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Abstract: Thermo-mechanically controlled rolling is a technique used to produce steel strips and
plates. One of the steels widely used in the production of heavy plates for application in oil and gas
pipelines is API X80. The hot rolling process of this family of steels consists of applying deformation
passes at high temperatures, mainly above Aejs, inside the austenite phase field. It has been shown
that during deformation, the phenomenon of dynamic transformation (DT) of austenite into ferrite
leads to lower hot deformation resistance within the stable austenite region. In this investigation, hot
torsion simulations of an industrial rolling process under continuous cooling conditions were used to
monitor the formation of ferrite by DT. Stress—strain flow curves and equivalent mean flow stresses
followed by sample characterization via optical and electron microscopy showed the inevitable
formation of ferrite above the Aes. The employed 10-pass deformation schedule was divided into
5 roughing and 5 finishing passes, thereby promoting an increased volume fraction of ferrite and
decreased critical strain for the onset of DT and dynamic recrystallization (DRX). A microstructural
analysis confirmed the formation of ferrite from the first roughing strain until the last finishing pass.
The volume fraction of DT ferrite increased due to strain accumulation, an increased number of
deformation passes and as the temperature approached the Aes, leading to a characteristic torsion
texture at the end of the simulation.

Keywords: dynamic transformation; linepipe steels; thermomechanical processing

1. Introduction

Dynamic transformation (DT) is defined as a phase transformation that occurs during
deformation. In steels, austenite can dynamically transform into ferrite at temperatures
above the Aej transformation temperature and throughout the austenitic phase field [1-6].
The first investigation of this phenomenon was done by Matsumura, Yada and co-authors
in the 1980s [7,8]. In their study, the authors detected the formation of ferritic grains in a
carbon steel above the Aez when strain was applied. In 2000, these results were confirmed
in an in situ X-ray diffraction study [9].
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Basabe et al. [10,11] conducted torsion tests on Nb-microalloyed steels and demon-
strated that the dynamically formed ferrite was primarily nucleated in the form of Wid-
manstdtten plates with similar crystallographic orientations. The plates later coalesced into
polygonal ferrite upon continued application of strain. The temperature was found to have
an inverse effect until the midway (highest Gibbs energy value difference between austenite
and ferrite) between the Ae; and delta-ferrite first formation, favoring the transformation
of ferrite after this point due to the decrease of the Gibbs energy barrier [12,13]. In con-
trast, at high temperatures, static and dynamic softening phenomena acted to reduce the
dislocation density of the material which prevented DT. When the temperature decreased
and approached the Aej line, the dislocation density increased in the deformed austenite,
promoting the driving force for DT which increased the volume fraction of ferrite [14-18].

After applying the deformation pass, ferrite plates formed and coalesced into polyg-
onal grains. However, if the material was kept for a time at the test temperature above
Aes, the dynamically transformed metastable ferrite retransformed into austenite, which
is the most stable constituent at this temperature range [19,20]. This retransformation
process was thermally activated and occurred by diffusional mechanisms [21,22]. A deeper
investigation of this phenomenon is relevant to broaden our understanding of deformation-
induced ferrite formation and to determine the amount of DT ferrite required to influence
mechanical properties during the industrial rolling process of high-strength-low-alloy
(HSLA) steels like the ones applied in oil and gas transport pipelines.

In order to monitor the formation of ferrite by DT, hot torsion tests were performed
under continuous cooling conditions, simulating controlled thermomechanical processing
of industrial rolling of an API X80 steel. The results of this work represent an advance in the
study of DT under the rolling process of an API X80 steel in which the final microstructure
and texture are influenced by thermomechanical processing parameters such as the number
of deformation passes and temperatures.

2. Materials and Methods

In this work, steel plates of linepipe grade API X80 were used. The chemical composi-
tion of the material was obtained by optical emission spectrometry, PDA 7000 (Shimadzu,
Kyoto, Japan). The Aej transformation temperature was determined using JMatPro®
software. Table 1 displays these results.

Table 1. Chemical composition (mass%) and equilibrium transformation temperature (°C).

C Mn Si Cr Ni v Mo + Nb + Ti + Al P S Aej
0.112 173 030 015 0.023 0.032 0.111 0.0084 0.004 830°C

The plate rolling simulation was performed using a hot torsion testing machine. The
tests took place as follows. The material was heated to 1200 °C with a heating rate of
2 °C/s. It was then kept at this temperature for 5 min for material solubilization. The
specimens were heated by means of infrared radiation in a furnace mounted directly on the
testing machine. The temperature was controlled using a Alumel-Chromel thermocouple
K-type fixed in holes drilled near the twisted surface. When the solubilization period was
completed, the material was cooled to a temperature of 1100 °C at rate of 2 °C/s. The steel
was maintained for 60 s at this temperature before the application of the first roughing
(R1) pass with a strain of 0.3 and a strain rate of 1 s~!. The instantaneous torque and
rotation angle were read and recorded while the specimen was under strain by a software
interfacing the hot torsion machine which undertakes parametric tests such as temperature,
holding time, limit of strain and strain-rate.

The interval between passes was 10 s. Another four roughing passes (R2, R3, R4 and
R5) were applied at temperatures of 1080, 1060, 1040 and 1020 °C, respectively, and strain
0.2 and a strain rate of 1 s~!. The finishing passes (F1, F2, F3, F4 and F5) were applied at
temperatures of 960, 945, 930, 915 and 900 °C with time between passes of 10 s and the same
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strain and strain rate as in the four last roughing deformations. Note that all simulations
were carried out inside the austenite phase field, and the last strain of the finishing stage
was 70 °C above the Ae; temperature. After passes 1, 3 and 5 of both the roughing (R) and
finishing (F) stages, the material underwent ultra-rapid cooling by a continuous flow of
water on the specimens in order to preserve the microstructure for further analysis. Figure 1
illustrates the thermomechanical processing simulation process.

R et w—— o~y ‘-

Tempe

R1, R2, R2, R3 and R5 Roughing passes, strain of 0.3 for R1
and 0.2 for remaining roughing passes

Interpass times of 10s between all passes

€ =0.2 per pass (from F1 to F5)

Strain rate = 1 s

v

Time

Figure 1. Thermomechanical schedule of continuous cooling process used for the plate rolling
simulations of the API X80 steel by means of torsion testing. All simulations were conducted above
the Ae3 temperature.

For the microstructural analyses, quenched samples were longitudinally sectioned
and mounted in a conductive resin to provide cross-sections and allow observations of the
changes in grain shape that accompanied the strain. To avoid the maximum variation of
the cooling rate from the outer surface to the centerline of the torsion samples, as well as
the influence of oxidation on the surface, the microstructural analyses were made 100 pm
below the outer surface of the specimen. The samples were prepared using standard
metallographic procedures, including grinding (#120 to #1200 SiC papers) followed by
mechanical polishing using 6-, 3-, and 1-pm diamond paste and, finally, a 0.02-um colloidal
silica suspension. The polished specimens were then etched with a 3% nital solution for
approximately 15-20 s and treated with a 10% aqueous sodium metabisulfite (Na;S,0s)
solution to improve the contrast between ferrite and martensite.

The initial microstructural analysis was carried out using optical microscopy (OM).
Scanning electron microscopy (SEM) and electron-backscatter diffraction (EBSD) techniques
were used to obtain more detailed information about the microstructure. SEM images
were obtained using a field emission gun scanning electron microscope (FEGSEM), the
FEI Quanta FEG 450 (ThermoFisher, Hillsboro, OR, USA). Microtexture analyses were
performed using the Channel 5 (Oxford Instruments HKL, Hobro, Denmark) and ATEX
data processing software package (ATEX, Metz, France) [23]. ODFs were determined
from EBSD maps through the statistical Kernel density estimation method and plotted
at constant Euler angles of ¢, = 45°. As a reference in the latter analysis, the crystal
and sample reference system were set as X/ /anti-shear direction (SD), Y/ /shear normal
direction (SN), and Z/ /transverse direction (TD).



Metals 2022, 12, 1239

40f17

3. Results and Discussion
3.1. Flow Curves from the Plate Rolling Simulation

The stress—strain curves obtained from the five-pass simulations related to roughing
passes, together with the five-deformation regarding the finishing stage of the thermome-
chanical process, are illustrated in Figure 2.

180 1100 °C |1080 °Cc | 1060 °C | 1040 °C |1020 °Cc L 960 °C | 945 °C | 930 °C | 915°C | 900 °C |
IS e e B S I I R—

Roughing passes simulation Finishing passes simulation

160

140 +

120

100 |
80 |

60

Equivalent Stress (MPa)

40

20

03 05 07 09 11 13 15 1.7 19 21

Cumulative strain

Figure 2. Flow curves of the API X80 steel samples subjected to 10 deformation passes in the
thermomechanical simulation. The 5 roughing and 5 finishing passes were all conducted above the
Aes temperature.

To evaluate the effect of DT on the softening process, the peak stresses in each pass
were determined and the average increase rate with temperature was calculated. For
instance, from the R1 to the R2 pass, the stress peaks were 92 MPa and 100 MPa, while the
temperature decreased from 1100 to 1080 °C, respectively. This represents a variation of
8 MPa with a difference of 20 °C, which is equivalent to 0.4 MPa/°C. The same method-
ology was applied to the following deformation passes. The R3 pass resulted in a lower
peak than the previous passes. This suggests that the softening mechanisms exceeded the
hardening of the material. This occurred due to the strain accumulation in the R1 and
R2 deformations which required less strain to initiate the occurrence of DT in the subse-
quent pass [24,25]. Also, the high temperatures associated with deformation promoted
dynamic and metadynamic softening mechanisms such as recovery and recrystallization
concurrently with DT [1,26].

Although the R3 to the R5 roughing passes showed a tendency to increase the stress
peaks due to the drop in temperature, this was less intense than the two previous passes due
to DT. The increasing stress rate with temperature was about 0.3 MPa/°C, i.e,, slightly lower
than the initial trend between the R1 and R2 strains. According to Rodrigues et al. [14,22,24],
this occurs because of the partial transformation of austenite into ferrite, leading to more
pronounced softening behavior in the last roughing passes.

Between the fifth roughing pass at 1020 °C and the first finishing pass at 960 °C, there
was a time interval of 90 s. During this time, diffusive mechanisms acted and the ferrite was
retransformed into stable austenite [1,4,6,19]. Static recovery and recrystallization phenom-
ena were also favored during this time interval. As the austenite had a higher deformation
resistance compared to the ferrite phase, the applied stress to deform the material in F1 was
higher than the last rouging pass [27-29]. From the F1 to the F2, there was a sharp increase
in the peaks of flow curves which led to a stress variation rate of 1.2 MPa/°C due to the
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work hardening rate of the amount of retransformed austenite [25,30]. For the F3 pass, an
effect like that of the R3 roughing pass could be observed, where a load reduction occurred,
which was associated with the accumulated strain energy in the material that also favored
less strain on the DT.

For the rest of the finishing passes, the stress levels increased with strain at a stress
variation rate of 0.5 MPa/°C. However, this increase was smaller than expected when only
recovery and recrystallization were involved. This indicated that dynamic transformation
had occurred because the ferritic phase is softer than deformed austenite, and as the
temperature approached the Aejz line, where the difference between the Gibbs free energies
of austenite and ferrite is the least [12,31].

3.2. Mean Flow Stresses in the Thermomechanical Simulation

The Mean Flow Stresses (MFS) chart obtained from the stress—strain curves is a tool to
evaluate the effect of dynamic transformations on stress levels. Each value acquired from
an individual curve was computed from the area under the flow curve according to the
following Equation (1).

1 f
FS = 1
MES = _8i/i (0egde) 1)
where 0 is the equivalent stress and (¢f — ¢;) is the equivalent strain applied in each pass.
The results of the MFS values in the curves of the roughing and finishing stages for API
X80 steel are shown in Figure 3.

Figure 3. MFS evolution obtained from the plastic flow curves presented in Figure 2. The MFSs
increased from the first to the second pass of the roughing stage and sixth to the seventh in the
finishing passes, followed by a softening in the succeeding passes for both regions, which suggested
the formation of DT ferrite during each application of strain.

The strain accumulation was responsible for the sharp increase in the MFS from
the first to the second roughing passes, as well as from the first to the second finishing
passes of the simulations. This is consistent with the behavior of the stress—strain curves,
shown in Figure 2. Other authors [4,32] have mentioned that the material stores energy
with increasing strain passes, and that alloying elements also contribute to retarding the
retransformation of ferrite into stable austenite between passes due to pinning and/or
solute drag effects [31,32]. The MFS presented a slight decrease from the second to the
third rouging passes and remained approximately constant from the F6 to the F7 pass.
According to these observations, the increase in the subsequent passes was very smooth
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until the last pass of each stage. This behavior indicated that ferrite had formed in each
pass. Since ferrite is softer than austenite, it indicates that the volume fraction of the former
phase also increased as the temperature approached the Aejs line. It is worth mention
that this phase softening mechanism also coexists with dynamic and/or meta-dynamic
recrystallization. This is supported by the double differentiation methodology presented in
the following section.

3.3. Determination of the Critical Strains for the Initiation of DT and DRX

As the behavior of the flow curves and MFSs indicated that the softening mechanisms
of DT and DRX acted during thermomechanical process simulations, further analytical
analyses were necessary to clarify this point. Here, the methodology of the double differ-
entiation on the stress—strain curves proposed by Poliak and Jonas were employed [33].
Programming code of the first and second derivative calculation from the flow curves
that were fitted from the 0.2% offset yield stress up to the peak stress using a ninth order
polynomial (higher order is necessary in some cases) was created in the Matlab software
(MathWorks, Natick, MA, USA). More details about this procedure can be found in previous
publications [14,17,19,22].

Previous researchers have shown by means of microstructural characterization that the
first presented minimum in the (—d8/do) versus (o) charts is associated with the beginning
of DT while the second minimum determines the onset of DRX [4,5]. The second derivative
curves obtained from the flow curves related to the roughing and finishing stages of the
simulation are presented in Figure 4a,b, respectively.

(a) (b)

Figure 4. Graphs of (—d6/do) versus (o) were used to identify the minima related to the onsets of
dynamic transformation (DT) and dynamic recrystallization (DRX). The specimens associated with
the (a) rouging and (b) finishing stages of the thermomechanical simulation are presented.

After finding the stresses of the two minima in Figure 4, these were correlated to
their respective strains in the flow curves. The quantity of strains (named as critical strain)
where DT and DRX initiated were then plotted with their corresponding pass number; see
Figure 5. Note that the roughing and finishing stages of the simulation are highlighted
in the chart, as are the temperatures of the employed deformations. For all passes, the
critical strain for the onset of DT was lower than that of the DRX, which reflects the first
and second minima of the second derivate curve. Both the DT and DRX critical strains (0.12
and 0.19) were higher in the first pass of the roughing stage and decreased as the number
of passes increased, reaching values of approximately 0.04 and 0.09, respectively.
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Figure 5. Dependence of the critical strains for the onset of DT and DRX on the pass number related
to the roughing and finishing stages. Here, the first finishing passes of both roughing and finishing
simulations always display the highest critical strain; this critical value is reduced with further
deformations.

A similar trend can be observed in the finishing stage; however, the critical strains
of the DT and DRX in the first finishing pass of the overall simulation were much lower
compared to the first pass of the roughing. This was due to the possible amount of
ferrite that may have been produced in previous passes coming from the roughing stage.
Also, for the F1 pass, the slight increase in critical strain was related to the recovery
and static recrystallization of the material, a process that occurred due to the 90-s delay
after the application of the fifth roughing pass. Furthermore, a partial fraction of ferrite
retransformed into stable austinite during this interval. From the F2 to the F5 passes,
certain critical strains for DT decreased with increasing pass number. As reported in
the literature, stain accumulation is a driving force for DT, as the austenite suffers work
hardening and the decrease of the processing temperatures lowers the total energy barrier
for DT [1,5,12,24]. Therefore, lower strain is required to transform austenite into ferrite
under such circumstances.

3.4. Continuous Cooling Transformation Curves Related to Some Roughing and Finishing Passes

In order to make sure that ferrite had not formed during the fast cooling from the
test temperatures above the Aes, continuous cooling transformation (CCT) diagrams were
plotted. The measured grain sizes after each strain were considered. Based on these results,
a fast water quenching process was considered to avoid ferrite formation during cooling.
As such, the only ferrite that remained was that formed dynamically above Aez. CCT plots
are depicted in Figure 6. These charts were generated using the Fe Alloys module in the
JMatPro software 11.2 (Sente Software, Guildford, UK).

The diagrams were calculated considering the parameters of the R1, R3, R5 roughing
passes and F1, F3, F5 passes of the finishing stages. Their respective tested temperatures
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were 1100, 1060, 1020, 960, 930 and 900 °C; see Figure 6a—f. The samples presented
average grans sizes of about 75, 60, 35, 53, 31 and 17 um, respectively. According to
Rodrigues et al. [3], in experiments performed in a Gleeble 3800 system (Dynamic Systems,
New York, NY, USA) in hot torsion mode, water quenching promoted ultra-fast cooling
over the surface of the specimens, reaching rates of the order of 500 °C/s, indicating that in
a very short interval, the temperature dropped to room temperature.

Figure 6. Calculated continuous cooling transformation (CCT) diagrams of the API X80 quenched
from (a) 1100 °C with a grain size of 75 um; (b) 1060 °C with a grain size of 60 pum; (c) 1020 °C with a
grain size of 35 um; (d) 960 °C with a grain size of 53 pum; (e) 930 °C with a grain size of 31 um; and
(f) 900 °C with a grain size of 17 um. All simulation was conducted above the Ae; temperature.

An analysis of the CCT curves shows that the time required to start the formation
of the ferrite phase due to cooling varied from 10 s at 1100 °C (see Figure 6a) to 2 s at
900 °C (see Figure 6f), depending on the temperature at which the cooling process started.
In this way, the applied cooling rates in the simulation were sufficient to prevent ferrite
formation because the maximum interval to reach room temperature was 0.8 s. The cooling
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conditions imposed on the material support the hypothesis that phase transformation had
not occurred by a diffusion process during quenching. Therefore, the ferritic phase present
in the material was due solely to dynamic transformation.

3.5. Microstructural Analysis and Calculated Volume Fraction of Ferrite

Image analysis is an important method for the characterization of materials. In the
study of dynamic transformations (DT), it constitutes a powerful technique for visualizing
the formed phases and calculating their volumetric fractions. The optical microscopy results
are depicted in Figure 7. Images that correspond to samples quenched after the R1, R3 and
R5 of the roughing strains and the F1, F2 and F5 passes of the finishing stage simulations
are shown in Figure 7a—f, respectively. The brighter areas are DT ferrite while the darker
regions are martensite (austenite at elevated temperature, which was transformed during
quenching). The arrows indicate ferrite (Fe(x)) islands surrounded by austenite (). It can
be noted that optical images were chosen for volume fraction measurements of the phases
where a quantity of 10 to 15 images per sample were used; these results are presented later.

Figure 7. Optical microstructures of the API X80 steel subjected to the thermomechanical simulation
and fast quenching. The samples were quenched immediately after the (a) R1, (b) R3 and (c) R5 pass
of the roughing part and (d) F1, (e) F3 and (f) F5 pass of the finishing stage. Bright regions are DT
ferrite while dark regions are martensite (prior austenite).

In Figure 7a, it can be seen that a small amount of ferrite was present right after the
first roughing deformation at 1100 °C, and that this quantity appeared to increase as the
number of passes is increased; see Figure 7b—f. A higher number of passes means more
strain accumulation and work-hardening of the remaining austenite, which increased the
driving force for DT.

The cumulatively calculated volume fraction of dynamically transformed ferrite de-
termined from the OM images after the R1, R3, R5, F1, F3 and F5 passes and before the
commence of the F1, F3 and F5 strains are displayed in Figure 8.
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Figure 8. The cumulative volume fraction of formed ferrite with the pass number after roughing
passes and before and after the finishing passes. More ferrite is produced as the pass number increases,
while different amounts retransform into austenite during the time between passes.

The first roughing deformation at 1100 °C produced a volume fraction of ferrite of
approximate 5%; after the third and fifth at 1060 and 1020 °C, these figures increased to
approximately 6% and 9.2%, respectively. During the 90-s interval from the roughing to
the finishing stages in which the temperature dropped from 1020 to 960 °C, the volume
fraction of ferrite reduced to 2.6% by diffusional retransformation above the Aes. The first
pass of the finishing stage at 960 °C raised the quantity of ferrite to 9.5%. According to the
tendency of the presented behavior regarding the formation of ferrite, the F2 pass, that was
not measured here, would have produced about 15% ferrite which would have reduced
to 4.5% after the 10s interval but before the initiation of the F3 pass. The third finishing
strain at 930 °C increased the ferrite phase fraction to approximately 21%. Before the last
finishing deformation at 900 °C, the quantity of ferrite was reduced to 7.7% but increased to
32.5% after the application of the F5 finishing strain of 0.2. This behavior is consistent with
previous research, where it was demonstrated that the volume fraction of ferrite increased
during the plate rolling process in HSLA linepipe steels [5,22,24,32].

Figure 9 shows the SEM microstructure of the torsion specimens sectioned transversely
after the first (Figure 9a) and fifth (Figure 9b) roughing passes, as well as after the first
(Figure 9¢c) and fifth (Figure 9d) passes of the finishing stage of the thermomechanical
simulation. It has already been shown that DT ferrite first forms as Widmanstatten ferrite
plates at the critical strain and coalesces into polygonal shapes as the strain is continued after
the critical strain. Ferrite structures are highlighted in the images. It can be noted that most
of the presented ferrite was in the form of polygonal shapes. This means that this phase
had already passed through coalescence while under strain. From a qualitative evaluation,
it is clear that the last passes produced more DT ferrite due to strain accumulation and as
the temperature approached the Aejs line.
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Figure 9. SEM images of the specimens subjected to the torsion simulation and transversally sectioned
after the (a) first and (b) fifth passes of the roughing stage and after the (c) first and (d) fifth strains
of the finishing part of the thermomechanical simulation. The pictures show the presence of ferrite
(mostly in polygonal form) and martensite (prior austenite).

3.6. Electron Backscatter Diffraction (EBSD) Characterization

It is well known that it is quite difficult to separate body-centered cubic (BCC) ferrite
from the previous austenite transformed into body-centered tetragonal (BCT) martensite
during quenching in EBSD, which may lead to errors in phase fraction measurements.
One way to mitigate this drawback is to employ the methodology of Kernel Average
Misorientation (KAM). Chadha et al. [34,35] used the KAM technique to quantify the
internal misorientation of grains for the characterization of DT ferrite in an as-cast medium-
carbon low-alloy steel. In their work, they considered up to the third nearest neighbor
to calculate the internal misorientation between grains and distinguish BCT from BCC
structures. Here, the same procedure was used with a threshold angle of 5°, in which the
fraction lower than 2° misorientation was considered as the ferrite phase and from 2° to
5° was considered as martensite (previous austenite). Other researchers have applied the
same methodology to distinguish BCC from BCT in EBSD [34-36]. The KAM maps for the
samples quenched after both the last roughing (R5 pass) and finishing (F5 pass) strains are
presented in Figure 10a,b, respectively.

Qualitatively, it can be seen that there was more ferrite after the last finishing pass
than the last roughing strain during the thermomechanical simulation. The blue and green
colors indicating ferrite (misorientation <2°) occupy more space after the F5 pass, while
the yellow to orange colors of martensite and of untransformed austenite are much more
pronounced after the R5 pass. These results agree with the OM analyses and volume
fraction calculation shown in Section 3.5.

It is well established that only the best-oriented grains are prone to be transformed
into ferrite due to DT during strain [20,21]. This orientation is calculated in terms of the
Schmid factor, that gives the parameters of activated slip systems of grains associated
with the rolling direction. The maximum calculated value to favor the transformation of
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austenite into ferrite during deformation is 0.5. Figure 11a,b show the Schmid factor maps
of the deformed samples after the R5 roughing and F5 finishing passes, respectively. The F5
strain shows the greater fraction of softer grains with a higher Schmid factor that were easily
dynamically transformed from austenite, compared to the R5 pass containing a higher fraction
of harder grains (low Schmid factor). This is an indication that the API X80 steel increased its
volume fraction of DT ferrite from the roughing to the last pass of the finishing simulation.

(b)

Figure 10. EBSD Kernel Average Misorientation (KAM) maps of specimens quenched right after the
(a) last roughing pass and (b) last finishing pass. A misorientation <2° regarding ferrite is separated
from the 2° < 0 < 5°, which may be associated with martensite in both situations.

Figure 11. Schmid factor maps of the samples quenched right after the (a) last roughing pass and (b) last
finishing pass. The last pass of the simulation presented a higher fraction of softer grains (higher Schmid
factor) while the fifth pass of the roughing stage showed harder grains with a lower Schmid factor value.
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3.7. Orientation Image Maps (OIM) and Orientation Distribution Function (ODF) Analyses

The orientation image maps (OIMs) of the deformed specimens after strain accumula-
tion of 1.1 (fifth roughing pass) and 2.1 (fifth finishing pass) obtained by EBSD are depicted
in Figure 12a,b, respectively. These figures reveal that by increasing the amount of strain
accumulation and, consequently, the volume fraction of ferrite, a gradual orientation gradi-
ent developed within the grains. In these pictures, it is possible to clearly distinguish the
different morphologies of the produced DT ferrites after the roughing and finishing stages.
After roughing, the structure presented with more martensite (untransformed austenite)
packages and ferrite in the form of films or blocks between the martensite (untransformed
austenite) laths; see Figure 12a. After the fifth finishing pass, the morphology of the
structure predominantly comprised polygonal ferrite and small packages of martensite
(untransformed austenite).

Figure 12. The orientation image maps (OIMs) of the deformed specimens after strain accumulation
of (a) 1.1 (R5 pass) and (b) 2.1 (F5 pass) obtained by EBSD. More polygonal ferrite was observed after
the last pass of the simulation.

To reveal the textural evolution of the torsion-processed samples after the roughing
and finishing stages in the applied thermomechanical process simulation, ODF analyses
were performed. As the results were generated from torsion which involves shear, the
ODFs were plotted with triclinic symmetry. It was then verified that the material presented
a texture with monoclinic symmetry 0-180° that was further mirrored at 180-360°. It
has been reported that the orientation distribution for BCC metals after torsion tests is
characterized by two partial characteristic fibers: {hkl} <111> and {110} <uvw> [37-39]. For
reference and comparison, the positions of the main ideal torsional texture components in
the BCC metals in the ¢, = 45° ODF section are displayed in Figure 13, and their respective
textures can be consulted in the literature [37,38].
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Figure 13. The adapted Orientation Distribution Function (ODF) pattern map for specimens that
underwent torsion tests and their respective textures and Euler angles positions.

The ODF sections of the tested samples after the R5 and F5 passes, based on EBSD
data, are shown in Figure 14a,b, respectively. After the roughing simulation, the preferable
crystallographic orientation presented relative moderate intensities around the main com-
ponents J(110)[112], J(110) [112] and a lower intensity around component F(110)[001];
see Figure 14a. It has been shown that the two | components formed first at lower strains,

and consequently, showed the lowest rotation rates [37].

Figure 14. The Orientation Distribution Functions (ODF) at ¢, = 45° displaying the torsion texture of
the BCC metals determined from the (a) final roughing passes and (b) final finishing passes for the
API X80 steel.

As the strain accumulation increased until the last pass of the finishing part of the
simulation, the components J(110)[112] and J(110) [112] became more intense, and shear
components D; (112)[111] and D, (112)[111] were developed with lower and higher inten-
sities, respectively. Furthermore, the intensity of F(110)[001] increased due to the higher
strain accumulation. These results are in accordance with those reported by Baczynski and
Jonas [38]. After the last pass, the results indicated that the hot rolling process by means of
torsion simulation led to the development of typical shear textures in the API X80 steel,
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showing that dynamic transformation does not harm the crystallographic structure of the
material [40].

4. Conclusions

In the present research, an API X80 steel was subjected to a specific plate rolling
simulation process in a hot torsion machine. The main goal was to investigate the influence
of the roughing and finishing passes under a continuous cooling condition at a fixed
duration between each pass of 10 s, which is close to that used in realistic industrial
processes. The performance and analysis of this thermomechanical process simulation led
to the following conclusions:

1. The plastic flow curve and MFS revealed the occurrence of dynamic softening during
the thermomechanical processing of the studied material. This softening was noticed
by the reduction in the peaks of the stresses as the strain accumulation increased,
favoring the DT of ferrite from the work hardened austenite plus dynamic recovery
and recrystallization.

2. The critical strains for the onset of dynamic transformation showed a decrease in
the values as the pass number increased for both the roughing and finishing stages.
This reduction was associated with the work hardening of the deformed austenite
which increased the driving force of the phase transformation, leading to lower strains
initiating the DT.

3. The calculated CCT diagrams constitute an excellent tool to confirm that the employed
quenching in this simulation was fast enough to avoid the formation of ferrite by
cooling and, therefore, the ferritic phase present in the microstructure of the samples
was generated by DT during strain above the Ae; temperature.

4. The microstructural analysis confirmed that DT ferrite was formed in a lower volume
fraction from the first roughing pass and increased as the pass number increased. The
SEM analysis confirmed the presence of coalesced polygonal structures of ferrite in
the roughing and finishing stages of the thermomechanical process.

5. The EBSD results confirmed, by means of KAM analyses, that volume fraction of low
angle misorientation related to ferrite increased from the roughing to the finishing
passes. Schmid factor maps revealed that the after the last pass of the simulation, the
grains were better oriented due to DT.

6.  OIM and ODF showed that the predominant morphology was that of polygonal ferrite
and small packages of martensite (untransformed austenite), and the final texture
of the API X80 steel after the simulation was the result of shear from the torsional
deformation, which is considered adequate for the final properties of the metal.
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