a significant role in the mechanical prop-
erties. The specific grain orientation shows different yield
stress response as a function of strain in the selected load
direction (i.e., anisotropy) [11-13]. Recently, Blondé et al. [17]
and Sainath et al. [18,19] analyzed the lattice plane strains
of grains for specific {hkl} planes oriented with the plane
normal along the tensile direction. They showed the gradual
evolution of interplanar spacing (d-spacing) with changes in
Young’s modulus and yield strength. For instance, {110} and
{112} grains laid on the closest close-packed planes with low

inter-atomic distances in the body-centered cubic (BCC) struc-
ture show the highest yield stress. In contrast, dislocation
gliding is restricted in {001} grains with a lack of adequate
slip systems, with the largest interatomic spacing resulting
in the least formability. Moreover, Ghosh et al. [20] reported
that the presence of cleavage planes oriented along the {001}
direction provides easy crack propagation, which may cause
a decrease in the mechanical properties and the formability
limits.

Numerous studies [8-10,21,7,22] have been conducted
to explain the formation mechanism of (Ti, Nb, V) nano-
metric precipitates and its effects (such as size, fraction,
and distribution) on mechanical properties. In this study, a
commercial SAE 970X microalloyed steel was subjected to
different controlled rolling processes followed by air cool-
ing to room temperature. The main idea is to propose a
novel rolling process for improving the tensile mechanical
properties and formability by controlling the microstructure
and crystallographic texture (i.e., grain orientation, low and
high angle boundaries). The evolution of the microstructure,
crystallographic orientation, and grain boundary distribution
was analyzed by scanning electron microscopy (SEM), X-ray
diffraction (XRD), and electron backscatter diffraction (EBSD).
Additionally, uniaxial tensile tests and biaxial tension tests
(Erichsen test) were employed to propose a new rolling pro-
cess.

2. Experimental procedures

A commercial SAE 970X steel plate, which was industri-
ally hot-rolled after casting, was investigated. The chemical
composition was determined by optical emission spectrom-
etry (Shimadzu, PDA-7000); see Table 1. Firstly, the samples
were annealed at 1200°C for one hour to obtain a homoge-
nous austenitic microstructure and temperature distribution.
Then, three rolling passes (15mm — 11 mm — 8 mm — 5mm)
were applied to the specimens with different start and fin-
ish rolling temperatures, as shown in Fig. 1 and Table 2. After
the finish rolling temperature, the samples were air cooled to
room temperature. Rolling was conducted by a Stanat model
TA-315 rolling machine with a rotational speed of 27rpm
and strain rates during each pass of approximately 3.5, 4.6,
and 7.8s~!, respectively. Temperature tracking during the
rolling operation was carried out by Minolta/Land Cyclops
152. The purpose of selecting a wide range of start and fin-
ish rolling temperatures - from a temperature higher than
the non-recrystallization temperature (Tygr=1006°C [23]) to
below the Ars; transformation temperature (737 °C [24]) in the
intercritical (« +v) field — was to explore the effects of the evo-
lution of the microstructure and crystal orientation during
dynamic recrystallization and ferrite transformation on the
final mechanical properties.

The microstructures in the longitudinal cross-section, that
is, the section normal to the transverse direction (TD) and par-
allel to the rolling direction, were studied by SEM (FEI Quanta
450 FEG) operated at a nominal voltage of 20 kV. The specimens
were ground using silicon carbide paper with a grit size from
100 to 1200, followed by mechanical polishing with diamond
paste (6,3, and 1 p.m) and etching in Nital 2% for approximately
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Table 1 - Chemical composition of SAE 970X steel (wt.%) obtained by the emission spectrometry technique.

C Si Mn S Al Cu Cr P Ni Mo Nb Ti \Y%
0.099 0.26 1.664 0.005 0.08 0.014 0.021 0.018 0.022 0.816 0.061 0.02 0.050
A
1200 °C
Sample B Sample D
/ 1100
s A Tnr= 1006 °C

9 SampdA

o

3 865 °C

[

g

5

F Ay=T737°C

Air cooling
~10-15°C/s

Time

Fig. 1 - Schematic representation of the thermomechanical rolling processes with different start and finish rolling

temperatures.

Table 2 - Thermomechanical schedules applied in the present study. FRT refers to the finish rolling temperatures (+20 °C).

Sample Initial thickness Start rolling Step one Step two Step three
(mm) temperature (°C)
Thickness FRT (°C) Thickness FRT (°C) Thickness FRT (°C)
(mm) (mm) (mm)
A 1100 + 20 1060 + 20 1040 + 20 1000 + 20
B 980 + 20 955 + 20 905 + 20 865 + 20
(@ 15+0.05 835 + 20 114+0.05 795 £ 20 8+0.05 785 £ 20 5+0.05 750 + 20
D 780 + 20 720 + 20 700 + 20 680 + 20
E 850 + 20 850 + 20 850 + 20 850 + 20

20s. In addition, EBSD analysis was carried out using an HKL
Channel 5 system attached to the SEM-FEI Quanta 450 FEG,
with a tilt angle of 70°, step size of 0.5 um, and working dis-
tances of 14-16 mm. To obtain a good quality of the Kikuchi
diffraction patterns, the unetched polished SEM samples were
polished for 3h using 0.5 pm colloidal silica. The acquired data
were post-processed with Channel 5 software and the MTEX
free and open source software toolbox [25].

Macrotexture measurements were carried out using
a Panalytical X-Pert texture goniometer equipped with
monochromatic Cu Ka radiation. After identifying the exact
peak positions via a 6-20 scan, three {111}, {200}, and {220}
incomplete (¢ =0-85°, B=0-360°) pole figures of ferrite phase
were collected at 5° intervals in step mode (counting time
of 5s/step). The crystalline orientation distribution function
(ODF) of each sample was calculated from the measured pole
figures using MTEX with cubic-orthorhombic symmetry. The
distributed crystallographic orientation was measured using
the MTEX algorithms by means of ordinary statistics, neglect-
ing their spatial reference [26]. The related ODFs were plotted
at constant Q, =45°, which can present the most important
crystal orientations according to the Bunge convention [27].

Vickers microhardness, uniaxial tensile, and Erichsen tests
were conducted at room temperature to characterize mechan-
ical behavior. Vickers microhardness test was carried out
along the mid-thickness of specimens with a loading force of
4.903 N (HV( 5) and a dwell time of 15 s using a Shimadzu HMV-
2000, based on the ASTM E-384-08 standard. The average value
was determined from ten indents in each sample. Tensile tests
were carried out on an ADMET-eXpert 2600 machine, based on
the ASTM E8M-13a standard, on samples with a gauge length
of 50 mm and overall length of 200 mm along the rolling direc-
tion under an engineering strain rate of 2 x 1072s~! at room
temperature. The average value of tensile mechanical prop-
erties was made from three uniaxial tensile tests for each
condition. Furthermore, the stretch formability of the sam-
ples was evaluated using the Erichsen test (Erichsen Model 100
machine) according to the ISO 20482 standard. Erichsen sam-
ples with dimensions of 7cm x 7 cm x 5mm were sectioned
from the rolling plane. The tests were performed at room
temperature using a hemispherical punch with a diameter of
4cm and testing velocity of 0.01mms~! using grease lubri-
cation. The tests were performed until fracture of the sheets
occurred. The Erichsen index (Ei) was evaluated from the
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Fig. 2 - Appearance of dome free surfaces and cross-sections of Erichsen tested samples.

displacement obtained during the Erichsen tests. After Erich-
sen testing, each cup was sectioned along the dome centerline
in the rolling direction and then placed on a flatbed scanner to
take an image of the section, as shown in Fig. 2. Subsequently,
the thickness profile was determined using the KLONK image
measurement software tool. The maximum thickness of the
sidewall (regions ‘b’ and ‘c’, in Fig. 2) indicates the limit of uni-
form deformation. Region ‘@’ also represents the minimum
uniform deformation located at the top of the dome [28,29].
The measurement errors demonstrated by the thickness vari-
ation along the cross-section are associated with the forming
variables, vertical location, sidewall effects, anisotropy, and
sectioning variables.

3. Results and discussion
3.1. SEM studies

Fig. 3 presents the SEM micrographs of the investigated
specimens. The as-received sample and sample A, which
was finish-rolled in the austenite phase at recrystallization
region, showed mainly polygonal ferrite and pearlite in the
microstructure. A mixed microstructure containing granu-
lar bainite, acicular ferrite, degenerated pearlite, and small
martensite/austenite (M-A) constituents was characterized
in samples B and C, which were rolled in the intercritical
(«++) region (between Ars and Ar;). The sample rolled isother-
mally at 850 °C (sample E) also showed a uniform distribution
of M-A constituents in bainite-ferrite microstructure. M-A
constituents, ferrite, and pearlite resulted from the phase
transformation of austenite during slow cooling in air to room
temperature. Additionally, the pre-strain can accelerate the
diffusional transformations due to the increase in the nucle-
ation rate caused by the higher density of nucleation sites
introduced. Carbon enrichment of the remaining austenite
also occurs due to the nucleation and growth of the proeu-
tectoid ferrite, since the carbon has low solubility in ferrite
and high solubility in austenite. The blocky M-A constituents,
or remaining austenite coexisting together with high carbon
martensite, are formed under favorable conditions of chem-
ical composition (high manganese content) and appropriate
continuous cooling rates (air cooling to room temperature).

Carbon is enriched in the untransformed austenite by carbon
partitioning from ferrite into the remaining austenite during
the austenitic decomposition [30,31], leading to the formation
of a mixture of untempered martensite and austenite (M-A)
constituent upon cooling. Sample D, which was finish-rolled
at ~680°C in the single ferrite phase region, below the Ar;
temperature, had elongated ferrite (Fig. 3e). Since the advanc-
ing o/y interface is enriched in carbon by the partitioning, it
is believed that the FesC nucleation takes place at the inter-
face boundary. In general, with the increase in the start rolling
temperature, the cementite in pearlite changes from lamel-
lar pearlite to degenerated pearlite [31]. The aggregation of
ferrite layers and carbides (FesC) in this sample can be clas-
sified as degenerate pearlite, leading to an improvement of
the toughness [32]. Austenite can drag carbon and manganese
atoms rejected from proeutectoid ferrite (equiaxed ferrite) and
remains stable even below the Ar; temperature. Thus, the
presence of M-A constituents can be explained by the delay of
the pearlitic reaction below Ars during the continuous cooling
due to the high carbon and manganese contents in retained
austenite.

In the studied steel, the presence of precipitates such
as niobium and vanadium is beneficial for achieving fine-
grained ferrite. The formation of fine ferrite grain sizes (less
than 8um) was observed in all thermomechanically pro-
cessed samples. The grain refinement results in improved
toughness and higher yield strengths. Vanadium and nio-
bium contribute to precipitation strengthening by forming
fine precipitate particles (5-100 nm in diameter) in ferrite dur-
ing cooling after hot rolling [5,33]. Also, this microalloying
decreases the austenite-to-ferrite transformation tempera-
ture, leading to the formation of finer austenite grain sizes
prior to transformation. The Vickers hardness was 172 +4HV
in the as-received steel and increased to 186+5, 215+5,
23247, 228+4, and 218 £3HVj 5 in samples A to E, respec-
tively. This hardness increase is associated with the effects
of the random boundaries in ultra-fine grain sizes, which
hinder the dislocation movements. The ultra-fine grains
decrease the possibility of both dislocation-dislocation and
dislocation-boundary interactions [34,35]. During the con-
trolled rolling process analyzed, the austenite grain size of
hot-rolled steels can be determined by the recrystallization
and grain growth of austenite. The microscopic analysis
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Fig. 3 - SEM micrographs of investigated specimens: (a) as-received; (b)-(f) samples A to E, respectively.

showed that the controlled rolling could control the final
mechanical properties by precipitation hardening and grain
boundary strengthening.

Temperature raises the carbon diffusion coefficient and
increases the effective carbon diffusion distance in austen-
ite [36]. On the one hand, proeutectoid ferrite forms from the
austenite with very low carbon content. Deformation-induced
ferrite transformation (DIFT effect) could be accelerated via
control rolling processing. On the other hand, a limited car-
bon enrichment of remaining austenite develops due to the
local conditions of carbon partitioning and increasing of car-
bon solubility in remaining austenite. Silva et al. [31] studied
the morphological aspects and their correlation on the micro-
hardness values. They showed that ferrite microhardness can
be varied from 175 to 325HV, because of its carbon content.
Moreover, the microhardness of M-A constituents was deter-
mined to be about 400-680 HV in API X80 steel. In addition,
Bhadeshia [37] documented that M-A constituents include the
proportions of martensite and austenite, containing carbon
concentration greater than its solubility in ferrite, from 0.6

up to 2.2wt.% independently of steel carbon content [38,39].
Therefore, according to the kinetic conditions (time for carbon
enrichment and ferrite growth), it is expected that the frac-
tion of M-A would decrease with the decrease in deformation
temperature. This could be explained by the stabilization of
M-A through the carbon and manganese partitioning into the
remaining austenite during cooling.

You et al. [40] documented that M-A constituents can be
identified as non-transformed austenite Kikuchi patterns with
satisfying Kurdjumov-Sachs orientation relationship. To ver-
ify the presence of M-A constituents or remaining austenite
coexisting with martensite, EBSD analyses were carried out.
However, although EBSD is a powerful technique for phase
identification, it has some limitations such as in the detec-
tion of minority phases and quality of diffracted Kikuchi
patterns [41,42]. The carbon-manganese enriched M-A micro-
constituents in ferrite-bainite structure was approximately
9% in the controlled rolled sample D. Fig. 4 shows the phase
maps of sample D obtained from the EBSD data, confirm-
ing the presence of fine untransformed M-A constituents.



1358

J MATER RES TECHNOL.2019;8(1):1353-1365

10 pm

Fig. 4 - Distribution of M-A constituents (red) in ferritic
matrix.

Thus, a minor fraction of austenite with higher carbon and
manganese contents can be developed at lower intercritical
temperatures (<750 °C), leading to the formation of stable M-A
in this sample.

3.2. Macrotexture studies

It is believed that the crystallographic textures formed dur-
ing manufacturing processing play a significant role in the
mechanical behavior by providing sufficient slip systems to
enhance deformation. Fig. 5 shows the normalized cubic-
orthorhombic ODFs of the investigated specimens in the
Qy =45° sections of Euler space. Although the texture in HSLA
steel is typically weak, the resulting crystallographic textures
of samples with different start and finish rolling temperatures

are dissimilar. As can be observed in Fig. 5a, b, and c, the
undesirable cleavage (001)(110) rotated cube components were
characterized in the as-received sample and samples A and B,
respectively. In BCC structure, the {001} plane has the small-
estinterplanar spacing. Therefore, this kind of crystals has the
lowest dislocation mobility. In addition, the lack of adequate
slip systems in {001} grains and the low dislocation mobil-
ity can lead to increases in the dislocation accumulation and
stored energy. The energy increase due to dislocation accu-
mulation leads to early fracture. Engler et al. [43] showed that
the rotated cube components generated from recrystallized
austenite grains followed by ferrite transformation faces are
inclined at 45° in the rolling direction, which may cause shear
stress and lower resistance against crack propagation. The
presence of these components in sample B, which was sub-
jected to rolling at a lower temperature of the calculated Tng,
revealed that the recrystallization temperature decreases with
increasing deformation. Consequently, low mechanical prop-
erties can be expected in these samples due to the presence
of a higher number of {001} grains in the final microstructure.

The increase in the fraction of {110} grains in samples C,
D, and E can be explained by the shear deformation caused
by the friction between the rolls and the plate surface [43,44].
However, the presence of {110} is common during hot rolling
of HSLA steels. The rotated cube components changed to
(001)(120) components in the same plane parallel to the rolling
plane in sample C. The development of a high number of
{111} and {110} grains parallel to the normal direction (//ND)
corresponds to the close-packed planes, which can provide
adequate slip systems to contribute to plastic deformation.
However, the formation of rotated cube (001)[110] and rotated
Goss (110)[110] orientations could decrease the tensile proper-
ties and formability due to undesirably high anisotropy levels.

(111)[121]

(111)[112]

904

0 30 0

Max.: 3.65

60 90

30
! Max.: 4.17

)

920

o1

0 30
Max.: 3.90

60 90 60 90 MIN

0 30 o
Max.: 6.43

Fig. 5 - Normalized ODFs of the investigated samples in constant ¢2 =45° sections: (a) as-received, (b) sample A, (c) sample

B, (d) sample G, (e) sample D, and (f) sample E.
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Fig. 6 - Quantitative normal friction of grains lying on the main BCC planes ({001}, {110}, and {111}) of investigated
specimens. The letters A to E correspond to the types of thermomechanical processing (refer to Fig. 1).

Finally, in sample E (Fig. 5f), {001} the grains have been com-
pletely consumed and newly developed grains oriented along
{110} a normal direction with about 10° deviation from the
ideal Goss texture. It has been shown that the greater ductil-
ity and fracture toughness achieved when {110} planes as the
principal slip planes of the BCC structures are predominant in
the material [45,46].

In fact, according to Sainath [19,47] and Blondé [17], each
crystal orientation has different mechanical properties at a
specific external force as a result of providing enough slip
systems to facilitate dislocation motion. In this manner, the
close-packed {011} and {111} planes in BCC structure require
minimum shear stress to begin plastic deformation or slip.
Non-close-packed, low dislocation mobility {001} planes pro-
vide preferred sites for the occurrence of crystallographic
defects. Fig. 6 presents the quantitative normal friction of
grains lying on the main BCC planes (such as {001}, {110}, and
{111}) with deviation of less than 2.5° based on the normal
direction inverse pole figure of specimens. It is clearly shown
that sample E, which has the lowest intensity of {001} planes
and highest fraction of {111} and {110} planes, is expected to
have superior tensile properties.

3.3. Microtexture studies

The macrotexture study conducted using XRD characterizes
the overall crystal orientation distribution of bulk materi-
als, whereas EBSD provides the local grain orientation by
a statistical method (called kernel density estimation) from
Kikuchi backscatter diffraction patterns [48-50]. Normal direc-
tion orientation image coloring maps (OIM) indicating the
crystallographic direction parallel to the normal direction
(ND) of the planes are presented in Fig. 7. High-angle bound-
aries (HABs), with point-to-point misorientation between two
grains greater than 15°, and low angle boundaries (LABs),
with a misorientation of less than 15°, are shown by thick
and thin lines, respectively. As expected, the refined ferritic
structure and elongated grains were observed in samples sub-
jected to the different rolling temperatures (Fig. 7b—f). An

alternative technique for grain size measurement using the
linear intercept technique from optical or SEM images relies
on the accuracy of the EBSD maps. Grain size was defined
using a grain-boundary threshold angle of 15°. The average
grain size of the as-received material was determined to be
about 6.25+0.25um. The ferrite grain sizes were reduced
under controlled rolling process in austenite region below
non-recrystallization temperature to about 5.75+0.25 pm in
sample B. The continuous decreasing of the ferrite grain sizes
was observed with decreasing finish rolling temperatures.
The result showed that grain sizes reduced to approximately
3.25+0.25pm in sample D when rolling was performed at
intercritical («+v) region, suggesting that, dislocations gen-
erated by rolling were rearranged at dislocation walls and
subgrain cells, provoking the subgrain rotations to form a new
set of ultra-fine grains. The histograms of grain sizes in all
rolled samples are presented in Fig. 8a. The decrease of rolling
temperature led to the formation of pancaked prior austen-
ite grains with high dislocation densities and resulted in an
increase in the number of preferred sites for ferrite nucle-
ation. Thus, a considerable number of ultra-fine grains with
sizes smaller than 2 pm were developed in samples C, D, and
E with fractions of about 35.8, 47.7, and 44.9%, respectively.
Grain boundaries have a significant influence on the
mechanical properties because they act as an impediment to
dislocation movement. As a consequence, the different ori-
entations of grains and the discontinuity of slip planes from
one grain to another result in increased strength [27]. The
histograms of ferrite grain boundary distributions are also
presented in Fig. 8b. Although rolling at lower temperatures
decreased the average grain-size distribution, no significant
changes were observed in the boundary types. In samples A
and B, which were rolled at higher temperatures (just above
and below Tng), the dislocation densities were decreased by
the formation of strain-free recrystallized grains. Although
the EBSD technique cannot calculate dislocation densities
directly, it can evaluate their consequences by analyzing the
spatial orientation changes in an individual grain because of
dislocation accumulation. A new set of ultra-fine grain sizes
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Fig. 7 - OIM maps obtained by EBSD of: (a) as-received sample; (b)-(f) samples A to E, respectively. Thick and thin lines

indicate HABs and LABs, respectively.
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Fig. 8 - Histograms showing the frequency distributions as a function of: (a) grain size and (b) misorientation angle of ferrite.

(less than 2 pm) obtained in samples C, D, and E resulted from
the gradual subgrain rotation due to increases in the disloca-
tion densities. This is in good agreement with the results of
Grilli et al. [51] and can be explained by the efficiency of dislo-
cation annihilation by the formation of new HABs originating
from dislocation walls and subgrains. In addition, the decrease
in the rolling temperatures led to a reduction in dislocation
annihilation due to the reduction of dislocation mobility. As
a consequence, a high fraction of LABs with low grain distor-
tion were formed in these samples (Fig. 8b). In sample B, the
high value of the average misorientation angle (21.77°) can be
attributed to the formation of a high fraction of strain-free
recrystallized grains with a low number of dislocation densi-
ties. The highest percentage of LABs belonged to sample D, as a
result of higher lattice distortion generated by the deformation
at a lower temperature.

3.4. Uniaxial tensile test

The uniaxial tensile test was carried out at room tempera-
ture for all samples and the engineering stress-strain curves
are shown in Fig. 9. It is observed that the as-received
steel and the sample subjected to rolling at the higher non-
recrystallization temperature (sample A) showed both the
lowest tensile strength of about 611 MPa and the lowest total
elongation of 12.8%, whereas an excellent combination of ten-
sile strength and elongation was obtained in the samples
that were rolled at a lower Tyr temperature (i.e., samples B,
C, and E). The detailed mechanical properties of all samples
are listed in Table 3. According to the SAE standard [52], the
minimum acceptable yield stress, ultimate tensile strength,
and elongation for the SAE 970X steel are 485MPa, 585 MPa,
and 15%, respectively. Accordingly, only sample D could not
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Table 3 - Tensile mechanical properties of processed specimens.

Yield stress Tensile strength Uniform Total elongation Yield/tensile Toughness

(MPa) (MPa) elongation (%) (%) ratio (YS/UTS) (Jm~3)
As-received 511 615 11.6 16.3 0.83 9676
Sample A 548 611 8.1 12.8 0.90 8816
Sample B 538 637 14.0 20.3 0.84 9736
Sample C 553 713 115 17.4 0.77 10750
Sample D 423 698 12.9 19.2 0.61 11690
Sample E 594 682 11.6 17.9 0.87 12636

meet the yield stress standard requirement. This could be
related to the presence of M-A microconstituents and the for-
mation of highly deformed undesired {001} ferrite grains as
a result of the finish rolling temperature in the intercritical
(o + ) field. However, the ultimate tensile strength in this sam-
ple reached approximately 697 MPa due to the formation of
ultra-fine grains, which hindered dislocation movement and
dislocation interaction. Conversely, the other samples that
were rolled in the range of Tnr and Ars (samples B, C, and
E) successfully met the requirements specified for SAE 970X
steel.

Furthermore, the ratio of yield strength to ultimate tensile
strength (YS/UTS) indicates the ability to plastically deform
before failure to prevent sudden rupture. The lower YS/UTS
ratio in samples C and D indicates the higher resistance to
deformation provided by yielding to plastic instability [53,54].
Meanwhile, the increase of the YS/UTS ratio in the other sam-
ples suggests an increase in the uniform plastic deformation
ability in response to applied force and the strain hardening
capacity. This resulted in the occurrence of hardening mech-
anisms such as solid solution strengthening, precipitation
hardening, grain boundary strengthening, and transformation
induced plasticity (TRIP) effects. In addition, the serrated flow
characterized under plastic deformation with Liders bands
was enforced by micromechanical hardening and softening.
The Liders bands are characterized by pile-ups of mobile dis-
locations due to local stress concentrations in the vicinity of

grain and/or phase boundaries, since a softening localized
plastic deformation occurs when a high density of mobile dis-
locations passes through the barriers. The formation of Liiders
bands during plastic deformation is common in ultrafine-
grained steel [13].

The amount of energy absorbed per unit volume (tough-
ness) calculated from the numerical integration of tensile
data of measured stress-strain curves is also listed in
Table 3. Factors such as microstructure, second-phase parti-
cles distribution, TRIP effect of retained austenite, and grain
orientation influence the tensile mechanical properties and
energy absorbed. In sample E, the combination of fine fer-
rite grain sizes, degenerated pearlite, distribution of M-A
constituents, low stored energy (low average misorientation,
Fig. 8b), and formation of {111} grains with the highest Young’s
modulus and yield stress [17,19] resulted in a superior tough-
ness value among all specimens. This demonstrates that the
controlled rolling temperatures could improve the toughness
of the steel.

3.5. Equibiaxial tension behavior

The Erichsen-like cupping test is widely used in automotive
industry because it is a simple method of estimating the sheet
formability, where the stretchability can be determined as
the resistance of localized necking [55,56]. It is known that
microstructural features and crystallographic texture control
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Fig. 10 - Photographs of dome free surface appearance of Erichsen tested samples: (a) as-received sample, (b) sample A, (c)

sample B, (d) sample C, (e) sample D, and (f) sample E.

Table 4 - Variation in thickness of the domes on the cross-sections of Erichsen tested samples.

Sample Dome height Initial thickness b c
(mm) (mm)
Thickness Strain (%) Thickness Strain (%) Thickness Strain (%)
(mm) (mm) (mm)
As-received 14.87 4.23 16.63 4.09 20.14 4.02 21.94
Sample A 15.22 4.31 14.92 3.87 25.64 3194 23.77
Sample B 17.56 4.02 21.94 3.58 33.49 3.36 39.81
Sample C 20.07 >:00 4.31 14.92 3.07 48.91 314 46.55
Sample D 18.46 4.23 16.63 3.55 34.25 3.75 28.77
Sample E 21.88 3.58 33.49 3.29 42.01 2.99 51.32

the orientation-dependent (anisotropy) mechanical proper-
ties. Photographs of the Erichsen tests (in top view) of the
investigated specimens after fracture are shown in Fig. 10.
The fracture path of samples, which follows a crescent-shaped
path around the center of the dome, is very similar for all spec-
imens. The orange-peel effect is present in all investigated
samples. Although some studies [11-13,57,58] have suggested
a relationship between grain size and the orange-peel effect,
no evidence was found in the current study. As a result, crys-
tallographic texture plays a significant role in determining
formability. Changes in dome height and thickness along the
centerline of the dome created by the Erichsen test can help us
find a correlation between crystallographic orientations and
the formability limit. The dome height of samples and the
variation in thickness of the domes on the cross-sections of
the Erichsen tested samples were measured and are listed in
Table 4. The as-received sample, which had been subjected to
industrial manufacturing, and sample A showed inferior dome
heights. The best formability belonged to sample E, which
was isothermally rolled at 850°C in the intercritical region.
From the literature [17-19,59], {001} grains with a lack of ade-
quate slip systems cause the early fracture. Grains lying on

{110} planes parallel to the shear plane show a dual behav-
ior. On the one hand, these grains can enhance ductility by
facilitating dislocation glide. On the other hand, the shear frac-
ture can begin by micro-void coalescence with the presence of
local shear bands, leading to early fracture. Besides, the devel-
opment of {110} and {111}//ND, which offered a significant
benefit with regard to controlling the anisotropy and minimiz-
ing the undesired {001} grains, resulted in the excellent dome
height in sample E.

Furthermore, to evaluate the uniform deformation through
the thickness straining, the maximum thicknesses in three
different regions, that is, the top region of the dome shape ‘@’
and punch displacement at points ‘b’ and ‘c’, were measured
and are reported in Table 4. The least uniform deformation
took place in the top region of the dome shape due to the
friction effect between the punch and sample surfaces. How-
ever, the maximum deformation is obtained in the cup wall
due to the plane strain stress. A detailed strain calculation
at three points demonstrated that the sample E had the best
formability before necking and fracture.

In the present work, different analyzing methods have
been performed to propose the best thermomechanical rolling
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changes of studied samples.

processing for automotive application. This included: (i) mor-
phology, microstructure, and grain size analysis using SEM
and their effects on hardness variation; (ii) grain orientation
and distribution of boundary type to promote/obstruct dislo-
cation movements, modifying plastic deformation behavior;
and (iii) uniaxial and biaxial tension tests to validate forma-
bility and stretchability of resulted specimens. The variation
of tensile strength, toughness (obtained from the area under
stress-strain curve), and dome height as a function of hard-
ness changes of investigated samples are shown in Fig. 11a
and b. Fig. 11b shows that continuous increasing of ten-
sile strength was accompanied with a hardness increment
of investigated specimens. As a conclusion, results demon-
strated that a great combination of ductility, toughness, and
formability was obtained by isothermal rolling at 850°C (sam-
ple E). The formation of low-stored-energy fine ferrite grains,
along with the development of low stored energy {110} and
{111} grains with adequate slip planes, prevented dislocation
accumulation and localized deformation.

4. Conclusions

In summary, different controlled rolling processes (i.e., diverse
start and finish rolling temperatures) were analyzed to
improve the tensile mechanical properties and formability
by controlling the microstructure and crystallographic tex-
tures. From the results, the following conclusions can be
drawn:

e The best combination of tensile strength and elongation
was achieved in the sample subjected to isothermal rolling
at 850°C (sample E).

e Sample E showed a 47% improvement of the Erichsen index
compared with the as-received sample condition.

e Meaningful improvement in mechanical properties and
formability (Sample E) can be obtained by the formation of
ultrafine ferrite grains oriented along {011} and {111} //ND
accompanied with dispersion of M-A microconstituents in
the ferritic structure.
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