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EFFECT OF INTERCRITICAL ANNEALING ON MARTENSITE START TEMPERATURE
AND LOW-TEMPERATURE BAINITIC TRANSFORMATION IN AI-ALLOYED 3Mn MULTIPHASE STEEL

The primary objective of this study was to determine how intercritical annealing affects the martensite start temperature and
subsequent low-temperature bainitic transformation in a 0.17C-3.1Mn-1.6A1-0.2Si-0.2Mo-0.04Nb medium-manganese multiphase
steel. A two-step heat treatment was designed, consisting of intercritical annealing in the range of 780-870°C, followed by isothermal
holding at 200-300°C. The transformation behaviour was analysed using dilatometric measurements, thermodynamic calculations
and scanning electron microscopy. Increasing the intercritical annealing temperature from 780°C to 870°C increased the martensite
start temperature from approximately 170°C to 305°C. Lower annealing temperatures promoted stronger carbon and manganese
enrichment of austenite, but reduced the amount of austenite available for bainitic transformation. The dilatometric response during
isothermal holding increased with higher annealing and holding temperatures. Martensitic transformation during final cooling was
detected after intercritical annealing at 780°C followed by isothermal holding at 200°C, and after intercritical annealing at 800°C
followed by isothermal holding at 220°C. The most favourable response in terms of forming refined bainitic products was obtained
after intercritical annealing at 860 or 870°C followed by isothermal holding at 300°C, where measurable bainitic transformation
was combined with no clear martensitic signal during final cooling. The proposed route is therefore promising for further optimisa-
tion, although high-resolution characterisation is still required to confirm nanobainitic morphology and quantify phase fractions.

Keywords: Medium-Mn steel; intercritical annealing; martensite start temperature; bainitic transformation; austenite stability;

dilatometry; thermodynamic calculations

1. Introduction

Medium-Mn steels constitute an important group of third-
generation advanced high-strength steels because they offer
a favourable balance between alloying cost, strength, and duc-
tility [1,2]. Their mechanical properties are strongly influenced
by the amount, morphology, and stability of austenite retained
or formed during intercritical treatment [3-7]. In such steels,
austenite stability is controlled mainly by chemical enrichment
in C and Mn, the austenite fraction, grain or lath size, and the
thermal or mechanical path applied after annealing [3,8-10].

Intercritical annealing (IA) is widely used to control
the phase constitution of multiphase and medium-Mn steels
[8,11-16]. During intercritical annealing in the ferrite-austenite
region, carbon and manganese partition from ferrite to austenite,
leading to chemical enrichment and enhanced thermal stability

of'the austenitic phase [8,9,12,14,16]. This enrichment decreases
the martensite start (M,) temperature and improve the thermal
stability of austenite during final cooling [10,17-19]. At the
same time, the intercritical annealing temperature determines
the amount of austenite available for subsequent transformations
[11,12,15,16]. Therefore, a lower IA temperature can produce
chemically more stable austenite but in a smaller amount,
whereas a higher IA temperature can increase the austenite frac-
tion while reducing its chemical stabilization.

The design of low-temperature bainitic transformation in
medium-Mn steels is challenging because the same alloying
elements that stabilize austenite may also retard the bainitic
transformation [17,18,20-23]. Carbon lowers the M, tempera-
ture and stabilizes austenite, but can also retard the bainitic
transformation and shift transformation kinetics to longer times
[18,24,25]. Manganese similarly stabilizes austenite and can
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reduce the chemical driving force for bainitic ferrite formation
[17,18,20-22]. In Al-alloyed medium-Mn steels, aluminium can
increase the driving force for ferrite or bainitic ferrite formation
and suppress carbide precipitation, but the resulting transforma-
tion path still depends strongly on the balance between austenite
stability and transformation kinetics [16,22,23,26,27].

One possible strategy is to use intercritical annealing prior
to low-temperature isothermal holding (IH). In this approach,
IA is intended to adjust the amount and chemical composition of
austenite so that the M, temperature is reduced below or close to
the selected IH temperature. Subsequent holding at 200-300°C
may then promote low-temperature bainitic transformation
in the austenitic regions that remain transformable. This strategy
is related to the general concept of producing very fine bainitic
morphologies at low transformation temperatures, although
classical nanobainitic treatments usually require longer holding
times and are most often discussed for higher-carbon steels
[28-30]. It is particularly important for lean 3Mn steels, where
the alloying level is lower than in many medium-Mn grades but
still sufficient to strongly affect austenite stability and bainitic
transformation kinetics [17-20, 22,23,26].

The present work aims to determine how the intercritical
annealing temperature influences the martensite start temperature
and the subsequent low-temperature bainitic transformation re-
sponse ina 0.17C-3.1Mn-1.6A1-0.2Si-0.2Mo0-0.04Nb steel. The
study combines dilatometric analysis, SEM observations, and
thermodynamic calculations. The work focuses on the design of
a two-step heat-treatment route and on the interpretation of the
relationship between IA temperature, austenite stability, M, tem-
perature, and the dilatometric response during isothermal holding.

2. Material and experimental procedure

The investigated material was a laboratory-produced
medium-Mn steel with the following chemical composition, ex-
pressed in wt.%: 0.17C-3.1Mn-1.6A1-0.2Si-0.2Mo0-0.04Nb. The
alloy was melted, cast, hot-forged, and subsequently hot-rolled
in the temperature range of 1200-900°C to a final thickness of
4.5 mm. Cylindrical specimens with a diameter of 4 mm and
a length of 10 mm were machined along the rolling direction
for dilatometric testing.

A two-step heat-treatment route (see Fig. 1) was designed to
modify the stability of intercritical austenite and to promote low-
temperature bainitic transformation during subsequent isothermal
holding. The first step consisted of intercritical annealing in the
temperature range of 780-870°C for 60 min. The second step
consisted of cooling at 60°C/s to the selected isothermal holding
temperature in the range of 200-300°C, followed by holding for up
to 4 h. The investigated processing variants are listed in TABLE 1.

The IA and IH temperatures were not selected as a uniformly
spaced temperature grid, but were chosen to represent different
levels of austenite enrichment and different experimentally
determined M, temperatures. The 1A range of 780-870°C was
selected to cover conditions from a low austenite fraction with
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Fig. 1. Schematic representation of the two-step heat-treatment route
consisting of intercritical annealing (IA) followed by low-temperature
isothermal holding (IH). The scheme illustrates the intended formation
of: a — ferrite, ap — bainitic ferrite, and y — austenite

strong C and Mn enrichment (lower temperatures) to a higher
austenite fraction with lower chemical enrichment and a higher
M, temperature (higher temperatures). Therefore, the interval
between 800 and 840°C was intentionally used to include
a transition from strongly stabilised austenite to conditions with
a markedly higher amount of austenite available for bainitic
transformation. The additional TA temperature of 870°C was
introduced to verify the effect of approaching the upper part
of the intercritical region. The IH temperatures were selected
close to or above the corresponding M, temperatures after [A
(after the IA and corresponding austenite enrichment in C and
Mn the M, temperatures decrease), in order to promote low-
temperature bainitic transformation while limiting unwanted
direct martensitic transformation during cooling. For this reason,
the experimental matrix included selected representative IA/IH
combinations rather than all intermediate temperatures, such as
820°C for IA or 260°C for IH.

TABLE 1
Heat treatment temperatures used in the experiment
IA temperature [°C] | IH temperature [°C] | Code of the variant
780 200 1A780/IH200
780 300 1A780/IH300
800 220 1A800/IH220
800 240 1A800/IH240
840 280 1A840/IH 280
860 300 TA860/TH300
870 300 1A870/IH300

The heat treatments were performed using a Bahr DIL 805
A/D dilatometer under vacuum. Helium was used for rapid coo-
ling. Temperature was measured using an S-type thermocouple
welded to the central part of each specimen. The martensite start
temperature was determined from the dilatometric curves during
cooling according to the general procedure of ASTM A1033-04
[31]. The relative change in length (RCL) during isothermal
holding was used as a qualitative indicator of the progress of the



bainitic transformation. It should be emphasized that this dilato-
metric signal was not treated as a direct quantitative of bainite
phase fraction. The stability of austenite after IH was assessed
by analysing whether an additional martensitic transformation
signal occurred during final cooling to room temperature.

After heat treatment, the specimens were sectioned perpen-
dicular to their longitudinal axis and prepared using standard
metallographic procedures. The samples were ground with SiC
papers up to 2000, polished using 3 um, 1 um diamond pastes,
and etched with 2% nital. Microstructural observations were per-
formed by scanning electron microscopy (SEM) using secondary
electron imaging at an accelerating voltage of 20 kV with Zeiss
Supra 25 and JEOL microscopes. The SEM observations were
used as qualitative support for identifying ferritic, martensitic,
and bainite-containing regions.

Thermodynamic calculations were performed to support
the interpretation of the dilatometric results. Equilibrium phase
constitution and the chemical composition of austenite after
intercritical annealing were calculated using JMatPro with the
general steel module [32]. Additional equilibrium phase-fraction
calculations and martensite start temperature calculations were
performed using Thermo-Calc software, utilizing the TCFE11
and MOBFES databases, with the Property Calculator module
[33]. The T, and Ty’ conditions and/or the Gibbs free-energy
difference between austenite and bainitic ferrite were performed
using MAP_STEEL MUCG83 programme [34]. These calcu-
lations were used to interpret thermodynamic tendencies only.
They do not describe the full transformation kinetics, local
chemical heterogeneity, or possible non-equilibrium partitioning
during finite-time annealing.
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3. Results

3.1. Effect of intercritical annealing temperature
on martensite start temperature

The influence of intercritical annealing temperature on the
martensite start temperature is shown in Fig. 2, and the corre-
sponding M, values are summarized in TABLE 2. A clear increase
in M, was observed with increasing IA temperature. After [A
at 780°C, the M, temperature was approximately as low as 170°C,
whereas after IA at 870°C it increased to approximately 305°C.

This trend indicates that lower IA temperatures produce
austenite with higher thermal stability during subsequent coo-
ling, which was evidenced by SEM in Fig. 3a and b. A lot of
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Fig. 2. Dilatometric cooling curves used to determine the effect of IA
temperature on the martensite start temperature of intercritical austenite

™
F—— wo=esmm Mag=

S00KX

Fig. 3. SE M microstructures of the investigated steel after selected intercritical annealing treatments; F — ferrite, RA — retained austenite,

M — martensite
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austenite is stable up to room temperature (RA) with only large
blocky austenite grains transformed to martensite (M) in a fi-
nal cooling step (Fig. 2). This behaviour is consistent with the
expected phase equilibrium in the intercritical region. At lower
IA temperatures, the ferrite fraction is higher and the amount
of austenite is lower. Consequently, carbon and manganese are
distributed into a smaller volume fraction of austenite, leading to
stronger chemical stabilization and a lower M| temperature. With
increasing IA temperature, the fraction of ferrite decreases and
austenite increases (Fig. 3¢ and d), and the average enrichment
of austenite in stabilizing elements decreases. As a result, aus-
tenite becomes less stable and transforms entirely to martensite
at higher temperatures during cooling.

TABLE 2

Experimentally determined M, temperatures
for different IA temperatures

IA temperature /°C | 780 800 840 860 870
M, temperature /°C | 170 210 260 300 305

3.2. Effect of 1A temperature on the dilatometric response
during isothermal holding

The dilatometric response during isothermal holding
at 300°C is presented in Fig. 4 for selected IA temperatures.
The curves show that the IA temperature affects both the rate
and the magnitude of the transformation-related length change
during IH. Samples annealed at higher IA temperatures exhibited
a stronger dilatometric response, defined here as a larger RCL
during isothermal holding. This indicates that a larger fraction
of austenite was available for bainitic transformation.
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Fig. 4. Effect of IA temperature on the bainite formation kinetics during
isothermal holding

The weaker dilatometric response after 1A at 780°C, i.e.
the smaller RCL increase during IH, can be attributed to the
lower fraction of intercritical austenite formed at this tempera-
ture. Although this austenite was chemically more stable due to
stronger C and Mn enrichment, its amount was limited. There-

fore, only a smaller part of the microstructure could participate
in the subsequent bainitic transformation. By contrast, higher
IA temperatures produced a larger austenite fraction, which
increased the volume of material capable of transforming dur-
ing IH. However, this austenite was less enriched in carbon and
manganese, because these elements were distributed over a larger
austenite fraction. As a result, its thermal stability decreased and
the M| temperature increased.

The length-change signal should be interpreted as a relative
indicator of transformation progress, not as a direct quantitative
measurement of bainite fraction. Without independent phase-
fraction measurements, such as XRD or EBSD, the amount
of bainite and retained austenite cannot be quantified reliably.

3.3. Effect of isothermal holding temperature on bainitic
transformation response

The effect of IH temperature on the transformation re-
sponse is shown in Fig. 5. For a given IA temperature, lower
IH temperatures resulted in slower transformation kinetics and
asmaller length-change signal over the investigated holding time.
This behaviour is expected for low-temperature bainitic trans-
formation, where decreasing the holding temperature increases
undercooling but also reduces atomic mobility and slows down
transformation kinetics.
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Fig. 5. Effect of isothermal holding temperature on bainite transforma-
tion kinetics

For the 780°C IA condition, holding at 200°C produced only
a weak dilatometric response, whereas holding at 300°C resulted
in a more pronounced length change. A similar tendency was
observed for the 800°C IA condition, where increasing the IH
temperature accelerated the transformation response. Therefore,
the experimental results show that the IH temperature must be
selected not only with respect to M, but also with respect to the
transformation time available for bainitic reaction.

Although stronger undercooling increases the thermody-
namic driving force for the bainitic transformation, the present
dilatometric results indicate that at the lowest IH temperatures,
especially 200-220°C, the transformation kinetics becomes in-



creasingly limited by reduced atomic mobility and carbon redis-
tribution. Therefore, in this temperature range, diffusion-related
limitations may become more important than the additional
increase in the free-energy difference. However, the present
experimental matrix does not allow a precise critical temperature
separating these two regimes to be determined.

The results indicate that there is a processing compromise.
Holding too close to a low M, temperature may strongly slow
the transformation, whereas holding at a higher temperature can
accelerate the reaction but may also reduce the thermodynamic
conditions favourable for forming a very fine bainitic morphol-
ogy. Within the investigated processing window, the most pro-
nounced dilatometric response was associated with higher TH
temperatures, especially near 300°C. However, this should not
be described as a universal optimum without additional phase-
fraction and microstructural quantification.

3.4. Thermal stability of austenite during final cooling

The stability of austenite after isothermal holding was as-
sessed from the dilatometric curves recorded during final cooling
from the IH temperature to room temperature (Fig. 6). A mar-
tensitic transformation signal was detected only for the samples
annealed at IA = 780°C and held at IH = 200°C, and annealed
at JA = 800°C and held at IH = 220°C, hereafter referred to as
the TA780/IH200 and TA800/IH220 samples, respectively. The
transformation started at approximately 130°C for [A780/IH200
and at approximately 60°C for IA800/IH220, indicating that part
of the austenite remaining after [H was not sufficiently stable to
avoid transformation during final cooling. For the other inves-
tigated samples, no clear martensitic transformation signal was
observed during cooling to room temperature. This suggests that
the remaining austenite was thermally stable under the applied
cooling conditions, or that any possible transformation occurred
below the detection sensitivity of the dilatometric mea-surement.

The stronger martensitic signal observed for the IA780/
IH200 sample indicates that the limited bainitic transforma-
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Fig. 6. Dilatometric cooling curves recorded after isothermal holding,
used to assess the thermal stability of remaining austenite during coo-
ling to room temperature
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tion during low-temperature holding did not provide sufficient
carbon enrichment of the remaining austenite. In contrast, the
absence of a martensitic signal in samples treated at higher IH
temperatures suggests that bainitic transformation and carbon
redistribution during IH were more effective in stabilizing the
remaining austenite during final cooling.

3.5. SEM observations of bainite-containing
microstructures

SEM micrographs of selected heat-treatment variants are
shown in Fig. 7. The microstructural analysis was based on SEM
observations because this technique provides higher spatial reso-
lution than light microscopy and is therefore more suitable for
identifying refined bainitic regions, fresh martensite and ferritic
areas in the investigated steel. The microstructures consist mainly
of ferritic regions formed during intercritical annealing, regions
of refined bainite (RB) embedded in the intercritical austenite
laths, and sometimes martensitic areas formed during cooling in
the less stable conditions. The fraction and morphology of these
constituents depend on the IA and IH temperatures.

After IA at 780°C and IH at 200°C, the microstructure con-
tained a substantial ferritic fraction and only limited areas that
can be associated with bainitic transformation. This agrees with
the weak dilatometric response observed during IH. Increasing
the TA temperature increased the amount of austenite available
for transformation and promoted more visible bainite-containing
regions after IH, while a further increase in IA temperature
above 800°C led to gradual microstructural fragmentation and
an increased fraction of fine bainitic regions. Increasing the
isothermal holding temperature also resulted in a substantially
higher bainite fraction in the microstructure. However, the SEM
evidence should be treated as qualitative. The available images
do not allow reliable measurement of bainitic ferrite plate thick-
ness and therefore do not provide direct proof of a nanobainitic
morphology.

4. Discussion

The present results show that the response of the investigat-
ed 0.17C-3.1Mn-1.6A1-0.2Si-0.2Mo0-0.04Nb steel to the two-step
heat treatment is controlled by a balance between three coupled
factors: the amount of austenite formed during intercritical an-
nealing, its chemical enrichment in C and Mn, and the kinetics
of bainitic transformation during subsequent isothermal holding.
These factors do not vary independently. Lower intercritical an-
nealing temperatures promote stronger chemical stabilization of
austenite, whereas higher IA temperatures increase the amount
of austenite available for further transformation. Therefore, the
martensite start temperature, the dilatometric response during
isothermal holding, and the stability of the remaining austenite
during final cooling must be interpreted jointly rather than as
separate effects.
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Fig. 7. SEM microstructures of the investigated steel after selected two-step heat treatments; F — ferrite, RA — retained austenite, RB — refined

bainite, M — martensite

The influence of IA temperature is clearly reflected in
the experimentally determined martensite start temperatures.
As shown in Fig. 2 and TABLE 2, M, increased from about
170°C after IA at 780°C to about 305°C after IA at 870°C. This
trend is consistent with the expected change in phase equilib-
rium in the intercritical region. At lower IA temperatures, ferrite
is the dominant phase and only a limited fraction of austenite is
formed. Because carbon has very limited solubility in ferrite and
Mn preferentially partitions to austenite, this smaller austenite

fraction becomes more enriched in both elements. The JMatPro-
calculated austenite compositions listed in TABLE 3 support this
interpretation: the C content in austenite decreases from about
0.42 mass.% after IA at 780°C to about 0.27 mass.% after [A
at 860°C, while the Mn content decreases from about 4.92 to
3.83 mass.% over the same temperature interval. Such enrich-
ment explains the suppression of M after low-temperature [A.

The Thermo-Calc calculations further support this interpre-
tation by directly linking the intercritical annealing temperature

TABLE 3
Chemical composition of the austenite after the intercritical annealing at different temperatures; values calculated by the JMatPro software
Temp. [°C] Fe [mass.%]| Al [mass.%| Mn [mass. %] Mo [mass.%] Nb [mass.%] Si [mass.%| C [mass.%)]
860 94.15 1.36 3.83 0.18 0.0001 0.20 0.27
840 93.95 1.32 4.04 0.18 0.0001 0.21 0.30
820 93.71 1.28 4.29 0.18 0.0001 0.21 0.33
800 93.42 1.24 4.58 0.18 0.0000 0.21 0.37
780 93.07 1.20 4.92 0.18 0.0000 0.21 0.42




with the predicted phase balance and the composition-dependent
martensite start temperature. These calculations complement the
dilatometric results and the calculated austenite compositions
listed in TABLE 3. The equilibrium phase-fraction calculation in
Fig. 8 clarifies how the relative amounts of ferrite and austenite
change within the intercritical temperature range, whereas the
Property Calculator results in Fig. 9 illustrate the sensitivity of
M, to the carbon and manganese contents in austenite.

The equilibrium Thermo-Calc calculation shown in Fig. 8
confirms that the applied IA range is located within the ferrite-
austenite intercritical region. The main phases shown in the graph
(Fig. 8a) are BCC A2, corresponding mainly to ferrite, and
FCC_Al, corresponding to austenite. A secondary FCC_A1#2
phase is also predicted, but only in a negligible fraction. Minor
carbide phases, namely M7C3 D101, CEMENTITE DO11,
M23C6_D84 and M6C_E93, are also present in the calcula-
tion. Their low calculated fractions are shown more clearly in
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the enlarged view in Fig. 8b, confirming that they remain minor
equilibrium constituents compared with the dominant BCC_A2
and FCC_Al phases. Therefore, within the A temperature range
used in this study, the main effect of temperature is associated
with the changing balance between ferrite and austenite. At low
and intermediate temperatures, BCC A2 remains the dominant
phase. Above approximately 650-670 °C, the FCC_Al frac-
tion increases rapidly, while the BCC_ A2 fraction gradually
decreases. Both phases reach comparable fractions at around
820°C. At temperatures above approximately 940-950°C, the
alloy becomes nearly fully austenitic. These results support the
interpretation that the IA temperature controls both the amount
of austenite available for subsequent transformation and its
chemical enrichment, which in turn affects M, and the bainitic
response during IH.

The Thermo-Calc Property Calculator results presented
in Fig. 9 further show that the calculated M, temperature
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Fig. 8. Thermo-Calc equilibrium phase-fraction calculation for the investigated 0.17C-3.1Mn-1.6A1-0.2Si-0.2Mo-0.04ND steel as a function of
temperature: (a) full volume-fraction range and (b) enlarged low-volume-fraction range showing minor phases
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is strongly controlled by the carbon and manganese contents
in austenite. In these calculations, an effective austenite grain
size of 30 pm was assumed as a required input parameter for the
M calculation. This value should be treated as a representative
calculation parameter rather than as an experimentally measured
prior-austenite grain size. Since the initial microstructure of
the investigated steel was martensitic, austenite formation dur-
ing reheating is expected to be influenced by the previous lath
morphology and may lead to relatively refined austenite regions.
Increasing both C and Mn lowers M,, confirming their stabilizing
effect on austenite, although the influence of carbon is particularly
pronounced. Manganese provides an additional decrease in M,
especially within the composition range relevant to the present
steel. Therefore, the calculated M, values are used mainly for
comparative assessment of the effect of austenite chemistry, es-
pecially C and Mn enrichment, rather than as absolute predictions
fully accounting for the real austenite morphology. It should also
be noted that the effective austenite grain size can influence M,
and steel properties; finer austenite grains or smaller austenite
regions generally increase austenite stability, may reduce the
martensite start temperature, and contribute to strengthening
through microstructural refinement. These results support the in-
terpretation that C and Mn enrichment of austenite during [A can
substantially reduce its M| temperature and thereby enable sub-
sequent IH in the low-temperature bainitic transformation range.

This interpretation is also consistent with the literature on
intercritical annealing of medium-Mn and TRIP-assisted steels.
Kokosza and Pacyna reported that increasing the intercritical
annealing temperature increases the amount of austenite formed
in a medium-carbon TRIP steel [11]. Cai et al. showed a similar
tendency in Fe-0.2C-11Mn-6Al steel, where increasing the an-
nealing temperature from 650 to 950°C increased the austenite
fraction from 42 to 50% [12]. In medium-Mn steels, Yan et
al. [10], Hu and Luo [13], Lin et al. [14], Liu et al. [15], and
Skowronek et al. [16] also demonstrated that the IA temperature
strongly affects austenite growth, element partitioning, and the
stability of retained or intercritical austenite. The present results
follow the same physical tendency, although the investigated
steel has a lower Mn content and contains Al, Si, Mo, and Nb
additions, which modify the thermodynamic stability and trans-
formation kinetics.

However, a lower M, temperature alone should not be
treated as evidence of a more favourable condition for bainitic
transformation. The 780°C and 800°C IA variants produced
chemically more stable austenite, but they also contained
a smaller amount of austenite available for transformation
during IH. This explains why the dilatometric response during
isothermal holding may remain weak even when the austenite
is strongly enriched in C and Mn. In contrast, increasing the TA
temperature to 860 or 870°C reduces the chemical stability of
individual austenite regions, as indicated by the higher M| val-
ues, but it also increases the volume fraction of transformable
austenite. Consequently, the transformation-related dilatometric
signal during IH becomes stronger. This is particularly visible
when comparing the TA780/IH300, IA860/IH300, and 1A870/

IH300 samples in Fig. 4. The higher IA variants produced a larger
relative change in length values, which indicates a larger extent
of bainitic transformation under the applied holding conditions.

In the present work, the influence of individual alloying
elements was not analysed separately for all elements present
in the steel. The discussion was focused mainly on carbon and
manganese, because these elements showed the largest changes
in austenite composition after [A and are known to strongly affect
austenite stability, M, temperature and bainitic transformation
kinetics [9,20,21,24]. Carbon enrichment increases the thermal
stability of austenite and strongly decreases M, but it can also
retard bainitic transformation kinetics. Similarly, manganese
stabilises austenite, decreases M, and may reduce the chemical
driving force for the y — o transformation, thereby slowing the
bainitic reaction. This is consistent with literature data showing
that higher carbon content shifts bainitic transformation to longer
times, while increased manganese content decreases the driving
force for bainite formation and retards transformation kinetics.

The calculated thermodynamic data further explain this
behaviour. According to TABLE 3, low-temperature [A pro-
duces austenite enriched in both C and Mn. These elements
increase austenite stability and reduce M,, but they can also
slow the bainitic transformation. Zhu et al. showed that higher
carbon content retards bainite formation in 4140/4150 steels,
shifting transformation to longer times [24]. Morawiec et al.
demonstrated that increasing Mn content reduces the chemical
driving force for bainitic transformation and slows the transfor-
mation kinetics in medium-Mn alloys [20]. Kim et al. analysed
0.28C-3.8Mn-1.5S:i steel and showed that local Mn heterogeneity
affects the driving force and, consequently, the rate of bainite for-
mation [21]. In the present steel, the calculated driving force for
the austenite-to-bainite/ferritic bainite transformation increases
with increasing IA temperature, and the difference between the
lowest and highest IA temperature is about 336 J/mol, according
to the calculations shown in Fig. 10. Thus, the weaker bainitic
response after low-temperature IA is not only a consequence of
a smaller austenite fraction but also of a lower thermodynamic
tendency for transformation and slower kinetics.
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Fig. 10. Change in the Gibbs free energy between austenite and bainite
calculated using MAP_STEEL MUCGS83 programme [34]



The effect of IH temperature confirms this compromise.
Lower IH temperatures are generally favourable for refined
bainitic morphologies because they increase undercooling
below the bainite start range and promote finer bainitic ferrite
plates. However, they also substantially slow the transforma-
tion rate. In the present experiments, holding at 200°C after
IA at 780°C produced only a very small dilatometric response,
with RCL close to 0.04%, indicating that only a limited amount
of bainite-containing product formed during the applied hold-
ing time. Increasing the IH temperature to 300°C for the same
IA temperature increased the transformation response, with
RCL close to 0.18%. A similar effect was observed for the
800°C IA variants, where higher IH temperature resulted in a
stronger transformation signal than holding close to M,. These
observations agree with the results of Pei et al., who found that
decreasing the austempering temperature from 330 to 270°C in-
creased the final bainite fraction but prolonged the transformation
time from about 10000 to 28000 s in a medium-carbon bainitic
steel [25]. They are also consistent with dilatometric studies
of medium-Mn steels by Morawiec et al. [17], Skowronek and
Koztowska [18], Morawiec et al. [22], and Wojtacha et al. [23],
where low-temperature bainitic transformation was shown to be
strongly time- and composition-dependent.

The stability of austenite after IH is evidenced by the cool-
ing curves from the holding temperature to room temperature.
In the TA780/IH200 and TA800/IH220 samples fresh martensite
was detected during final cooling (Fig. 6), with the martensitic
signal starting at approximately 130°C and 60°C, respectively.
This indicates that the bainitic transformation during IH was
insufficient to enrich the remaining austenite in carbon to a level
required for room-temperature stability. The effect was stronger
for the IA780/IH200 sample, where the lower transformation
response during IH was accompanied by a more pronounced
martensitic signal during final cooling. In contrast, the variants
treated at higher IH temperatures, especially IA860/IH300 and
IA870/TH300, showed stronger transformation-related dilatomet-
ric responses during IH and no clear martensitic signal during
final cooling. This suggests that, within the investigated range,

500
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these conditions provided a more favourable combination of
a sufficient austenite fraction, adequate transformation kinetics,
and improved thermal stability of the residual austenite.

The T, and 7, concepts provide a useful thermodynamic
framework for interpreting the incomplete character of bainitic
transformation. During bainitic ferrite formation, carbon is re-
jected into the surrounding austenite, progressively increasing
its stability. The diffusionless growth of bainitic ferrite can
continue only while the free-energy condition for transforma-
tion remains favourable. When the carbon content of austenite
approaches the T, or 7, condition at a given temperature, further
growth becomes thermodynamically restricted. In the present
steel, this limitation is additionally affected by Mn enrichment
of austenite. As shown schematically by the calculated T, rela-
tionships in Fig. 11, increasing Mn content shifts the equilibrium
condition in a way that can reduce the possible extent of bainitic
transformation. Therefore, the amount of bainite formed during
IH depends not only on the holding temperature but also on the
austenite composition inherited from IA.

This thermodynamic limitation helps explain why the
chemically most stable austenite after IA is not necessarily the
most favourable starting condition for bainite formation. After
IA at 780°C, the austenite contains about 4.92 mass.% Mn and
0.42 mass.% C according to TABLE 3. These values lower M,
but they also decrease the driving force and limit the transfor-
mation rate. Under the IA780/IH200 condition, the bainitic
reaction was too weak to provide sufficient additional carbon
enrichment of the remaining austenite, and fresh martensite
appeared during final cooling. After IA at 860°C, the austenite
is less enriched in C and Mn, but the larger austenite fraction
and higher calculated driving force favour a stronger bainitic
reaction during IH at 300°C. The resulting carbon redistribution
during bainitic ferrite formation appears sufficient to stabilise
the remaining austenite thermally down to room temperature,
as indicated by the absence of a clear martensitic signal during
final cooling.

The high magnification SEM observations support the
dilatometric interpretation. The microstructures in Figs. 7 and 12
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Fig. 11. The influence of the manganese content in steel on the TO curve representing the equilibrium between austenite and bainite as a function
of carbon content. Results obtained by the MAP STEEL MUCGS83 programme [34]
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Fig. 12. High-magnification SEM microstructures of the investigated steel after selected two-step heat treatments; F — ferrite, RA — retained

austenite, RB — refined bainite, M — martensite

show ferritic regions formed during IA, martensitic regions in
conditions where austenite was not fully stabilised, and refined
bainite-containing regions (RB) after the two-step treatment. The
fraction and morphology of these regions change with IA and
IH conditions in a way that is consistent with the dilatometric
curves: the IA780/IH200 and IA800/IH220 samples showed only
limited refined bainitic regions and evidence of fresh martensite
(M), whereas the IA860/IH300 and IA870/TH300 showed a more
pronounced refined bainite (RB) morphology.

Overall, the results indicate that the most favourable re-
sponse within the investigated experimental range is obtained
when the heat treatment combines a sufficiently high amount
of transformable austenite with an IH temperature high enough
to allow measurable bainitic transformation during the applied
holding time. Among the tested variants, the [A860/TH300 and
[A870/IH300 samples provided the strongest transformation-
related dilatometric responses and satisfactory thermal stability
during final cooling. These variants should therefore be described
as the most favourable among the investigated conditions, while
the broader optimisation of IA and IH parameters remains a sub-
ject for further study.

The present study supports the concept of using intercritical
annealing to reduce the effective M, temperature of austenite and
enable subsequent low-temperature bainitic transformation in
a lean Al-alloyed medium-Mn steel. At the same time, it shows
that the process is governed by a trade-off between austenite
chemical stability and the amount of austenite available for

bainitic transformation. The approach is promising for further
development of refined bainitic-austenitic microstructures,
but additional quantitative phase analysis and high-resolution
microstructural characterisation are required before the pro-
cess can be described as an optimised route for producing
nanobainite.

From an application-oriented point of view, the obtained
results are important for designing heat treatments of medium-
Mn multiphase steels intended for advanced high-strength
steel applications [1,2,8]. In such alloys, the final properties
are controlled not only by the chemical composition, but also
by the phase balance obtained after processing [3,4,6]. Ferrite
contributes to ductility and can improve formability, whereas
bainitic or refined bainite-containing regions increase strength
through microstructural refinement [6,26]. Retained austenite is
particularly important because, if sufficiently stable, it can im-
prove the strain-hardening capacity and delay strain localisation
through the TRIP effect during deformation [3-5,9]. In contrast,
fresh martensite formed during final cooling may increase hard-
ness and strength locally, but its excessive fraction can reduce
ductility and impair mechanical stability [3,5]. Therefore, the
most promising heat-treatment conditions are those that com-
bine a sufficient amount of transformable austenite, measurable
bainitic transformation during IH, and thermal stability of the re-
maining austenite during final cooling [8,10,13,16,20]. In the
present study, this combination was most clearly observed for
the TA860/IH300 and IA870/IH300 samples.



5. Conclusions

The effect of intercritical annealing and isothermal holding

conditions on the martensite start temperature, bainitic transfor-
mation response and retained austenite stability in 0.17C-3.1Mn-
1.6A1-0.2Si-0.2Mo0-0.04Nb multiphase steel was analysed using
dilatometric measurements, thermodynamic calculations and
SEM observations. The main findings of the study are:

1.

The formation of refined bainite embedded in the intercritical
austenite laths is only possible for properly selected isother-
mal holding conditions combining a moderate enrichment of
intercritical austenite in C and Mn and corresponding aus-
tenite stability and moderate C diffusion rate in the bainitic
transformation range close to the lowered M, temperature.
Intercritical annealing temperature strongly affected the
martensite start temperature of the investigated 0.17C-
3.1Mn-1.6A1-0.2Si-0.2M0-0.04Nb steel. Increasing A
temperature from 780 to 870°C increased M, from ap-
proximately 170 to 305°C.

The decrease in M, after lower-temperature IA is attributed
to stronger C and Mn enrichment of intercritical austenite.
However, lower [A temperatures also reduce the amount of
austenite available for subsequent bainitic transformation.
The dilatometric response during isothermal holding
depended on both IA and IH temperatures. Higher IA tem-
peratures increased the amount of transformable austenite
of moderate thermodynamic stability, whereas higher IH
temperatures accelerated the transformation response within
the investigated holding time.

Austenite remaining after IH was thermally stable during
final cooling (RA islands) for most investigated variants.
Martensitic transformation during final cooling was de-
tected for the TA780/IH200 and TA800/IH220 samples,
indicating insufficient stabilization of part of the remaining
austenite under these conditions.

SEM observations revealed low-temperature bainite regions
with refined morphology after the two-step heat treat-
ments. However, further high-resolution characterization
techniques are required in future studies to confirm the
nanometric scale and quantify phase fractions.

Within the investigated range, the most favourable response
among the tested heat-treatment conditions was observed
for the TA860/IH300 and TA870/IH300 samples. These
conditions combined a relatively large amount of trans-
formable austenite with an IH temperature that enabled
a measurable refined bainitic transformation response and
did not produce a clear martensitic transformation signal
during final cooling. The process should therefore be treated
as a promising route for further optimization.
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