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Abstract

This study investigates the transformation behavior of advanced high-strength dual-phase
(DP) steel subjected to thermal cycling, aiming to support improved automotive steel-
processing technologies in terms of properties, cost, and speed. The heat treatment applied
consisted of 1–7 cycles through the intercritical region at a conventional heating rate. Re-
sults were compared with the conventional dual-phase steel treatment currently used in
industry, as well as with variants that combine thermal cycling and fast heating, the latter
offering potential for carbon-free methods. The goal is to gain a deeper understanding of
the transformations that occur in the material and the potential benefits that may result.
Characterization was performed using dilatometry, electron microscopy techniques, and
Vickers hardness testing. Findings show the initial ferrite–martensite microstructure re-
mained largely unchanged after cycling, though preferential austenite nucleation within
ferrite and Mn segregation remained. The resulting microstructure consisted of ferrite,
bainite, martensite, and retained austenite. Crystallographic orientation analysis revealed
texture memory effects, with preferred orientations persisting after multiple cycles. Grain
refinement occurred mainly in transformed zones, while ferrite showed slight growth with
more cycles, correlating with a reduced bainite/martensite fraction. Hardness increased
significantly after the first cycle but declined with subsequent cycles, reflecting a reduction
in bainite/martensite fraction. It is found that when up to two cycles are used, the process
can be beneficial for the steel properties; otherwise, other alternatives, such as fast heating,
can be applied to optimize production.

Keywords: thermal cycling; fast heating; dual phase steel; transformation behavior;
microstructure; grain size; hardness

1. Introduction
Dual-phase (DP) steel is a grade of advanced high-strength steel commonly used in

the automotive industry. It is used both in a hot-rolled condition for structural parts and
in a cold-rolled condition for the car body’s outer panel. In this industry, it is essential
to have materials that combine low weight with high strength and toughness, enabling
energy absorption and providing the necessary safety for passengers. Safety is controlled
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by the balance between high strength and high elongation at fracture, which, in general,
corresponds to high energy absorption during fracture [1]. Most frequently, hot-rolled DP
steel is used in parts such as bumpers, wheel webs, and reinforcements that are critically
loaded and, among other factors, determine the car’s safety. The required strength levels
nowadays are usually low or intermediate (590 to 980 MPa) for high energy absorption
during impacts, or higher-strength grades (e.g., 690 to 1180 MPa) that provide maximum
strength and protection [2]. In this way, the environmental impact of the automotive in-
dustry can be effectively reduced by reducing a car’s weight, its fuel consumption, and,
consequently, its CO2 emissions [3]. Reducing weight without compromising passenger
safety is achieved by using materials with improved properties, resulting in a higher
strength-to-weight ratio [2]. Grain refinement is one of the most effective methods to
increase the strength of a material without compromising its toughness [4]. In recent years,
several new technological approaches that provide effective grain refinement, such as ther-
momechanical control processing [5–7], ultrafast heating, and ultrashort annealing [8–16],
have been investigated but not yet widely implemented in industrial conditions. One alter-
native method for effective grain refinement of a steel microstructure is thermal cycling.
This type of heat treatment is based on the principle that during multiple thermal cycles
through the ferrite–austenite transformation range, nucleation effects occur. If austenite
grain growth can be restricted, the grain-refining effect can be significant [17,18]. It was
investigated on different steels with varying success, but to our best knowledge, very rarely
on industrial-grade advanced high-strength steel (AHSS) (with small exceptions [19,20]
and, in particular, not on DP steels).

In most reported works on thermal cycling, experiments have been conducted by
heating to the fully austenitic temperature range [17,19,20], followed by quenching. How-
ever, this approach appears ineffective, as the transformation from the initial martensitic
structure to austenite, to a large extent, depends on the prior austenite grain size. Addi-
tionally, the use of multiple stages with high (supercritical) cooling rates in an industrial
continuous annealing line is complex, as it would require additional cooling devices that
may be economically inefficient. The above motivates investigating how industrial-grade
DP steel transforms during thermal cycles within the pearlite decomposition range. It also
aims to assess the grain-refining effects that may result from multiple nucleation events as
the steel is heated into the intercritical temperature range.

In DP steel grades, increasing the number of intercritical annealing cycles reduces
band spacing until it reaches a saturation point [21]. Mechanical property analysis supports
the potential of this straightforward heat treatment method for microstructure control in
DP steels [22–24]. This process enhances the tensile strength of DP steel and improves
work-hardening behavior by refining the microstructure [22]. The band spacing and
ferrite grain size are closely linked, with a reduction in band spacing likely due to grain
refinement. Consequently, both finer band spacing and smaller ferrite grains play a role
in boosting tensile properties [25]. Ashrafi et al. [26] and Xie et al. [27] also observed a
significant increase in the ultimate tensile strength of their DP grades when adding a second
annealing step.

The hypothesis of this work is that applying additional thermal cycles will enhance
microstructure refinement in DP steel. To test this, the study evaluates the transformation
behavior of hot-rolled DP steel subjected to thermal cycling treatments with varying num-
bers of cycles, analyzing the resulting microstructural changes and mechanical properties.
The outcomes are compared with those obtained through conventional industrial heat
treatments, as well as with an alternative approach involving rapid heating at 100 ◦C/s
followed by quenching, without thermal cycling. This comparison is particularly important
given that most reported benefits of fast and ultrafast heating on grain refinement have been
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demonstrated at extremely high heating rates, often exceeding 500 ◦C/s, which present
challenges for industrial application.

2. Materials and Methods
2.1. Material and Heat Treatment

The material used in this study is a commercial DP steel grade with a range of chemical
compositions shown in Table 1, as provided by the manufacturer’s datasheet. The steel
sheet was hot rolled to a final thickness of 3.5 ± 0.1 mm and coiled. Data regarding the
rolling parameters and the coiling temperature cannot be provided; however, they are not
pertinent to the objectives of the present study.

Table 1. Chemical composition (in wt.%) of the steel used in this work. Fe content is the balance to
100 wt.%. The weight fractions of the elements N, Ni, and Cu are below the detection limit, and, as
stated in the manufacturer’s datasheet, the corresponding fields are empty (-).

C Mn Si Cr Al Ti V

0.10–0.15 1.7–2.0 0.15–0.20 0.15–0.20 0.02–0.04 0.02–0.04 <0.005

Sn Nb N P Ni S Cu

<0.003 <0.002 - <0.05 - <0.05 -

A quenching dilatometer (DIL805A, Bähr Co. (Hüllhorst, Germany), originally produced
by Bähr-Thermoanalyse GmbH, which was later acquired by TA Instruments) was utilized to
perform the heat treatments. The samples were cut to 3.5 mm × 4.6 mm × 10.0 mm with a
tolerance of ±0.1 mm on each dimension. To measure the temperature, two 0.1 mm-diameter
K-type thermocouples were spot-welded in the center of the sample, without contacting each
other. Argon was used during spot welding to reduce the chance of impurities in the weld.
Heating and holding were performed in a vacuum environment, and helium gas was used
for cooling.

The transformation temperatures Ac1 and Ac3 have been determined for two different
heating rates, 10 ◦C/s and 100 ◦C/s. They are shown in Table 2, along with the temperature
at which 50% austenite and 50% ferrite coexist in the microstructure. The exact transfor-
mation temperatures were determined using the lever rule, with 5% and 95% transformed
fractions taken as the start and end of the phase transformation during heating.

Table 2. Transformation temperatures as a function of the heating rate.

Heating Rate Ac1 (◦C) Ac3 (◦C) T50%austenite (◦C)

10 ◦C/s 744 824 788
100 ◦C/s 757 840 807

These temperatures were used in the design of the heat treatment cycles. A schematic
representation of the heat treatment cycles is shown in Figure 1.

Please note that the cycles start at different heating rates: 10 ◦C/s or 100 ◦C/s. The
isothermal soaking time at intercritical temperatures is very short to prevent austenite grain
growth. Transformation during cooling is controlled by the cooling cycle, which consists of
fast cooling to 600 ◦C, where fine pearlitic structure is expected to form from the intercritical
austenite, and isothermal soaking for 450 s to complete the pearlite decomposition of the
austenite. The red dotted lines in Figure 1 schematically illustrate the TTT diagram of
austenite decomposition in this steel after reheating to the intercritical range [28]. The
austenite decomposition kinetics at 600 ◦C were experimentally measured and used to
determine the time required for complete austenite decomposition to pearlite (sorbite).
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The subsequent thermal cycle replicates the previous one, with the initial austenitization
temperature set at 600 ◦C, and so forth. After completing the required number of cycles,
the steel is quenched with a quenching rate greater than 100 ◦C/s.

Figure 1. Heat treatment cycles used in this work. The blue lines show one heat treatment cycle.
The red dotted lines schematically represent the time–temperature–transformation (TTT) diagram
of the steel used in this work, illustrating the transformation for an initial state of 50% ferrite and
50% austenite. One cycle involves heating to the intercritical temperature range, isothermal holding
for 450 s at 600 ◦C, heating again to the intercritical range with a 50% ferrite and 50% austenite
composition, and quenching at 100 ◦C/s.

For the thermal cycling treatments, several series of 1, 2, 3, 5, and 7 cycles are per-
formed. The specific numbers of cycles have been chosen to match those found in the
literature, including small variants (1–3 cycles), and to follow the evolution of the mi-
crostructure after repetitive nucleation and phase transformations. These are referred to
as TC1, TC2, TC3, TC5, and TC7, where TC stands for thermal cycling. For fast heating,
only one heating and cooling cycle is performed, and this sample is referred to as FH. For
the combination of thermal cycling and fast heating, 7 TC cycles are performed, followed
by quenching and a fast-heating cycle. This sample is referred to as TC7 + FH. The initial
material with a microstructure after hot rolling and coiling is referred to as IM. For the TC
cycles, the heating rate is 10 ◦C/s, the peak temperature is 788 ◦C, the soaking time is 0.2 s,
the cooling rate is 20 ◦C/s, the holding temperature is 600 ◦C, and the holding time is 450 s.
When the last cycle of the treatment is completed, the sample is immediately quenched
at the peak temperature (about 5–6 s for cooling from 788 ◦C to 100 ◦C, followed by slow
cooling at 10 ◦C/s). For the FH cycles, the heating rate is 100 ◦C/s, the soaking time is 0.2 s,
and the cooling rate is 100 ◦C/s. The thermal cycling parameters are shown in Table 3.
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Table 3. The parameters of the thermal treatment.

Sample
Reference

Heating Rate
(◦C/s) Tpeak (◦C) tsoak (s) Cooling Rate

(◦C/s) Thold (◦C) thold (s) Quenching
Rate (◦C/s)

TC(i)
For i = 1–7 10 788 0.2 20 600 450 >100

FH 100 807 0.2 - - - 100

2.2. Sample Preparation and Microstructure Characterization

The microstructure of the steel was observed in the sheet’s cross-section, in a plane
perpendicular to the sheet’s transverse direction (TD plane). Scanning electron microscopy
(SEM) in combination with electron backscatter diffraction (EBSD) was used to characterize
the steel microstructure after appropriate sample preparation.

Metallographic samples are prepared by grinding and polishing, following the conven-
tional procedure. Grinding is performed on the samples, which are clamped mechanically
in a steel sample holder, using #80, 180, 400, 800, 1200, 2000, and 4000 grit SiC paper.
Grinding is performed manually on a rotating grinding disk under water cooling. After
each grit, the samples are rinsed with water and ethanol and then dried with hot air. For
the SEM and energy-dispersive X-ray (EDX) analysis, polishing is performed using a 3 µm
diamond paste on a Struers DP-mol cloth for 10 min, followed by a 1 µm diamond paste on
a Struers DP-nap cloth for an additional 10 min. Finally, a 0.1 µm colloidal silica (OPU) is
used on a Struers MD-Chem cloth for 15 min at a slow speed and low pressure. Polishing
is performed manually on a rotating disk with the addition of an appropriate lubricant (for
diamond paste) or water (for OPU). After each polishing step, the samples are rinsed with
water and ethanol and dried with hot air. For EBSD, the OPU polishing is performed for
20–35 min. Samples for the SEM and EDX were etched at room temperature for 3–5 s with
a solution containing 2% HNO3 (nitric acid) in C2H5OH (ethanol), also known as Nital 2%,
for approximately 3 s.

Microstructural characterization utilizing the SEM and EDX is performed using an FEI
Quanta 450 FEG-SEM (producer Thermo Fisher Scientific, Waltham, MA, USA), operating
at an acceleration voltage of 20 kV, with an aperture size of 50 µm, a FEI spot size # 5,
which corresponds to a probe current of ~2.4 nA, and a working distance of approximately
10 mm. Images were obtained at magnifications of 1000×, 2000×, 4000×, 8000×, 16,000×,
and 30,000× with secondary electrons (SE).

EBSD data acquisition was performed on the same microscope using the EDAX-TSL
OIM-Data Collection version 8 software. The EBSD patterns were collected using a Hikari
EBSD detector (EDAX, Mahwah, NJ, USA), and all measurements were made at a tilt angle
of 70◦, an acceleration voltage of 20 kV, a probe current of approximately 2.4 nA, a working
distance of around 16 mm, and a step size of 100 nm in a hexagonal scan grid. The original
data have been postprocessed using a cleanup procedure known as “Grain Confidence
Index Standardization,” which does not change the number of points or the orientation
data. Each EBSD scan covers an area of 100 × 100 µm2 and contains ~3500 individual grains.
The grain definition was a minimum of 7 points/grain and 15◦ minimum misorientation.
Points with a confidence index (CI) < 0.1 are excluded from the grain definition, and their
number is less than 3%. The retained austenite fraction could not be measured by X-ray
diffraction because the small size of the dilatometric samples would lead to increased error.

2.3. Mechanical Properties

The Vickers hardness (HV) was selected as a representative mechanical property
parameter. The choice was motivated by the small size of the dilatometry samples, which
does not allow machining of representative standard-size or sub-size tensile test samples.



Metals 2025, 15, 1230 6 of 17

The hardness of the samples is measured using a Vickers hardness tester (Mitutoyo HM-211,
Mitutoyo, Kawasaki, Japan). In all measurements, a load of 9.807 N and a loading time of
15 s were used (HV1). Seven measurements are taken for each sample, and the average and
standard deviation are calculated. However, these data allow estimation of steel’s yield
strength using the various formulas proposed in the literature. In this specific case, the
following formula was used:

YS = 2.736HV − 70.5 [MPa] (1)

which was suggested by Fujita et al. [29]; this approach was used because it considered
similar steel compositions, as pointed out by Xu et al. [30].

3. Results and Discussion
3.1. Microstructure Characterization and Hardness

After hot rolling and coiling, the microstructure of the initial material (IM) consists of
well-defined ferrite (F) areas and areas with mixtures of bainite and pearlite (B), as well as
small islands of untempered martensite and/or retained austenite (UM/RA) (Figure 2b). A
general view of the formation of the banded microstructures is shown in Figure 3a–h.
SE-SEM images of the steel after thermal cycling obtained at a 1000× magnification
(Figure 3b–h) show a banded structure, which was not observed clearly in the initial
material (Figure 3a). However, some evidence of bands in the rolling direction could be
found. These bands become visible in the TC1 sample (Figure 3b) and the FH sample even
without thermal cycling (Figure 3h). The most regular bands are found in TC2 to TC7 and
TC7 + FH. Ghaemifar et al. [22] also reported the refinement of the banded structure via
thermal cycling. It could be hypothesized that these bands result from preferred nucleation
sites for austenite, most likely in regions enriched in C and Mn or near subgrains in unre-
crystallized or partially recrystallized ferrite (Figure 3b–h). The same band formation in
an initially non-banded structure after thermal cycling was also reported by Li et al. [31]
following fast heating, and the band formation was associated with Mn segregation. The
effect of preferential nucleation on the subgrain boundaries in partially recrystallized struc-
tures should not be excluded, as far as the subgrain boundaries are effective diffusional
channels, and they can accelerate the diffusion of fast-diffusing elements like C and not-
so-fast-diffusing elements like Mn in these regions [32–36]. Hence, both effects can be
considered responsible for the band formation in the initially homogeneous microstructure.

 

Figure 2. Microstructure of the DP steel after hot rolling and coiling. The white rectangle in
(a) corresponds approximately to the zone of observation shown in (b), where F is Ferrite, B—mixture
of bainite and pearlite, UM—untempered martensite, and RA—retained austenite.
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Figure 3. SE-SEM-images of IM (a), TC1 (b), TC2 (c), TC3 (d), TC5 (e), TC7 (f), TC7 + FH (g), and
FH (h) at 1000× magnification.

Additionally, the dilatometric data for the phase transformation showed variations in
the transformation temperatures as a function of the number of thermal cycles. Most visible
are these changes in the Ms temperature, which changes from 400 ◦C for the subsequently
quenched sample after complete austenitization (Figure 4a) to 260 ◦C for samples after seven
thermal cycles following partial (50%F + 50%A) austenitization (TC7), as shown in Figure 4b.

Figure 4. (a) Dilatometric curve from the cooling stage with a cooling rate of 100 ◦C/s for a sample IM
after complete austenitization and quenching with >100 ◦C/s; (b) Ms temperatures for the samples
after multiple partial re-austenitization in the intercritical temperature ranges with 50% F + 50% A,
and different numbers of thermal cycles are marked with stars.
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The decrease in the dilatation effects observed in Figure 4 is associated with the
increase in the number of thermal cycles. This effect is very clear when comparing the
sharpness of the curvature of the dilatometric curve at the Ms temperature shown in
Figure 4b. After three, five, and seven thermal cycles, the martensitic transformation peaks
are not as clear as after the first and second cycles, which indicates a small transformed
fraction of intercritical austenite.

The Ms temperature changes are a clear indication that the intercritical austenite that
transforms during cooling has a different composition, which varies with the number
of thermal cycles. Most likely, the intercritical austenite becomes increasingly enriched
with C and Mn as the number of thermal cycles increases. To test this hypothesis, EDS
measurements have been carried out on all samples, and Figure 5 shows representative
data for the chemical composition measured by a line scan using the Fe and Mn Kα peaks,
with data from the EDS quantitative analyses at specific points added.

Figure 5. (a) SE-SEM image of sample TC7. The white line indicates the path along which the line
scan was performed. Point 1 is in the zone where B-M-RA exists, point 2 is in the entirely ferritic
grain; (b) signal level for Fe (orange line) and Mn (blue line) along the white line in (a), expressed as
number of counts.

The EDS data very clearly show the distribution of Mn and Fe, from which one can
conclude that the zones in the microstructure that contain B-M-RA are enriched in Mn
with respect to the neighboring ferrite zone (Figure 5b). The point measurements shown
in Figure 5a are an example, from which the Mn content in points 1 and 2 is calculated
as 2.61 mass% Mn for point 1 and 1.94 mass% Mn for point 2 in ferrite. The numbers
mentioned above are averages of at least three individual measurements in these zones.

Higher-magnification SEM images (Figure 6a–h) show that the microstructure after
thermal cycling is a combination of ferrite, martensite, bainite, and, possibly, retained
austenite. The observed bands are alternating regions of ferrite and B-M-RA bands, where
B-M-RA stands for a combination of bainite, martensite, and retained austenite. These
microstructures were also shown in Figure 2. The formation of the complex structure
observed in the B-M-RA bands is attributed to the heterogeneity of the local chemical
composition, which was discussed above. This is due to the formation of ferrite immediately
after cooling, which requires the surrounding austenite to absorb large amounts of carbon.
This heterogeneous distribution of carbon results in different transformation behaviors
within a small region, leading to a complex microstructure that cannot be uniquely defined
as bainite or martensite [37–41]. This difference in the transformation behavior could also
explain the decrease in Ms temperature observed in the dilatometer test. Apart from the
bands, B-M-RA islands can also be found within ferrite matrices, and their appearance can



Metals 2025, 15, 1230 9 of 17

be associated with nucleation of austenite at ferrite subgrain boundaries. This phenomenon
occurs more frequently in TC2 to TC7 and TC7 + FH.

 

Figure 6. SE-SEM images of (a) IM, (b) TC1, (c) TC2, (d) TC3, (e) TC5, (f) TC7, (g) TC7 + FH,
and (h) FH at 16,000× magnification with indications of the microstructure (F = ferrite, B = bainite,
UM/RA = untempered martensite/retained austenite, and B-M-RA = bainite, martensite, retained
austenite, or a combination).

The data from the EBSD analysis is shown in Figure 7. These maps display the normal
direction (ND) inverse pole figures (IPF) for the IM and the TC(i) (i = 1–7) samples. The
crystallographic orientations of both body-centered cubic (BCC) and face-centered cubic
(FCC) phases were presented. Although this representation makes it difficult to identify
retained austenite (FCC) on these maps, it is clearly visible on the combined EBSD image
quality (IQ) and IPF maps of the individual phases, as shown in Figure 8.

 

Figure 7. ND-Inverse Pole Figure maps of (a) IM, (b) TC1, (c) TC2, (d) TC3, (e) TC5, (f) TC7,
(g) TC7 + FH, and (h) FH.



Metals 2025, 15, 1230 10 of 17

Figure 8. (a) Image Quality (IQ) map of sample TC7 combined with an ND-IPF map of retained
austenite over-imposed. White lines display the Kurdjumov–Sachs (K-S) axes-angle grain boundaries
(<112> 90◦) between the RA and the martensitic crystals; (b) chart displaying average calculated
grain diameter of martensite (blue line) and ferrite (red line) from the orientation data displayed on
Figure 7f.

The retained austenite fraction in the initial material and heat-treated samples has
been calculated from the EBSD phase maps, and it does not exceed 1 vol.% in any sample.

The zones in the microstructure that contain martensite, bainite, and retained austenite,
which appear dark in Figure 8, were separated from the ferritic zones using the approach
for quantifying the grain average image quality (GAIQ) reported elsewhere [42–44]. These
data have also been quantified, and the fractions of the F and B-M-RA are shown in Table 4.
These data have been extracted from the entire EBSD scan and used to reconstruct the
prior austenite grains in specific regions where the phase transformation from intercritical
austenite to martensite (bainite) occurred. For the reconstruction, the K-S orientation rela-
tionship was employed, and the ND-IPF maps of the reconstructed prior austenite grains
(PAGs) are presented in Figure 9. The results of this quantification are also summarized in
Table 4.

 

Figure 9. ND-IPF maps of PAGs calculated from the B-M-RA datasets of (a) TC1, (b) TC2, (c) TC3,
(d) TC5, (e) TC7, (f) TC7+FH, and (g) FH.
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Table 4. Fractions of ferrite and B-M-RA, together with the average calculated grain diameter and
hardness (HV1). GS stands for grain size, referring to the grain diameter measured by EBSD. The
standard error of the hardness measurements is also provided.

Sample ID IM TC1 TC2 TC3 TC5 TC7 TC7 + FH FH

B-M-RA, [%] 24 40 32 32 20 19 29 37
Ferrite, [%] 77 61 68 68 80 81 71 63

AvgGS_ F, [µm] 148 97 128 101 104 281 193 72
AvgGS B-M-RA, [µm] 11 5 3 3 2 2 3 5

AvgGS PAGs, [µm] 19 21 19 8 5 11 20
Avg hardness, HV1 230 ± 1 320 ± 2 302 ± 4 293 ± 5 279 ± 3 269 ± 3 279 ± 6 323 ± 3

The data presented in Figure 9 and Table 4 indicate that thermal cycling has a sig-
nificant grain-refining effect on the PAGs. The increase in the number of thermal cycles
from one to seven corresponds to a decrease in the PAGs from 19 µm to 5 µm (Table 4).
These data show that the PAGs do not directly influence the hardness of the final structure;
however, the area fraction of (B-M-RA) formed from these intercritical austenite islands is
more influential on the properties.

The data from Table 4 are also represented graphically in Figure 10.

Figure 10. Graphical representation of the hardness (HV1) and quantitative characteristics of the
microstructure (fraction of microstructural constituents and average calculated grain size), based on
EBSD data analysis. The measurement error does not exceed 5%, but the error bars are not explicitly
shown on the chart to avoid overloading and making it difficult to read.

The results shown in Table 4 and Figure 10 indicate a clear tendency for the hardness
of the samples to decrease as the number of thermal cycles increases from one to seven.
The decrease in hardness with additional thermal cycles was also reported in [45]. Sup-
pose these variations are considered in conjunction with the changes in the fraction of
microstructural constituents. In that case, it appears that the decrease in hardness in the
samples can be attributed to variations in the ferrite fractions and the fraction of B-M-RA
constituents. Still, they are not very sensitive to variations in the ferrite grain size. These
three parameters—ferrite fraction, B-M-RA, and average ferrite grain size—depend on
and can be controlled via thermal cycling, but a closer look at the data shows that the
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balance between the fractions of (F) and (B-M-RA) is the most important parameter that is
responsible for the hardness (Figure 11).

Figure 11. Difference between the ferrite fraction and the fraction of B-M-RA (blue line with triangle
markers) and the hardness of the steel (orange line with circles). The lines in this graph are used only
to illustrate the tendency more clearly.

To express this dependence, the data for the difference between the fractions of ferrite
(both the intercritical one and the one that may form during the cooling) and the fraction of
(B-M-RA) quantified via the EBSD measurements are plotted in Figure 11. The numbers in
Figure 11 show the difference between the volume fraction of ferrite and (B-M-RA) and are
calculated by using the following simple formula:

∆Vf = Vf
(F) − Vf

(B-M-RA), [%], (2)

where Vf means volume fraction.
It is very clear that if this difference is in the range of 20% to 30% (predominantly “hard”

constituents are presented in the structure), the hardness increases. It is also important
to note that ultrafast heating offers similar possibilities, but in this case, the strong grain-
refining effect contributes to increased hardness. If ultrafast heating is applied to the
samples after seven thermal cycles, the grain-refining effect is not pronounced, and the
hardness values are lower than those in the UFH-treated or TC1 and TC2 samples.

These results show that when a small number of thermal cycles, up to two cycles, or
only the fast-heating cycle (100 ◦C/s in this case) without isothermal soaking are applied,
they can lead to an excellent combination of grain refining and optimum balance between
the soft ferrite and the mixture of hard constituents (B-M-RA). Thus, a significant increase
in the hardness of the DP steel could be obtained.
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Keeping in mind the link between the hardness and the yield strength suggested
by [17], the variations in the yield strength for these hardness levels can be from 560 MPa,
for the IM, up to 800 MPa for the TC1 sample, and 815 MPa for the FH sample.

However, the technological realization of thermal cycling with one or two cycles in
industrial conditions can be relatively straightforward. In contrast, implementing fast
heating with heating rates of 100 ◦C/s or higher requires a different approach, such as
transverse induction heating.

3.2. Crystallographic Texture

The EBSD data were used to calculate the steel’s textures and to monitor texture
evolution after different thermal cycles. Both textures, that of the retained austenite (FCC)
(Figure 12) and the BCC microstructural constituents (Figure 13), which include the textures
of ferrite, martensite, and bainitic ferrite, have been measured and represented as orienta-
tion distribution functions represented in Bunge notation in the Phi2 = 45◦ section of the
Euler space. In all cases, the orthorhombic sample symmetry was applied to the individual
orientation data, taking into account that the samples were processed by hot rolling.

Figure 12. ODFs of the texture of the retained austenite in the steel samples after different numbers
of thermal cycles. Phi2 = 45◦.

The texture of the retained austenite of the IM contains typical representatives of the
FCC deformation texture component with a pronounced intensity of 4.2×mrd (multiples of
random density) in the region between the brass {111}<112> and Goss {110}<001> texture
components, together with ~1.6×mrd on the copper {112}<111> texture component. After
multiple-phase transformation during thermal cycling, the FCC texture initially weakens.
Still, after seven thermal cycles (sample TC7), the texture strengthens again, showing a
maximum of 5.4×mrd on the cube {001}<100> texture component, which is typical for
the recrystallized austenite, and equal intensity on the brass {111}<112> (5.4×mrd) and a
weaker intensity of 2.1×mrd on the copper {112}<111> texture component. This means that
the intercritical austenite is likely to have recrystallized partially during the thermal cycles.
It should be mentioned that this strengthening of the texture might be a consequence of
the decreased total fraction of retained austenite after seven cycles and, consequently, the
number of the measured crystallographic orientations.
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The BCC texture components shown in Figure 13 are a good example of transformation
textures and are in good agreement with existing knowledge. They follow quite well the
transformation textures model suggested by Jonas in [46].

Figure 13. ODFs of the texture of the BCC structural constituents in the steel samples after different
numbers of thermal cycles. Phi2 = 45◦.

The analysis of the BCC textures of the IM shows typical transformation fibers origi-
nating from austenite with brass and copper orientations. After thermal cycling, the BCC
texture components with rotated cube ({001}<110>) orientation, which may originate from
recrystallized austenite with cube orientation {001}<100> or brass orientation, and rotated
Goss {110}<110> and Goss {110}<001>, are clearly present in the textures of samples TC1,
TC3, TC5, and TC7. These changes in transformation textures suggest that during thermal
cycling, the ferrite recrystallized. It is essential to note that even rapid heating at 100 ◦C/s
without isothermal soaking still allows partial recrystallization of both ferrite and austenite.
The formation of texture components, such as a rotated cube ({100}<011>) in combination
with Goss and rotated Goss, is not ideal, considering the deep drawability of DP steel.

4. Summary and Conclusions
1. The hardness of dual-phase (DP) steel is primarily governed by the balance between

ferrite and the transformation products—bainite, martensite, and retained austenite
(B-M-RA)—which can be effectively tailored through thermal cycling. The ferrite
grain size has only a secondary influence on hardness.

2. Thermal cycling produces a pronounced grain-refining effect in both the prior austen-
ite grains (PAGs) and the B-M-RA structures, with refinement intensifying as the
number of cycles increases. However, excessive cycling or the addition of a fast-
heating (FH) step after multiple cycles leads to grain coarsening. Ferrite grain size
shows no consistent trend but tends to increase after several cycles, while FH samples
consistently exhibit the smallest overall grain sizes.

3. Repeated thermal cycling enhances carbon and manganese diffusion toward trans-
formed regions, resulting in the formation of banded microstructures and a reduction
in the martensite start (Ms) temperature due to solute enrichment of intercritical
austenite. Crystallographic texture analysis further indicates recrystallization of both
BCC and FCC constituents, even at rapid heating rates of 100 ◦C/s.
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4. Mechanical properties, particularly hardness and yield strength, can be improved by
applying up to two thermal cycles or by employing fast heating without isothermal
soaking. Increasing the number of cycles beyond this point reduces the B-M-RA frac-
tion due to higher Ac1 temperatures and enhanced ferrite formation during cooling.

The overall results demonstrate that thermal cycling is a viable and flexible alterna-
tive to conventional heat treatments for DP steels, allowing precise tuning of mechanical
properties through controlled thermal parameters. However, a successful industrial appli-
cation will require careful optimization of continuous annealing line conditions to ensure
consistent performance and microstructural stability.
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