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• Flow behavior of Nb–Ti microalloyed/IF
steels studied by hot compression simu-
lation.

• Innovative multiphase control rolling
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• Four times improvement of the YS is as-
cribed to the formation of UFG struc-
tures.

• DIFT followed by DRX of the trans-
formed ferrite mechanisms ascertained
to form UFG.
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In the present study, at first flow behavior of Nb–Timicroalloyed and interstitial-free (IF) steels was investigated
to know the effects of processing parameters on their microstructural evolution. Then, innovative 3-steps multi-
phase control rolling schedules have beendesigned to yield submicron size uniform grains structure and success-
fully achieved ultrafine ferrite+martensite (0.69–0.78 μm) and ferritic structure (0.83–0.88 μm), respectively, in
microalloyed and IF steels. The good combination of yield strength and ductility was achieved for the
microalloyed (924 MPa, 13.6% elongation) and IF steel (621 MPa, 19.4% elongation) after rolling as per the de-
signed 3-steps multiphase control deformation schedules. Deformation induced ferrite transformation followed
by continuous dynamic recrystallization of the dynamically transformed ferrite is found to be the keymechanism
for the formation of the ultrafine grained structure. Due to application of high amount of strains specifically
withinα+γ phase regime, theα-phase subdivided into several subgrains. Theseα-subgrains are strongly pinned
by the γ/α grain boundaries and thereby restrict the dynamic recovery of the ferrite through reknitting and
unravelling subgrain boundaries. On the application of further straining, the misorientation angle between
these subgrain boundaries increases continuously through accumulation of the dislocations and finally, ultrafine
ferrite grain structure is developed through continuous dynamic recrystallization.

© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Ultrafine grained (UFG) steels can provide better combination of
mechanical properties, such as strength and toughness, which are
comparable to those of highly alloyed or heat-treated steels
(quenched and tempered steels). Therefore, development of such
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Fig. 1. Continuous cooling compression test curve for (a) microalloyed and (b) IF steels, respectively. Inflection points correspond to the Ar3 and Ar1 temperatures, respectively.
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UFG steels having simple chemical compositions could replace vari-
ous conventional high alloyed high strength steels [1]. To produce
bulk size UFG steels, currently, there are two approaches/techniques
followed: (a) advanced thermomechanical control rolling (TMCR)
and (b) severe plastic deformation (SPD) processing. Compared to
SPD methods, advanced TMCR methods with optimized parameters
and controlled phase transformation are industrially more reliable
techniques to produce the UFG steels in large scale. Mainly, dynamic
recrystallization (DRX) of austenite during hot deformation
followed by γ→α transformation during cooling [2,3] and strain-
induced ferrite transformation [4,5] are two important phenomena
associated with the advanced TMCR. However, another widely
used advanced thermomechanical processing route for producing
fine and ultrafine grained steels is the intercritical annealing of
cold rolled martensite [6,7]. Till now, using this thermomechanical
processing routes, the maximum refinement of ferrite grain size re-
ported to be ∼1.2 μm [6,7]. Although, Lan et al. [8] obtained ultrafine
ferrite grains (less than 1 μm) through 50% cold reduction of mar-
tensite followed by 60min tempering at 500–600 °C, large amount
of cold rolling of full martensite structure could be problematic
due to the requirement of high rolling load and more likely to
Fig. 2. Single step and single phase control rolling schedule of the microalloyed and IF
steels.
transverse cracking during rolling [9,10]. Taking into consideration
of the above problems, recently some researchers studied the effect
of cold rolling of dual phase structure followed by intercritical an-
nealing [9,10] and obtained fine ferritic and martensitic grain struc-
ture with an average grain size in the range of 1–5 μm. Furthermore,
warm rolling in the intercritical (i.e. in α+γ) and in pure ferrite re-
gions involve either DRX or pronounced recovery of the ferrite
grains [11–13]. The fine ferrite grains in the range of 2–5 μm could
be produced through recrystallization control rolling followed by
accelerated cooling [5,14]. The ferrite grain size is reported to refine
up to ∼2 μm through deformation induced ferrite transformation
(DIFT) to a TRIP-assisted steel strip when deformed at 880 °C at a
strain rate of 0.05s−1 for total applied true strain of 0.6 [5]. Hou
et al. [15] applied heavy deformation (80% RA) in a single pass
along with controlled cooling (264K/s) to a commercial line-pipe
steel (grade X65) and obtained fine ferrite grains in the range of
9.55–1.06 μm.The grain refinement during rolling at intercritical re-
gion is attributed to both DIFT of γ into α and DRX of α [11]. The fer-
rite grain size obtained from dual phase hot rolling technique is
varied from 5 to 3 μm when deformation stains changed 0.4 to 0.6.
Warm working of steels in the ferrite regime could be another vital
grain refinement technique through which the microstructure,
which is already refined, can be refined further through DRX of fer-
rite. Existence of DRX of ferrite was reported by many researchers
[16–18]. The recent study by Murty et al. [19] confirmed the exis-
tence of DRX of transformed ferrite in an ultra-low C steel during
warm working. Warm-rolling of IF steel in ferritic region could
also produce a fine ferritic (∼1.3 μm) structure through the DRX
[20]. Hence, it can be observed that the DIFT and DRX are two key
mechanisms for the formation of fine ferrite grains through TMCR
of microalloyed and IF steels. But unfortunately, through conven-
tional DIFT/DRX mechanisms, the ferrite grain refinement has
reached the limitation within the range of 2–4 μm even through a
high strain deformation [4,5]. Although, some authors [15,20] have
achieved UFF grains (1–2 μm) through conventional DIFT mecha-
nism via application of very high-strain deformation (∼80% RA) in
single pass, this may exceed the capacity of most of the industrial
thermomechanical control processing (TMCP) facilities. Therefore,
the extremely high-strain deformation is not industrially reliable
process to be followed. Recently, some authors suggested that the
DRX could occur in the deformation induced transformed ferrite,
which could lead to a further refinement of ferrite grains [21–23].
Thus, in the present investigation, 3-steps multiphase control
thermomechanical processing schedules have been designed in the
safe workable zones as per the processing maps (details reported
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in Ph.D. dissertation of Ghosh, [24]) with an aim to achieve UFF
grains b1 μm.

2. Materials and experimental details

Both the materials used for the present study are Nb–Ti stabilized low Cmicroalloyed
(0.11C, 1.44Mn, 0.34 Si, 0.01 Al, 0.028 Ti, 0.044Nb, 0.003 S, 0.016P, 0.01 N, Fe: bal., (wt.%))
and interstitial free steels (0.0026C, 1.14 Mn, 0.007 Si, 0.052 Al, 0.042 Ti, 0.012Nb, 0.008 S,
0.031 P, 0.0021 N, Fe: bal., (wt.%)). Prior to design the rolling schedules, Ar3/Ar1 tempera-
tures were evaluated through continuous cooling compression (CCC) curve obtained
using Gleeble-3800 thermomechanical simulator. In this case, the specimen (10 mm di-
ameter and 15 mm length) was first heated at 5°Cs−1 up to austenitization temperature
(1200 °C), then holding for 2min followed by cooling up to 1000 °C applying a rate of
1°Cs−1. Then, the specimenwas allowed to cool down from1000 to 500 °C alongwith con-
tinuous deformation up to true strain of 0.7 at a constant strain rate of 1 × 10−3 s−1. Using
the CCC curve, the Ar3 and Ar1 are estimated to be 750 and 685 °C, respectively for
microalloyed steel (as shown in Fig. 1a). In case of IF steel, Ar3 and Ar1 temperatures are
estimated to be 880 and 820 °C, respectively (as shown in Fig. 1b), following the same
CCC schedule.

On the basis of Ar3/Ar1, initially, hot deformation behavior of IF andmicroalloyed steels
were evaluated through isothermal hot compression test (at total true strain of 0.7) using
thermomechanical simulator (Gleeble-3800) in a temperature range of 650–1100 °C
(which includes both α and γ phase fields) and at strain rate of 0.1s−1 to 1s−1, as
shown in Fig. 2.

Finally, two novel thermomechanical control rolling routes (schedule-I and II) were
designed for obtaining UFF grains in the microalloyed as well as in the IF steel samples.
First, all the deformation schedules were exercised in a thermomechanical simulator
and then, the same schedule was followed in the rolling operation (detailed deformation
schedules are shown in Fig. 3a–d). In the schedule-I (Fig. 3a), themicroalloyed steel spec-
imenwas initially austenitized at 1200 °C for 2min, then cooled down to 750 °C (∼Ar3) at a
rate of 2°Cs−1. Then in the first step, the samplewas deformed by 45% RA (ε≡0.6) in single
pass at a strain rate of 1s−1. In the 2nd pass, the same sample was deformed by 30% RA
(ε≡0.4) at 670 °C (∼Ar1) at a strain rate of 0.1s−1 (after cooling the specimen at same
Fig. 3. 3-steps multiphase control rolling routes of the (a,b) microa
rate from 750 to 670 °C); and finally in the last pass, the sample was deformed by 45%
RA (ε≡0.6) at 720 °C (after reheating the sample to 720 °C) a strain rate of 0.1s−1 followed
by water-quenching at room temperature. Similarly, in schedule-II (Fig. 3b), the
austenized microalloyed specimen was deformed subsequently for 45, 30 and 45% RA
under the same deformation routes as mentioned in the schedule-I using subsequent
strain rates of 0.1, 0.1 and 0.1s−1, respectively, in 3 phase regimes.

Almost similar kind of thermomechanical processing schedule has been designed for
the IF steel samples (Fig. 3c and d). In schedule-I (Fig. 3c), the austenitized (at 1200 °C for
2 min) IF steel specimen was deformed by 45 (ε≡0.6), 30 and 45% RA, respectively, at 850
°C (∼Ar3) at a strain rate of 1s−1, 600 °C (∼Ar1) at a strain rate of 0.1 s−1 and at 600 °C
(∼Ar1) at a strain rate of 0.1s−1. After final step, the sample was water-quenched at
room temperature. The cooling/heating rate applied was maintained at 5°Cs−1. Similarly,
in schedule-II (Fig. 3d), the austenized specimen was deformed by 45, 30 and 45% RA
under the same deformation routes as mentioned in the schedule-I (Fig. 3c) using subse-
quent strain rates of 0.1, 0.1 and 0.1s−1, respectively, in 3 phase regimes. The aim behind
this typical hot working routes is to introduce the large amount of defects significantly
within the metastable γ phase through high strain deformation. This would allow defor-
mation induced ferrite transformation (1st step), which could enhance the dynamic re-
crystallization (DRX) of the deformation induced transformed ferrite more completely at
dual phase/pure ferritic region (2nd/3rd steps).

3. Results and discussion

3.1. Design methodology of the deformation schedules

Although, extensive research works [25,26] already been performed by several re-
searchers on the hot deformation behavior of microalloyed steels at various strain and
strain rates, the deformation zone in most of the cases was limited only in austenite
phase region. Hardly any literature available concerning the analysis of flow stress in
α+γ/pureα regions. Hence in the present study, theflow behavior of Nb–Timicroalloyed
and IF steels was investigated through single phase controlled hot compression test in a
wide range of temperatures (i.e. 650–1100 °C, which include both for α- and γ-phase re-
gions) and strain rate of 0.1s−1 to 1s−1 to knowthe effects of processing parameters on the
microstructural evolution. Flow stress-strain behavior of single-steps single phase control
lloyed and (c,d) IF steel, as per schedule I and II, respectively.
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hot deformed microalloyed and IF steels are discussed details in the section 3.1.1. On the
basis of flow characteristics of single phase controlled deformation tests, innovative 3-
steps multiphase control rolling schedules have been designed (discussed details in the
section 3.1.2 and 3.1.3) with an aim to achieve submicron size (b1 μm) uniform ferrite
grains.

3.1.1. Analysis of flow stress-strain behavior of single-steps single phase control hot deformed
microalloyed and IF steels

The compressive flow stress-strain curves of the microalloyed and IF steels at various
temperatures (650–1100 °C) and different strain rates (0.1 and 1s−1) are shown in Fig. 4a,
b and c,d, respectively. It can be seen from the Fig. 4a,d and c,d that the flow curves ob-
tained at the combination of higher temperatures and lower strain rates (e.g. 900–1100
°C at 0.1−1s−1 and 950–1100 °C at 1s−1 for microalloyed steel and 1000–1100 °C at
0.1−1s−1 and 1050–1100 °C at 1s−1 for IF steel) exhibit initially a broad peak at a certain
amount of strain at austenitic phase region; and thereafter, it drops with further applica-
tion of strain and finally reaches a steady state condition. The flow curve with a broad
peak suggests that the DRX mechanism is the dominant deformation mechanism,
whereas, the flow curve without any peak indicates dynamic recovery (DRV) process
[27,28].

Generally, the DRV is renowned as the only restoration process for high temper-
ature deformation of the α-phase at low to high strain rate and the DRX usually does
not occur. This is due to the fact that ferrite is high stacking fault energy materials.
Hence, it recovers more rapidly during deformation. As a result, the required stored
energy for the DRX is not attained [29–31]. But, in case of the microalloyed steel, a
slight stress drop after peak formation could be observed (from Fig. 4a and
b) within the temperatures of 650–750 °C and at strain rates of 0.1s−1 as observed
for the hot deformation in austenite region at lower strain rates. This behavior
could be ascribed to the dynamic recrystallization of ferrites during deformation at
extremely lower strain rate at relatively higher ferritic temperature [16–18]. Further-
more, in case of the IF steel, it could also be observed from Fig. 4c and d that the flow
stress curves within the temperatures of 850-800 °C (ferrite phase region) and at
strain rates of 10−3-10−1 s−1 exhibit a stress drop after peak formation. It could
also be seen that the rate of the softening mechanism is higher at lower stain rate
(0.1s−1) and it decreases significantly at relatively larger stain rate (1s−1).
Fig. 4. Flow stress curves of (a,b) microalloyed and (c,d) IF steels at a temperat
Generally, deformation process involves dislocation nucleation and annihilation. Ac-
cordingly, straining and softening occurs, respectively. These two opposite behaviors
may happen simultaneously during deformation process and directly influence resultant
dislocation density, which is represented by the flow curves. The homogenization anneal-
ing (at 1200 °C for 2 min) of the steel before the deformation process develops a structure
with equilibrium dislocation density. Therefore, during deformation, the sample accumu-
lates a large dislocation density rapidly at the initial strain. Initially, the dislocation density
increases rapidly with deformation, which leads to strain hardening within the dynamic
recovery stage. This is competed by annihilation of dislocations and hence, there is an ap-
pearance of peak in the stress-strain curve [16–18]. As the dynamic restoration process is
balanced by strain hardening, the flow stress decreases sharply and reaches a steady state
at higher straining. There is a significant influence of temperature and strain rate on the
appearance of the peak stress. The critical strain for the peak stress is found to increase
with increasing strain rate and/or decrease temperature.Moreover, at higher temperature
and lower strain rate, thematerial (both ferritic and austenitic phase) exhibits less critical
strain to achieve a steady state stress. This suggests that rate of dislocation generation is
balanced by the dynamic restoration process [16–18].

Now, it is well recognized that the appearance of peak in true compressive stress-
strain curve indicates the onset of DRX [25,26]. But, it is problematic to identify directly
from the true stress-strain curve when and where exactly the DRX is commenced. So, an-
other experiment should be adopted in order to identify the critical stress/strain required
for DRX. Poliak and Jonas [32] have proposed a criterion to determine the dynamic recrys-
tallization critical stress/strain on the basis of variation of strain hardening rate (θ) as a
function of the flow stress (σ). As per that criterion, first θ is calculated from experimen-
tally obtained flow stress/strain curves and then plotted as a function of σ (Fig. 5a and
b). According to the approach suggested by Poliak and Jonas [32], in the plot of θ vs. σ
the intersecting point at θ = 0 indicates the peak stress (σp). The inflection point of θ vs.
σ curves represents the critical stress (σc) for the commencement of DRX. Fig. 5a repre-
sents the plot between θ vs. σ at a hot working temperature of 1000 °C and strain rate
of 0.1s−1 for both the IF and microalloyed steels. Similarly, Fig. 5b represents the plot be-
tween θ vs. σ at a working temperature, 850 and 750 °C at fixed strain rate of 0.1s−1 for IF
andmicroalloyed steels, respectively. These work hardening curves are found to comprise
of two stages: at 1st stage, the rate of work hardening drops rapidly with rising stress. This
is mainly due to the dynamic recovery. At 2nd stage, a change in the slope of the curve
ure range of 650–1100 °C and strain rates of 0.1s−1 and 1s−1, respectively.
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ensued that DRX have started. Furthermore, it is problematic in this method to gain the
clear-cut value of inflection from the θ curves. Thus, an analytical technique has also
been used to identify this point. In this approach proposed by Poliak and Jonas [32], the
2nd numerical derivative of θ curves as a function of σ i.e. ∂θ/∂σ vs. σ has a minimum
value at the inflection point of θ curve.

This analytical technique provides exact value of the σc. From the data given in Fig. 5a
and b, the derivative of the θ (∂θ/∂σ) as a function of the σ for different deformation tem-
peratures (i.e. 1000, 850 and 750 °C) at a fix strain rate of 0.1s−1 was calculated. The ∂θ/∂σ
vs. σ plots are shown in Fig. 5c and d. Theminimumpoint in this curves represent the crit-
ical stress.
3.1.2. Selection of the multiphase control deformation schedules of microalloyed and IF steels
Now, it is well recognized that DIFT and DRX are two key mechanisms for the forma-

tion offine ferrite grains in themicroalloyed and IF steels during hotworking,which could
provide a good combination of high strength, ductility and toughness [18–20]. From the
analysis of flow stress-strain behavior of single-steps single phase control hot deformed
microalloyed and IF steels specimens although we have identified the critical strain, tem-
perature and strain rates required for DRX/DIFT. But through conventional DRX/DIFT
mechanisms, the ferrite grain refinement has reached the limitation within the range of
2–4 μm (as shown in Figs. 6 and 7). Although, some authors [15,20] have also achieved ul-
trafine ferrite grains (1–2 μm) through conventional DIFT mechanism via application of
very high-strain deformation (∼80% RA in single pass), this may exceed the capacity of
most of the industrial thermomechanical control processing (TMCP) facilities. Therefore,
it is not an industrially reliable material processing route to be followed. Recently, some
authors have suggested that the DRX could occur in the deformation induced transformed
ferrite,whichmay lead to a further refinement of ferrite grains [21,22]. Thus, in thepresent
study, we have design a 3-stepsmulti-phase control thermomechanical processing sched-
ule has beendesigned (on the basis of flowcharacteristics of single phase controlled defor-
mation test) in such a way that deformation induced ferrite transformation of γ→α
followed by continuous dynamic recrystallization of that of dynamically transformed α
could occur without imposing extremely high deformation strain in a single pass, which
could be industrially acceptable. Moreover, the combined effect of DIFT and DRX could
Fig. 5. (a,b) θ vs. σ curves and (c,d) ∂θ/∂σ vs. σ curves of hot deformed Nb+Ti stabilized
achieve ultrafine ferrite grains structure (i.e. ≤1 μm). In this regard, two novel
thermomechanical control rolling routes were designed for obtaining ultrafine ferrite
grains in the microalloyed as well as IF steel samples (as shown in Fig. 3a–d).

3.1.3. Analysis of flow stress-strain behavior of 3-steps multiphase control hot deformed
microalloyed and IF steels

Fig. 6a and b represent flow stress vs. strain curves of the microalloyed steel samples
deformed according to schedule-I and II, respectively (as presented in Fig. 3a and b). Flow
stress vs. strain curve after 1st stage deformation indicates continuous strain hardening
due to continuous accumulation of strain at austenite phase. After 2nd stage deformation
the drop in flow stress (as observed in Fig. 6a and b) could be attributed to the strain in-
duced ferrite transformation fromheavily deformed austenite. Further, drop in flow stress
after 3rd stage deformation endorsed to the continuous DRX. This is ascribed to the in-
crease in the mobility of the grain boundaries with temperature. Furthermore, there will
be a higher driving force to endorse the new grains growth at high temperature as DRX
is a thermal activation process. Hence, with increase of deformation temperature can en-
dorse the continuous DRX process and formation of new recrystallize grains.

On the other hand Fig. 6c and d represents the flow stress vs. strain curves of IF steel
samples deformed according to schedule-I and II, respectively. Flow stress vs. strain
curve after 1st stage deformation indicates γ to α transformation by DIFT. After 2nd
stage increase in the flow stress value indicates strain hardening due to continuous accu-
mulation of strain at ferrite phase. Moreover, the drop in flow stress as observed in 3rd
stages could have resulted from the DRX of ferrite.

3.2. Microstructural characterization

3.2.1. Microstructural characterization of single step deformed specimen
It can be observed from Fig. 7a and b that strain induced ferrite transformation occurs

at low temperature (750 °C) at strain rate range of 0.1-1s−1. In this range, the prior austen-
ite grains remained elongated and the necklace ferrite was found to form in the austenite
grain boundary (Fig. 7a and b). Because of a combination of low temperature and high
strain rates, diffusion is relatively restricted as compared to other test conditions
IF and microalloyed steels at different temperature and fixed strain rates of 0.1s−1.



Fig. 6. Flow stress-strain curves of 3-steps multiphase control rolling schedule as per schedule-I and II, respectively, for the (a,b) microalloyed and (c,d) IF steels.

Fig. 7. Optical microstructure of single phase control deformed microalloyed steel at (a,b) 750 °C and (c,d) 700 °C in a strain rate range of 0.1 and 1s−1, respectively.
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Fig. 8. Optical microstructure of single phase control deformed IF steel at (a,b) 850 °C and (c,d) 650 °C in a strain rate range of 0.1 and 1s−1, respectively.

Fig. 9. (a) Optical micrographs of 3-steps multiphase control rolled microalloyed steel as per schedule-I, (b) as per schedule-II, (c,d) corresponding TEM micrographs, respectively.

7S. Ghosh et al. / Materials and Design 186 (2020) 108297
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employed in the present work. This typemicrostructure could be highly attractive to yield
better mechanical properties.

On the other hand, at deformation temperature of 700 °C and strain rate of 0.1-1s−1,
DRX of ferrite can be seen in Fig. 7c and d. It can alsobeobserved that the fraction of recrys-
tallized grains increases with decreasing the strain rates at a working temperature of 700
°C. This is attributed to the diffusion control processes resulting better workability. Based
on the abovemicrostructural examination, it can be concluded that the optimized process-
ing parameters for warmworking of themicroalloyed steel inα phase region are 750-700
°C temperature and strain rate range of 0.1-1s−1.

Furthermore, the microstructures of the IF steel samples deformed at strain rate of
0.1-1s−1 and the temperature of 850 °C are shown in Fig. 8a and b. It can also be seen
that deformation induced α transformation occurs from γ and the microstructures con-
sists of equiaxed α grains structure. It can also be seen, when the strain rate is increased
the grain size decreases. This is attributed to the higher fraction of heterogeneous nucle-
ation sites available for α transformation and less time for grain growth due to higher
strain rate (1s−1) deformation. Moreover, it was observed the formation of partially re-
crystallize grains along with elongated grains, after deformation in single α phase region
(at 650 °C and 0.1s−1-1s−1). Dynamic recovery generally occurs in high stacking fault en-
ergy (SFE) materials with BCC structure [30,31]. It can be explained that in the high SFE
material, dynamic recrystallization is suppressed by extensive dynamic recovery [30,31].

Moreover, in the present study, it is shown in Fig. 4c and d, when the deformation is
performed in single α phase region at these conditions, the flow stress decreases mono-
tonically to a steady state regime, which is an indication of typical dynamic recovery/
DRX process [33]. This is only because of the high SFE of the material and high self-
diffusivity ofα phase [33]. Furthermore, it can also be seen that the fraction of recrystalli-
zation gradually decreases as the strain rates increases. Based on the above microstruc-
tural examination, it can be concluded that the optimized processing parameters for hot
working of the IF steel are 850 °C and 650 °C at a strain rate range of 0.1-1s−1.

3.2.2. Microstructural characterization of 3-step multiphase control deformed specimen
The UFF grains along with fine martensite (as shown in Fig. 9a and b) are obtained

after 3-steps multiphase control rolling of the microalloyed steel as per schedule-I and
schedule-II.

The average grain size of UFF is estimated to be ∼0.69 and ∼0.78 μm, respectively (as
shown in the TEM image, Fig. 9c and d). The mechanism of ferrite grain refinement can
be interpreted as follows: when deformation is carried out in ∼Ar3 region,fine ferrite is dy-
namically transformed from γ-austenite grains. Further deformation in ∼Ar1 region, the
ferrite grain size refined further through subgrain formation. After 3rd pass (as well as
3rd step of rolling schedule) of rolling at relatively higher temperature (compared to
Fig. 10. (a) Optical micrographs of 3-steps multiphase control rolled IF steel as per sche
2nd pass), the ferrite grains further refined through dynamic recrystallization and devel-
oped an equiaxed UFF grain structure. The first pass deformationwas selected (equivalent
strain = 0.6) at 750 °C (∼Ar3 temperature region) to accelerate the strain induced ferrite
transformation. The lattice defects were introduced within the austenite grains through
deformation at 750 °C (∼Ar3). These defects could provide more sites of nucleation for
the ferrite transformation and thereby accelerating the DIFT. Subsequently, the grain
size of the deformation induce transformed ferritewas found to be veryfine due to the en-
hanced nucleation. It is believed that the reduction in the grain size can decrease the crit-
ical strain required for initiating DRX and thereafter accelerates the kinetics of DRX
[1,2,34]. It should be further highlighted that the total deformation is mostly performed
within the α+γ region. Ferrite phase is softer than the austenite at high temperature in
α+γ region [19,35] so that the introduced plastic strain would concentrate more on the
ferrite grains, which could also boost the DRX of ferrite grains.

On the other hand, UFF structure obtained after 3-steps multiphase control rolling of
the IF steel as per schedule-I and schedule-II is shown in Fig. 10a and b and the average
grain size of the UFF is estimated to be ∼0.83 and ∼0.88 μm, respectively (as shown in
the TEM images, Fig. 10c and d). The mechanism of formation of the UFF could be ex-
plained in the same direction (i.e. dynamic recrystallization of deformation induced trans-
formed ferrite) as described above for the microalloyed steel samples.

The EBSD analysis has been performed to analyze the detail microstructural features
developed by innovative 3-steps multiphase control rolling of the microalloyed and IF
steels. Fig. 11a–c and 12a-c, represents the EBSD inverse pole figure maps, grain average
misorientation maps and grain boundary maps, respectively, for the 3-steps multiphase
control rolled microalloyed and IF steels (as per schedule-I).

It can be observed from Figs. 11c and 12c that the large fractions of ferrite subgrains
are present within the coarse ferrite grains. Thus, LAGBs are observed within the coarse
ferrite grains, indicating that a deformed structure is introduced. Moreover, equiaxed
UFF grains surrounded byHAGBs start to form along the grain boundaries of coarse ferrite.
It can be noted that the grain average misorientationmaps of both the multiphase control
rolled steel specimens exhibit a high fraction of recrystallized grains: 43.3% fully recrystal-
lized and 56.7% partially recrystallized grains in the microalloyed steel sample; whereas,
25.7% fully recrystallized and 74.3% partially recrystallized grains in the IF steel sample
processed under similar conditions. The misorientation profile and grain size distribution
profile of the corresponding specimens are shown in Fig. 11d ande and12d,e, respectively.
Average grain sizes (0.69 μm and 0.83 μm, respectively, for microalloyed and IF steel sam-
ples) of the corresponding specimens are estimated from the grain size distribution profile
as shown in Figs. 11e and 12e.

Although, DRV iswell-known as the only restoration process for high temperature de-
formation in α phase at low to high strain rate and the DRX usually does not occur.
dule-I, (b) as per schedule-II, (c,d) corresponding TEM micrographs, respectively.
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Moreover, it was noticed that when dynamic recovery occurs in pure single phase ferrite
region, the misorientations between the boundaries of subgrains does not changed
through further application of strain [16–20]. But the scenario is totally different in case
of the deformation within theα+γ phase region. In this case, during application of strain,
themisorientation angle between the boundaries subgrain endures to rise till the conver-
sion of low angle to high angle boundaries. But, interestingly, there is no significant
changes occur in the avg. size of subgrains. This phenomenon is which is quite similar to
that of continuous DRX mechanism. Due to application of high amount of strains within
α+γ phase, the α-phase sub dived into several sub grains. Hence, the boundaries of
these α subgrain are strongly pinned by the γ/α grain boundaries and thereby restrict
the dynamic recovery of the ferrite through reknitting and unravelling subgrain bound-
aries [16–20]. On the application of further straining, the misorientation angle between
these subgrain boundaries increased continuously through accumulation of the disloca-
tions and thereby, and finally, continuous DRX continuous occurs.

3.3. Mechanical properties

Fig. 13a and b represent the tensile stress-strain curves of 3-steps multiphase control
rolled samples of the microalloyed and IF steels processed according to the schedules-I
and II, respectively. It can be noted that the multiphase control rolled sample as per the
schedule-I (Fig. 13a) shows a significant improvement of YS (924 MPa) as compared to
251 MPa of the homogenized annealed specimen; whereas, the IF steel sample shows
more than 4 times improvement of the YS (621 MPa) with reference to the homogenized
Fig: 11. (a) EBSD inverse pole figuremap, (b) grain averagemisorientationmap, (c) grain bound
(as per schedule-I), (d,e) misorientation profile and grain size distribution of corresponding sp
annealed sample (141 MPa). The improvement of the YS is ascribed to formation of sub-
micron size grains after 3-steps multiphase control rolling: 0.69 μm (Fig. 13a) in
microalloyed steel and 0.83 μm (Fig. 13a) in IF steel. The improvement of the YS as per
the schedule-I is much higher for both the steels as compared to that of sample processed
as per schedule-II (microalloyed steel: 721 MPa, corresponding to a grain size of 0.78 μm;
IF steel: 515MPa, corresponding to a grain size of 0.88 μm) (Fig. 13b). The YS in thepresent
study is much superior for the UFG microalloyed and IF steel specimens obtained by the
innovative control rolling schedules as compared to the reported data in literature
[12–15,23]. The prime cause of such improvement is the refinement of the ferrite grains
to sub-micron level (b1 μm) as compared to the grain size N1 μm reported in other
works [12–15,23]. It is be emphasized that in the present processing routes, the equivalent
strain given per pass is relatively smaller per pass than those previously reported in liter-
ature [12–15,23], although total imposed strain is same (i.e. for total 80%RA) as also
followed in the present study.

Furthermore, it is known that UFF grains usually show limited ductility due to exces-
sive strain hardening [36]. In such context, it is highly encouraging that besides the im-
provement of YS significantly, the present samples with UFF structure showed
significant amount of tensile ductility, i.e. 13.6 and 19.4%, respectively, for the
microalloyed and IF steel specimens as shown in Fig. 13a. This is because of the fact that
the end microstructures contain mainly strain-free dynamically recrystallized equiaxed
grains, which are confirmed in EBSD analysis (Figs. 11b and 12b). It is well known that
there always exist free/mobile dislocations in the dynamically recrystallized microstruc-
ture, which could accommodate more amount plastic deformation during uniaxial
arymap of 3-stepsmultiphase control rolledmicroalloyed steel specimen steel specimens
ecimen, respectively.



Fig. 12. (a) EBSD inverse pole figure map, (b) grain average misorientation map, (c) grain boundary map of 3-steps multiphase control rolled IF steel specimen (as per schedule-I), (d,e)
misorientation profile and grain size distribution of corresponding specimen, respectively.

Fig. 13. Tensile stress-strain curves of 3-steps multiphase control rolled microalloyed and IF steel samples as per (a) schedule-I (b) schedule-II.
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Fig. 14. Fractured surfaces after tensile tested specimens of 3 step multiphase control rolled (a,c) microalloyed and (b,d) IF steels as per schedule I and II, respectively.
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loading. In UFGmicrostructure with sub-micron size grains, the existence of mobile dislo-
cationsmay contribute to an improved ductility in themetallic materials [37], which is an
interesting phenomenon and requires further investigation.

3.4. Fractography analysis

Fractured surface of the multiphase control rolled (as per schedule-I and II)
microalloyed and IF steel samples were examined using FE-SEM and shown, respectively
in Fig. 14a,c and b,d. It can be noticed from Fig. 14a,c that themicroalloyed steel specimens
exhibits mixed mode type of failure. The presence of cleavage facets can clearly be seen
along with very fine dimples in the fractured surface. This is attributed to the presence
of hard phase, i.e. martensite, within the soft ferrite matrix. Moreover, it can be observed
that the avg. size of dimples is relatively larger in case of fractured specimen rolled as per
schedule-II (avg. size of dimples ∼7 μm) than that of fractured specimen rolled as per
schedule-I (avg. size of dimples ∼5 μm). It can be ascribed due to the variation of average
grain size of ferrite (i.e. ∼0.69 and ∼0.78 μm, respectively for the samples rolled as per
schedule-I and II.

On the other hand, multiphase control rolled IF steel specimen is found to fracture
through ductile manner revealing well-developed relatively larger size dimples
(Fig. 14b,d).Moreover, in this case it can also be observed that the avg. size of dimples var-
ied in the range of 7–9 μm for the fractured surface of the specimens rolled as per
schedule-I and II. Hence, the fractography analysis is found to corroborate well with the
strain hardening and ductility under uniaxial loading.

4. Conclusions

The flowbehavior of theNb–Timicroalloyed and interstitial-free (IF)
steels and its influence on their microstructural evolution have been
studied successfully through hot compression simulation analysis and
various characterization. Moreover, the simulated results have been
accorded with the outcomes of the innovative 3-steps multiphase con-
trol rolled specimen. The important achievements of the present study
are summarized as follows:

(i) The flow stress behavior is considerably influenced by strain rate
and temperature. During single phase deformation of the
microalloyed and IF steels at a strain rates in the range of 0.1-
1s−1, flow curves exhibited a peak stress followed by attaining
a steady state regime. This indicates the occurrence of DIFT
(γ→α)/DRX (α) at a temperature from 750/700 °C and 850/
650 °C, respectively, for microalloyed and IF steels. This is con-
firmed through detailed microstructural analysis.

(ii) Homogeneous ultrafine ferrite+martensite structures (grain
size ∼0.69–0.78 μm) were achieved for the microalloyed steel
samples as per 3-step multiphase control rolling schedule-I and
II. On the other hand, the maximum refinement of ferritic grains
obtained in the IF steel samples is in the range of 0.83–0.88 μm
under similar processing conditions. DIFT followed by DRX of
the transformed ferrite is ascribed to the development of such
UFG structures. It should be noted that extremely high deforma-
tion strain was not imposed in a single pass in the newly de-
signed TMCP routes. Hence, this could be industrially viable.

(iii) Existence of DRX phenomenon of the transformed ferrite was
confirmed through analysis of the microstructure by EBSD-
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GAM and TEM-SAED pattern. The EBSD-GAM analysis clearly ex-
hibited the formation of fully recrystallized+partially recrystal-
lized grains in the microalloyed (43.3% & 56.7%) and in IF steels
(25.7% & 74.3%). Moreover, as per the Poliak and Jonas criterion,
the occurrence of DRX has been confirmed by analyzing the crit-
ical stress/strain required for DRX on the basis of variation of
strain hardening rate (θ) as a function of the flow stress (σ).

(iv) The best combination of YS and ductility was achieved for the
microalloyed (924 MPa, 13.6% elongation) and IF steel
(621 MPa, 19.4% elongation) samples processed as per innova-
tive 3-step multiphase control rolling schedule-I. Almost 4
times improvement of the YS along with significant amount
retained ductility is ascribed to the formation of strain-free
equiaxed recrystallized submicron size ferritic+martensitic
grains in themicroalloyed steel and submicron size ferritic grains
in the IF steel. Thus, the present study could bring new excite-
ment to the industrial applicability of the innovative multiphase
control thermomechanical processing routes.
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