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Abstract: Heavy gauge line pipe and structural steel plate materials are often rolled in the two-phase
region for strength reasons. However, strength and toughness show opposite trends, and the
exact effect of each rolling process parameter remains unclear. Even though intercritical rolling
has been widely studied, the specific mechanisms that act when different microalloying elements
are added remain unclear. To investigate this further, laboratory thermomechanical simulations
reproducing intercritical rolling conditions were performed in plain low carbon and NbV-microalloyed
steels. Based on a previously developed procedure using electron backscattered diffraction (EBSD),
the discretization between intercritically deformed ferrite and new ferrite grains formed after
deformation was extended to microalloyed steels. The austenite conditioning before intercritical
deformation in the Nb-bearing steel affects the balance of final precipitates by modifying the size
distributions and origin of the Nb (C, N). This fact could modify the substructure in the intercritically
deformed grains. A simple transformation model is proposed to predict average grain sizes under
intercritical deformation conditions.
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1. Introduction

Intercritical rolling is extensively employed in the production of heavy gauge structural plates,
with the aim of meeting the increasing material demands of a variety of structural applications. Rolling
in the austenite/ferrite two-phase region has already been explored for plain carbon steels [1]. However,
the effect of intercritical rolling for microalloyed steels is less investigated [2]. Therefore, a deeper
understanding of the microstructural evolution under intercritical conditions and the influence of
different austenite—ferrite balances at high temperature is required for microalloyed steels in order
to define stable processing windows. It is well established that the addition of Nb as an alloying
element can retard or inhibit the recrystallization of austenite and ferrite due to two mechanisms:
the solute drag effect related to Nb in solid solution and the pinning effect caused by strain-induced
precipitation [3].

In intercritical rolling, several microstructural mechanisms could be activated, such as restoration
and recrystallization. The recovery and recrystallization phenomena occurring during deformation
in the two-phase region has been extensively analyzed for CMn steels [4,5]. It is well known that the
restoration process taking place during or after the intercritical deformation could be affected by the
available niobium during austenite to ferrite transformation. However, the interaction between Nb
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in solution and softening kinetics is less explored in the intercritical region [2,6]. Therefore, a deeper
understanding is needed regarding this issue.

In a recently published work [7], the microstructural evolution during intercritical deformation
was explored for low carbon steels, and a methodology capable of differentiating different ferrite
populations (intercritically deformed and non-deformed ferrite formed during the final cooling)
using EBSD was developed. This methodology will provide a better understanding of the exact
effect of the rolling process parameters on each ferrite population. For this purpose, intercritical
deformation simulations were carried out via dilatometry tests using CMn steels with different C
content, and an exhaustive EBSD characterization procedure was developed to classify and quantify
the different phases obtained after air cooling [7]. The procedure can be summarized in two steps. First,
pearlite has to be removed from the calculations, and to that end, the grain average image quality (IQ)
parameter is used [7,8]. Taking into account that pearlite is of a lower quality than ferrite, the lowest
IQ value points are removed. The removed fraction from EBSD scans are close to the pearlite contents
measured by optical microscopy. Then, using the grain orientation spread (GOS) parameter, which is
the average deviation between the orientation of each point in the grain and the average orientation of
the grain, the remaining ferrite grains are separated in two populations: DF (deformed ferrite) and NDF
(non-deformed ferrite). This differentiation will allow for a better understanding of the effect of the
different parameters and processes, such as restoration, precipitation etc., that occur during intercritical
deformation for each NDF and DF family. It is assumed that during deformation, a distortion in the
crystal lattice is introduced, leading to higher GOS parameter values [7,9]. Therefore, the GOS parameter
distribution is strongly affected by the ferrite content prior to intercritical deformation. In the recently
published work, a GOS value of 2° was set to differentiate NDF from DF, yielding reasonable results.
This procedure was developed for polygonal ferritic microstructures transformed from fine austenitic
structures. However, in the current work, slightly different intercritically deformed microstructures
were formed due to the addition of microalloying elements. Depending on the austenite condition
and chemical composition, different ferrite morphology could be achieved. Coarser austenite grains,
as well as addition of microalloying elements, promote the delaying of phase transformation, leading
to the formation of more non-polygonal transformation products [10,11]. In this study, given that
more bainitic phases, such as quasi-polygonal ferrite, are observed, differentiating non-deformed
and deformed ferrite grains becomes more complex. Therefore, the threshold able to distinguish
non-deformed ferrite from deformed ferrite (previously shown in [7]) has to be redesigned.

The current work shows the complex interaction between austenite—ferrite content prior to
deformation, microalloying elements, austenite condition (recrystallized and deformed austenite)
and microstructural evolution during intercritical rolling. To that end, intercritical deformation
simulations were performed in a deformation dilatometer for CMn and NbV-microalloyed steels.
In addition to obtaining microstructural characterization by means of conventional characterization
techniques (optical and electron microscopy), a precipitation analysis was also performed for the
NbV-microalloyed steel.

2. Materials and Methods

The chemical compositions of the steels are listed in Table 1. The materials were laboratory cast
and hot-rolled to 16 mm-thick plates/slabs.

Table 1. Chemical composition of the studied steels (weight percent).

Steels C Mn Si Cr A% Ti Al Nb N

CMn 0.063 1.53 0.25 0.012  0.005 0.002 0.035 0.002  0.003
NbV 0.062 1.52 0.25 0.012  0.034 0.002 0.038 0.056  0.004

Uniaxial compression tests, depicted schematically in Figure 1, were performed using a Bahr
DIL805D deformation dilatometer (BAHR Thermoanalyse GmbH, Hiillhorst, Germany). Solid cylinders
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of 5 mm in diameter and 10 mm in length were used. Two different thermomechanical schedules were
defined with the purpose of obtaining different austenite conditions (recrystallized and deformed
austenite, in Cycle A and Cycle B, respectively) prior to transformation. As shown in Figure 1,
both schedules include a solubilization treatment at 1250 °C for 15 min to ensure the total dissolution
of Nb and V precipitates. Afterwards, a multipass deformation sequence was designed. Both cycles
include a deformation of 0.4 at 1050 °C, in order to ensure a fine recrystallized austenite. In Cycle B,
a second deformation pass is applied at 900 °C, below the non-recrystallized temperature, in order to
obtain a deformed austenite prior to transformation. Cycle A was applied to the CMn steel, whereas
both schedules were applied to the NbV microalloyed steel. The samples were cooled down slowly
(1 °C/s) to three different deformation temperatures (Tdef25, Tdef50, and Tdef75), in order to obtain
three ferrite fractions (25%, 50%, and 75%) before the intercritical deformation. Finally, a deformation
of 0.4 was applied in the intercritical region. After that, the specimens were cooled down to room
temperature (1 °C/s) in both steels.
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Figure 1. Thermomechanical schedule performed in the dilatometer: (a) CMn steel and NbV-microalloyed
steel; (b) NbV-microalloyed steel only.

The deformation temperatures for achieving the predefined 25%, 50%, and 75% ferrite fractions
were determined based on the dilatometry curves. The lever rule was considered in defining the
evolution of transformed ferrite fraction and proportionality between transformed fraction and
measured sample length change was assumed. The lever rule is based on extrapolating the linear
expansion behavior from the temperature regions where no transformation occurs and subsequently
assuming proportionality between the fraction of decomposed austenite and the observed length
change [12]. The ferrite fractions prior to deformation were measured in each deformation temperature
by systematic manual point count [13].

The dilatometry samples for the corresponding microstructural characterization were prepared
according to the following procedure. First, the selected samples were cut along their longitudinal
axis, at the region corresponding to a maximum area fraction of nominal strain and reduced strain
gradient [14]. After that, the samples were mechanically grounded with SiC abrasive papers and
polished with different diamond paste grades (6, 3, and 1 um) to get mirror surfaces. Finally,
the samples were etched with a 2% Nital solution. The microstructures were analyzed using different
characterization techniques like optical microscopy (OM, LEICA DMI5000 M, Leica Microsystems,
Wetzlar, Germany) and field-emission gun scanning electron microscopy (FEG-SEM, JEOL JSM-7000F,
JEOL Ltd., Tokyo, Japan).

In order to evaluate the crystallographic features of the dilatometry tests in more detail, EBSD
scans were performed for all cases. For that purpose, samples were polished with a colloidal silica
suspension. Orientation imaging microscopy was performed on the Philips XL 30CP SEM with
W-filament using TSL (TexSEM Laboratories, UT, USA) equipment. The total scanned area of the
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EBSD mappings was 350 x 350 um?, using a step size of 0.5 um and an accelerating voltage of 20 kV.
The scans were analyzed using TSL OIM™ Analysis 5.31 software (EDAX, Mahwah, NJ, USA). During
the post-processing, a clean-up procedure was applied to the raw data obtained from the scans to
assimilate any non-indexed points into the surrounding neighborhood grains. A single iteration dilation
clean-up routine with a tolerance angle of 5° and a minimum size of 3 pixels was defined. In addition,
the neighbor CI correlation procedure was taken into account, defining 0.1 as the minimum accepted
value. If there was any point with a CI value lower than 0.1, the orientation and CI of the particular
point were reassigned to match the orientation and CI of the neighbor with the maximum CI.

The size and morphology of the precipitates were studied by TEM on a scanning transmission
electron microscope JEOL JEM 2100 (TEM, JEOL 2100, JEOL Ltd., Tokyo, Japan) operated at 200 kV.
Carbon extraction replicas were obtained from dilatometry samples. Copper grids were employed to
support the carbon replicas.

3. Results and Discussion

3.1. Definition of Deformation Temperatures

In Figure 2a, the dilation curves obtained during air cooling are plotted for both steels and
austenite conditions, represented as AL/LO as a function of temperature. Figure 2b illustrates the
evolution of the transformed ferrite fraction for CMn, NbV-recrystallized austenite, and NbV-deformed
austenite (these curves are obtained from the dilatometry curves shown in Figure 2a). In Figure 2b,
the desired fractions of ferrite (25%, 50%, and 75%) are also drawn. As Figure 2 shows, depending
on the chemical composition, the transformation temperature varies. Given the aim of generating
different ferrite contents of approximately 25%, 50%, and 75%, deformation temperatures of 750, 740,
and 730 °C were selected for the CMn steel. Meanwhile, for the NbV steel, the formation of different
fractions of ferrite were achieved at deformation temperatures of 750, 730, and 720 °C in Cycle A and
770, 750, and 740 °C in Cycle B (Tdef25, Tdef50, and Tdef75, respectively).
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Figure 2. (a) Dilation curves and (b) evolution of transformed fraction in both steels and both austenite
conditions for the NbV steel.

Using the deformation temperatures predicted in the dilatometry study as a reference, several
interrupted quenching tests were performed to check that the ferrite content formed at those
temperatures agreed with the objective ferrite fractions. Figure 3 shows the quenched microstructures
obtained before different intercritical deformation temperatures for CMn steel (no deformation is
applied in the austenite—ferrite domain). In Figure 4, the microstructures corresponding to NbV
quenched specimens before intercritical deformation are shown for both austenite conditions and the
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entire range of deformation temperatures. The microstructures shown in Figures 3 and 4 illustrate
the variation of the ferrite-martensite balance caused by the modification of deformation temperature,
where more ferrite is formed as the temperature decreases. Together with the microstructure, the
measured ferrite fraction is also noted in all cases. All these data are summarized in Table 2.
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Figure 3. Optical micrographs obtained after a quenching at different deformation temperatures and
CMn steel (before intercritical deformation): (a) Tdef25, (b) Tdef50, and (c) Tdef75.
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Metals 2019, 9, 1049 6of 17

o
Lo
k3
el
[_1
(e) Tdef50 750 °C
LO
DN
k3
o
=

(c) Tdef75 720 °C (f) Tdef75 740 °C

v

Figure 4. Optical micrographs obtained after a quenching at different deformation temperatures
(before intercritical deformation) and both austenite conditions for NbV-microalloyed steel
(recrystallized and deformed): (a,d) Tdef25, (b,e) Tdef50, and (c,f) Tdef75.

Table 2. Measured ferrite fraction in each deformation temperature, both chemical compositions, and
austenite conditions after quenching.

. 25% Ferrite 50% Ferrite 75% Ferrite
Steel and Austenite
Condition Tdef25 Measured Tdef50 Measured Tdef75 Measured
O fa Q) fa (@) fa
Cycle A o o o
NbV recrystallized y 750 26% 730 49% 720 76%
Cycle B 770 31% 750 61% 740 79%
deformed y
CMn Cycle A 750 24.3% 740 53.3% 730 73.1%
recrystallized y

For NDbV steel (see Figure 4), a microstructural refinement (finer ferrite grains) is observed when
the transformation occurs from deformed austenite (Cycle B). This refinement is related to the increase
in the density of nucleation sites introduced by deformation in the austenite [11]. The ferrite fractions
prior to deformation were measured in each deformation temperature and the results are presented in
Table 2. As shown in Table 2, the measured ferrite fractions are very close to the objective ones.

3.2. Microstructures at Room Temperature after Intercritical Deformation

In Figure 5, optical micrographs corresponding to room temperature after intercritical deformation
for both steels (CMn and NbV) and both austenite conditions (recrystallized in Cycle A and deformed
austenite in Cycle B) are presented. Combinations of non-deformed ferrite (NDF) and deformed ferrite
(DF) are clearly distinguished in all the cases. Moreover, the formation of pearlite is observed in the
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resulting microstructures. Pearlite fractions of 13.7%, 6.1%, and 6.2% have also been measured for
CMn, NbV recrystallized austenite, and NbV deformed austenite Tdef25 samples, respectively. In both
chemical compositions (see Figure 5), the fraction of deformed ferrite increases as the deformation
temperature decreases, due to a higher amount of ferrite formed prior to the intercritical deformation.
This deformed ferrite is characterized by a significant presence of substructure (see Figure 5¢), reflecting
the fact that ferrite is restored after deformation in the intercritical region [6]. In addition, the morphology
of non-deformed ferrite changes from a polygonal ferrite (see Figure 5d) to a quasi-polygonal ferrite
(non-equiaxed) as deformation temperature decreases (see Figure 5f).
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Figure 5. Optical micrographs obtained after air cooling at different deformation temperatures
((a,d,g) Tdef25, (b,e,h) Tdef50, and (c,f,i) Tdef75) and different conditions: (a,b,c) CMn recrystallized
austenite, (d,e,f) NbV recrystallized austenite, and (g,h,i) NbV deformed austenite.

With the aim of evaluating the effect of deformation temperature and ferrite fraction before
deformation on the final microstructure more precisely, the microstructural analysis was extended via
EBSD. The EBSD technique was used to analyze the microstructural features of the samples deformed
in the intercritical region, which cannot be correctly quantified by any other standard microstructural
characterization techniques such as optical microscopy and/or FEG-SEM. In Figure 6, the grain
boundary maps related to the NbV recrystallized austenite and CMn steels can be compared for Tdef25
(a,c) and Tdef75 (b,d). The boundaries between 2° < § < 15° are considered the low angle boundary,
while those with 9 > 15° are assumed to be high angle boundaries [14]. In Figure 6, the low and
high angle boundaries are drawn in red and black, respectively. With regard to the effect of chemical
composition, it is observed that the addition of Nb and V promotes a more intense substructure within
the non-deformed ferrite grains (higher fraction of low angle boundaries drawn in red) within the
ferrite grains, mainly in the highest ferrite content (see Figure 6b,d). This could be related to the effect of
microalloying elements (mainly Nb) on the delaying of transformation start temperatures. It is known
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that the addition of Nb retards the austenite to ferrite transformation [15,16], which implies that ferrite
will be formed at lower transformation temperatures, leading to the formation of more bainitic phases.
Quasipolygonal ferrite grains are characterized by irregular grain boundaries and often show etching
evidence of substructure [17].
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Figure 6. Grain boundary maps (low and high angle boundaries, in red and black color, respectively)
corresponding to (a,b) NbV recrystallized austenite and (c,d) CMn. Different ferrite levels prior to
deformation have been included: (a,c) Tdef25 and (b,d) Tdef75.

In addition, the EBSD maps shown in Figure 6 suggest that depending on the deformation
temperature and, consequently, the fraction of ferrite prior to intercritical deformation, completely
different microstructures are formed. When the microstructure contains a low fraction of ferrite prior
to intercritical deformation, the presence of relatively polygonal ferrite grains is clearly observed
(see Figure 6a,c). As the deformation temperature decreases, more elongated and coarser grains can be
observed. As mentioned before, the applied deformation promotes the modification of the formed
ferrite, reflected in the presence of a higher substructure. Figure 6 shows that the deformed ferrite
is characterized by a significant presence of substructure, reflected in a higher fraction of low angle
boundaries drawn in red. This could be clearly observed for both chemical compositions. In both
steels, for Tdef75 condition, a lower deformation temperature than in Tdef25 is applied, leading to the
formation of a more intense substructure as the deformation temperature decreases.
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The differences between different ferrite morphologies can be appreciated more properly in
the FEG-SEM micrographs shown in Figure 7, which presents the micrographs corresponding to
the NbV steel and the lowest deformation temperatures (Tdef75). Figure 7a corresponds to the
microstructure obtained after transformation from recrystallized austenite (Cycle A) and intercritically
deformed at 720 °C, whereas in Figure 7b, the micrograph is related to the sample transformed from
deformed austenite (Cycle B) with an intercritical deformation at 740 °C. The addition of microalloying
elements, especially Nb, promotes the formation of more bainitic phases and reduces the presence
of polygonal phases, leading to non-equiaxed grains being predominant in the microstructure [12].
This quasi-polygonal ferrite is observed in both austenite conditions of the NbV-microalloyed steel.
However, the differences between the microstructures formed from recrystallized austenite and
deformed austenite are clear. Furthermore, when the transformation occurs from recrystallized
austenite (Figure 7a), deformation bands are identified inside the deformed ferrite grains, reflecting
a lack of ferrite restoration. The addition of Nb delays or suppresses the restoration of ferrite when the
transformation occurs from Cycle A (recrystallized austenite). The drag effect at low temperatures
(ranging between 740 °C and 720 °C), delays and suppresses the restoration of ferrite during intercritical
deformation [2,3]. However, in the sample transformed from deformed austenite (Figure 7b), there is
a substructure composed of subgrains, which is associated with the activation of restoration during
the deformation pass [13]. The deformation of austenite below the non-recrystallization temperature
(Tnr) promotes strain-induced precipitates which are effective for austenite pancaking but reduce the
Nb available during and after transformation to interact with ferrite restoration or recrystallization
phenomena [3].

Figure 7. (a,b) FEG-SEM micrographs and (c,d) inverse pole figure (IPF) + image quality (IQ) maps

corresponding to the NbV and Tdef75: (a,c) Cycle A (transformation from recrystallized austenite)
and intercritical deformation temperature of 720 °C and (b,d) Cycle B (transformation from deformed
austenite) and deformation temperature of 740 °C.
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In Figure 7c,d, inverse pole figures (IPFs) and image quality maps are superimposed, as are
high and low angle boundaries (coarse and fine black lines, respectively). As mentioned previously,
a completely different substructure is observed inside the deformed ferrite grains for each austenite
condition (see the low angle boundaries drawn in the IPF maps). When the ferrite comes from
a deformed austenite, well-defined subgrains are observed in the deformed ferrite (see Figure 7d).
By contrast, when the transformation occurs from a recrystallized austenite, the deformed ferrite
presents microbands (see Figure 7c). The addition of Nb delays or suppresses the restoration of
ferrite when transformation takes place from a recrystallized austenite, promoting the formation of
microbands. In the sample transformed from deformed austenite, a clear substructure associated with
the activation of restoration during the deformation pass is noticed [2-5,13].

3.3. Effect of Austenite Conditioning and Addition of Microalloying Elements

As shown in Figure 5, the microstructures generated after intercritical deformation are composed
of different balances of NDF and DEF, with some pearlite (P) islands dispersed in the ferritic matrix.
In order to analyze the microstructural features of the deformed (DF) and non-deformed ferrite (NDF)
populations separately, a recently developed discretization methodology was employed [7].

In the microstructures shown above, three different ferrite populations are identified: polygonal
ferrite (PF), quasi-polygonal ferrite (QF), and deformed ferrite. GOS distributions were analyzed in
each case, defining a grain tolerance angle of 5° and a minimum grain size of 0.91 um. For each GOS
distribution, a threshold GOS value was defined for differentiating deformed and non-deformed ferrite
grains and optimum GOS values were defined for obtaining the desired ferrite fraction (25%, 50%,
and 75%). From this analysis, a common value of 4° was estimated as the average of all the threshold
angles defined in each scan. This threshold GOS value was able to distinguish both non-deformed
and deformed ferrite in the final microstructure for both compositions, the ferrite content before
deformation, and austenite condition (recrystallized and deformed ferrite). In this case, the ferrite
population with GOS values lower than 4° is considered non-deformed ferrite, where PF and QF are
included. GOS values higher than 4° correspond to deformed ferrite grains. As an example, in Figure 8,
the grain boundary maps corresponding to both non-deformed (polygonal and quasi-polygonal ferrite
in Figure 8a) and deformed ferrite families (in Figure 8b) are shown. The differentiation of both ferrite
populations is shown for CMn steel and a deformation temperature of 740 °C (Tdef50).

Fraction (e Y™ k. ] Fraction 4}

CMn Cycle A (recrystallized v)

Figure 8. Grain boundary maps (low and high angle boundaries, in red and black color, respectively)
corresponding to Tdef50 and CMn steel: (a) non-deformed ferrite (NDF) and (b) deformed ferrite
(DF) family.
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Based on the discretization methodology described above, high angle misorientation unit sizes
for each ferrite type were quantified, considering the 15° misorientation criterion (Dy5°). The effective
grain size was calculated as the equivalent circle diameter corresponding to the individual grain area.
The considered minimum grain size is equal to 3 pixels (equivalent to 0.9 um for the 0.5 um step
size employed in the current EBSD analysis). In Figure 9a,b, unit size distributions are presented
for both non-deformed and deformed ferrite families corresponding to Tdef50. Comparing the
grain size distributions obtained in each ferrite population, significantly finer grains were measured
for non-deformed ferrite (see Figure 9a) compared to deformed ferrite (Figure 9b). Additionally,
in Figure 9¢,d, mean grain size values are plotted for both ferrite types and different ferrite levels,
as well as both chemistries and austenite conditions. As mentioned previously, in the analysis of the
results shown in Figure 9c,d, considerably finer microstructures were obtained in the non-deformed
ferrite formed during the final air cooling step. With regard to the mean grain size trends corresponding
to non-deformed ferrite population, no significant effect of ferrite fraction before deformation and
addition of microalloying elements on grain size is observed. Similar mean unit size values were
measured in entire ferrite content for both steels and different austenite conditions. Nevertheless,
a different behavior could be detected regarding the evolution of mean grain size of the deformed ferrite
family. The addition of Nb and V promotes microstructural refinement when the transformation occurs
from deformed austenite. In summary, a microstructural refinement is ensured when deformation is
accumulated in the austenite prior to transformation. The benefit of the accumulation of deformation
in the austenitic range is associated with the increase of the specific grain boundary, which leads to
a significant increase in the density of ferrite nucleation sites introduced by deformation [18-21].

Different equations have been proposed in the literature for predicting the ferrite grain size after
austenite-to-ferrite transformation for different steels [19,22-24]. All of the mentioned expressions take
into account the initial austenite grain size (dy), the cooling rate under continuous cooling conditions
(T), and the accumulated strain in the austenite prior to transformation (e4). However, depending on
the equation, significant differences can be observed in the predicted ferrite grain size. After comparing
the predicted ferrite grain size with the experimental grain size values, the approach proposed by
Bengochea et al. [19] (see Equation (1)) was selected.

Nl

do = (1-05e0ec")(4.5+ 3T * +13.4(1 - exp(-0.015d,))), 1)
where dy, e4cc, and T are the austenite mean grain size (in um), the accumulated strain in the austenite
prior to transformation, and the cooling rate (°C/s), respectively.

Even though Equation (1) [19] was initially developed for continuous cooling conditions
(austenite—ferrite phase transformation), in the present work, the applicability of this approach
for intercritically deformed microstructure was evaluated. Considering this equation, the intercritically
deformed ferrite grain size, as well as the non-deformed ferrite grain size were predicted. In Table 3,
besides the predicted mean ferrite grain sizes, the variables considered in each condition are summarized
for both ferrite families. For the deformed ferrite population (DF), the mean austenite grain size at
1050 °C is considered (after the deformation pass at this temperature) (73 and 55 pm, for CMn and
NbV-microalloyed steel, respectively). In the NbV deformed austenite condition, an accumulated
strain (¢,4¢.) of 0.4 was considered in order to take into account the accumulation of deformation in the
austenite prior to transformation. In analyzing the predicted mean ferrite grain sizes, it is observed
that finer ferrite grains are estimated for NbV deformed austenite.

Regarding the non-deformed ferrite grain size (transformed after intercritical deformation and
during the final air cooling step), the €, term is considered to be 0.4 for CMn and NbV recrystallized
austenite, whereas for NbV deformed austenite, a ¢, of 0.8 is taken into account (the sum of the
deformation applied below Ty, in austenite and deformation applied in the intercritical region).
To estimate mean austenite grain size prior to transformation, the ferrite content prior to intercritical
deformation must be taken into account [25,26]. It is well known that as ferrite content increases before
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deformation, the remaining austenite grain size decreases. Therefore, the remaining austenite sizes
were measured in selected quenched samples prior to intercritical deformation (by measuring the
martensitic regions in the quenched samples) in order to find the relation between ferrite fraction before
intercritical deformation and the remaining austenite size. For example, in the NbV recrystallized
austenite condition, the mean austenite size decreased from 47 to 26 um, increasing the intercritically
deformed ferrite fraction from 24% to 71%. As the content of ferrite prior to intercritical deformation
increased, the predicted mean non-deformed ferrite size decreased, due to the reduction of the mean
austenite grain size. For example, for NbV recrystallized austenite, calculated dx decreased from 9.6 to
8.0 um when the ferrite fraction increased from 24% to 71%.
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50% BNbV Recrystallized Austenite Tdef50 50% 1 mNbV Recrystallized Austenite Tdef50
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Figure 9. Grain size distributions corresponding to Tdef50 and different chemical composition
(CMn, NbV recrystallized austenite, and NbV deformed austenite): (a) Non-deformed ferrite and (b)
deformed ferrite population. Influence of austenite/ferrite balance, chemical composition, and austenite
condition on 15° mean grain size of both ferrite populations: (c) non-deformed ferrite and (d) deformed
ferrite population.
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Table 3. Predicted mean ferrite grain sizes for both ferrite families considering Equation (1) [19] and

the variables considered in each condition.

Ferrite Content Prior

Mean Austenite Size,

da Predicted (um) by

. . .. T
Ferrite Family Condition to Deformation (%) dy (um) acc ©C/s) Equation (1)

37 73 0 1 16.4
CMn 64 73 0 1 16.4
63 73 0 1 16.4

NbV 24 55 0 1 15

DF recrystallized 61 55 0 1 15
austenite 71 55 0 1 15

8 55 0.4 1 10.1

NbVv dtefo_rtmd 53 55 0.4 1 10.1

austenite 45 55 0.4 1 10.1

37 36 04 1 8.9

CMn 64 16 04 1 7.0

63 16 04 1 7.0

NbV 24 47 0.4 1 9.6

NDF recrystallized 61 31 0.4 1 8.4
austenite 71 26 04 1 8.0

8 52 0.8 1 8.1

NbVv dffo_rtmed 53 35 0.8 1 7.1

austenite 45 38 0.8 1 7.3

In Figure 10, the predicted ferrite sizes are plotted as a function of ferrite grain size measured
by the EBSD technique for the different compositions, austenite conditions, and ferrite families
(DF and NDF, deformed and non-deformed ferrite, respectively). With regard to the non-deformed
ferrite, a reasonable fitting can be observed for all the conditions. However, for the NDF population, the

experimentally measured mean grain sizes were slightly larger than the predicted ferrite grain sizes,
principally for the NbV deformed austenite sample. This deviation is more significant for Tdef50 Tdef75
conditions. For NbV grade, further analysis is required in order to understand the effect of deformation
temperature on ferrite grain size when the transformation takes place from a deformed austenite.
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Figure 10. Predicted ferrite grain sizes considering Bengochea’s [19] equation as a function of ferrite size

measured by EBSD for both chemical composition, austenite conditions, and both ferrite populations
(NDF and DF).

3.4. Interaction between Precipitation, Nb in Solution, and Intercritically Deformed Ferrite

In order to evaluate the role of Nb and V precipitates in the different processes (restoration,
recrystallization) occurring during the intercritical rolling, a study of fine precipitates was carried out
on carbon extraction replicas, and the average precipitate size was measured in selected conditions.
Figure 11 shows differences in precipitation for both recrystallized and deformed austenite for the
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Tdef75 condition. Regarding the effect of austenite conditioning, different precipitation populations
were formed depending on the applied rolling strategy (recrystallized or deformed austenite). When the
transformation occurs from recrystallized austenite, a high density of fine precipitates can be detected.
These precipitates are considered to be formed in ferrite during or after the intercritical deformation.
Nevertheless, in the sample corresponding to deformed austenite, strain-induced precipitates formed
in austenite are also observed. In all cases, most of the particles are Nb-rich precipitates, as well as
NbV and NbTiV-rich precipitates (see microanalysis shown in Figure 11e).

Figure 11. TEM images obtained in (a,b) NbV recrystallized austenite and (c,d) NbV deformed austenite
at different magnifications for Tdef75. (e) Microanalysis of the precipitates.



Metals 2019, 9, 1049 15 of 17

In Figure 12a, the precipitate size distributions are plotted. The precipitate diameter distributions
corresponding to recrystallized austenite and deformed austenite conditions (Tdef75 case) can be
compared. The results indicate that noticeably finer precipitates were measured when transformation
occurs from recrystallized austenite (mean precipitate size is decreased from 15.9 to 10.2 nm). This could
be related to the fact that a lower intercritical deformation temperature is applied in Cycle A
(recrystallized austenite), which leads to the formation of finer precipitates in ferrite. In addition,
as previously mentioned, a higher density of fine precipitates was observed.

30% 30%
mNbV Deformed Austenite (Tdef75) BNbV Recrystallized Austenite Tdef25
250 | BNbV Recrystallized Austenite (Tdef75) 2506 BNbV Recrystallized Austenite Tdef75
— o J Dmean (ppt) = 15.9 nm — o J
X 20% I X 20% Dmean (ppt)=13.8 nm
; Dmean (ppt) = 10.2 nm I ;
<] © Dmean (ppt)=10.2 nm
S 15% - G 15% 1
S =
[3) o
o o
L 10% A L 109 -
5% A 5% -
0% 0% 4

Precipitate size (nm) Precipitate size (nm)

(a) (b)

Figure 12. Precipitate size distribution measured for (a) NbV recrystallized austenite and NbV deformed
austenite for Tdef75. (b) Tdef25 and Tdef75 for NbV recrystallized austenite.

The results indicate that the nanometric precipitates could suppress the restoration of ferrite,
forming microbands when transformation occurs from recrystallized austenite. In the case of Cycle B
(deformed austenite), strain-induced precipitates formed in the austenitic region—which are bigger
but fewer in number—were not able to stop the restoration process that happens during or after the
intercritical deformation. Differences in the niobium available during transformation are a key factor in
maintaining the deformation bands or in developing a substructure within the intercritically deformed
ferrite grains.

Besides the analysis of the influence of the accumulation of deformation in the austenite prior
to transformation, the effect of ferrite fraction before intercritical deformation was also analyzed.
An example is given in Figure 13, which shows the comparison between TEM images corresponding to
Tdef25 and Tdef75. Furthermore, in Figure 12b, the precipitate size distributions are also presented.
Quantified mean precipitate sizes are also included in the graphs. A significant precipitate size
refinement is clearly noticeable as ferrite content prior to deformation increases and intercritical
deformation temperature decreases. Moreover, as shown in Figure 13, a higher fraction of fine
precipitates is observed for Tdef75. Mean precipitate size decreases from 13.8 to 10.2 nm when the
fraction of ferrite before intercritical deformation increases from 25% to 75%. Finer precipitates are
formed when lower intercritical deformation is applied, confirming that the precipitation occurs during
or after intercritical deformation.
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Tdef25

Figure 13. TEM images obtained in NbV recrystallized austenite and different ferrite contents prior to
intercritical deformation: (a) Tdef25 and (b) Tdef75.

4. Conclusions

The analysis of intercritically deformed microstructures has been validated and extended to
NbV-microalloyed steels following an EBSD characterization procedure. The threshold values for
differentiating between deformed and non-deformed ferrite depend on the ferritic structure formed.
Non-deformed equiaxed ferrite grains can be distinguished more easily from deformed ferrite grains,
while in situations where non-polygonal and more bainitic structures are formed, the differentiation
between deformed and non-polygonal grains is more diffuse due to a higher dislocation density in
the latter.

The transformation of ferrite from recrystallized and deformed austenite implies modifications
in the intercritically deformed ferrite. Differences in the niobium available during transformation
are a key factor in maintaining the deformation bands and in developing a substructure within the
intercritically deformed grains.
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