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Abstract: Effects of isothermal holding time and temperature on the stability of retained austenite
in medium manganese bainitic steels with and without Nb microaddition were investigated.
The amount of retained austenite for various variants of thermomechanical processing was
determined by X-ray diffraction. Relationships between processing conditions and microstructure
were revealed using light microscopy and scanning electron microscopy techniques. The isothermal
holding temperatures changed from 500 to 300 °C and the time was from 60 to 1800 s. The optimal
time and temperature of isothermal holding for all the investigated steels were 400 °C and 300 s,
respectively. The relationships between the Mn content, amount of retained austenite, and carbon
enrichment of the retained austenite (RA) were observed. The noticeable effect of Nb microaddition
on the amount of retained austenite was not observed. In general, the carbon content in RA was
slightly lower for the steels containing Nb. The optimum gamma phase amount was up to 18% for the
3% Mn steels, whereas it was c.a. 13% for the steels with 5% Mn. It was found that the morphology
of blocky/interlath retained austenite depends substantially on the isothermal holding temperature.

Keywords: medium Mn steel; automotive sheet steel; bainitic steel; physical simulation; retained
austenite; isothermal holding

1. Introduction

Medium-Mn bainitic steels with retained austenite belong to a group of steels dedicated to the
automotive industry due to a great combination of mechanical and technological properties. These
steels can be produced as cold-rolled—when the required microstructure is obtained during heat
treatment after cold rolling—or they can be obtained as thermomechanically rolled [1]. A higher
amount of retained austenite can be achieved for hot-rolled steels; however, the optimal ductility of
steel sheets is not always obtained for the steels containing the highest fraction of y phase. The critical
factor is the optimal kinetics of strain-induced martensitic transformation related to the mechanical
stability of retained austenite [2].

Medium-Mn sheet steels offer the best combination of strength and ductility at reasonable
cost. They are much cheaper compared to fully austenitic high-Mn steels. The intermediate Mn
content allows to stabilize a fraction of retained austenite between the high-Mn steels (2nd generation
Advanced High-Strength Steels) and the low-Mn automotive multiphase steels (1st generation
Advanced High-Strength Steels). Moreover, the mixture of ultra-fine ferrite and austenite or
carbide-free bainite-austenite enables us to reduce the hardness difference between microstructural
constituents compared to a mixture of ferrite, bainite, and retained austenite [2,3]. It results in better
edge formability, stretch flangeability, and mechanical properties of medium-Mn sheet steels.
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In order to provide the highest number of mechanical properties of steel, it is crucial to select
proper conditions of bainitic transformation, which ensure obtaining the optimal amount and stability
of the retained austenite. The conditions (time and temperature) of isothermal holding in a bainitic
transformation region have a significant effect on the stability of this structural constituent. If the
duration of isothermal holding is too short, the retained austenite is characterized by low stability due
to the small carbon content. This leads to an increase in the temperature, at which point martensitic
transformation begins (M temperature). Conversely, if the time of isothermal holding is too long,
carbon is trapped in carbides, which also leads to a negative increase in Mg [3-5].

Incorrect time and temperature of isothermal holding during bainitic transformation result
in obtaining some fraction of martensite, usually as martensite—austenite (MA) constituents.
Sugimoto et al. [6] reported that the temperature of isothermal holding during bainitic transformation
for C-Mn-Si steels strongly affects the amount of retained austenite and carbon concentration in this
phase. They found that the maximum amount of RA was obtained at ~425 °C, while the maximum C
content in RA was detected at ~375 °C for the steels containing 0.1-0.2 wt. % C. Girault et al. [7] noted
that the carbon content in retained austenite depends on the chemical composition of steel, that is,
silicon and aluminum contents.

Our previous research [8] regarding the effect of bainitic transformation temperature on the
thermodynamic stability of retained austenite was carried out using a medium-C bainitic steel
containing 1.5% Mn. Currently, there is a large amount of interest in bainitic steels with manganese
content from 3 to 12%. The increased Mn amount enables to obtain a high fraction of retained austenite
(~10-30%) [9,10]. In order to improve the mechanical properties of steels with a TRIP (TRansformation
Induced Plasticity) effect, microadditions of Nb and Ti can be also added [11]. The influence of
bainitic transformation conditions on the microstructure consisting of ferrite, bainite, and retained
austenite have been analyzed by many authors [12-14]. Garcia-Mateo et al. [15,16] analyzed the factors
affecting the stability of retained austenite in nanostructured bainitic steels. There are only few reports
addressing the temperature and time aspects of bainitic transformation in medium-Mn steels with
retained austenite. Therefore, the aim of the present study is to determine the effects of isothermal
holding time and temperature on the thermodynamic stability of retained austenite in medium-Mn
bainitic steels. Additionally, the effect of Nb microaddition on the microstructure of the investigated
steels was analyzed.

2. Materials and Methods

The investigations were carried out on four medium-Mn steels characterized by manganese
content c.a. 3% and 5%. The increased Mn content was added to stabilize the retained austenite.
A silicon addition was partially replaced by aluminum to improve the susceptibility of sheet steel
to hot dip galvanizing and to prevent carbide precipitation. Al also accelerates bainite nucleation,
which is advantageous due to the possibility of the short duration of isothermal holding at the bainitic
area [17]. Table 1 shows the chemical composition of the investigated steels. They are characterized
by high metallurgical purity and low contents of S and P. Nb microaddition was intended to increase
the strength through grain refinement and precipitation strengthening [18]. Mo was added for solid
solution strengthening. A relatively low carbon content (max. 0.17%) should not deteriorate the
weldability of the steels [19,20] and ensures the optimal enrichment of the austenite by this element
during isothermal bainite transformation. Lun et al. [21] showed that the 0.15C-10Mn-1.5Al steel is
weldable despite the medium Mn content.
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Table 1. Chemical composition of investigated steels in wt. %.

30f17

Steel Type C% Mn% Al% Si% Mo% Nb% S% P% N%
3Mn 0.17 3.3 1.7 0.22 0.23 - 0.014 0.010 0.0043
3MnNb 0.17 3.1 1.6 0.22 022 0.04 0.005 0.008 0.0046
5Mn 0.16 47 1.6 0.20 0.20 - 0.004 0.008 0.0039
5MnNb 0.17 5.0 1.5 0.21 020 0.03 0.005 0.008 0.0054

The investigated steel was melted in a Balzers VSG-50 vacuum induction furnace under Ar
atmosphere. After melting and casting, the ingots were hot forged between 1200 to 900 °C.
The specimens 15 x 20 x 35 mm for the thermomechanical processing using the Gleeble 3800
simulator were prepared. Detailed information on deformation conditions performed in 7 steps
(T1-Ty) in a temperature range 1200-850 °C (Figure 1) was listed in work [8]. The 5Mn and 5MnNb
steels were continuously cooled to the bainitic transformation temperature T and isothermally treated
in temperatures: 350, 400, 450, 475, and 500 °C. The duration of isothermal holding was: 300 s, and for
450 °C it was also 60, 600, and 1800 s, respectively. The aim was to determine the effect of isothermal
holding time on the thermodynamic stability of retained austenite. 3Mn and 3MnNb steels after
deformation were cooled according to the parameters given in Table 2. The duration and temperatures
of isothermal holding at the bainitic region were the same as for 5Mn and 5MnNDb steels (Figure 1).
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Figure 1. Thermomechanical processing conditions of investigated steels (for specimens isothermally
held at 400 °C).

Table 2. Parameters of cooling after deformation for 3Mn and 3MnNb steels.

Operation Number Temperature Range, °C Cooling Rate, °C/s Duration of Isothermal Holding, s

1 850—700 30 -
2 700—650 5 -
3 650—Tg 40 -
350 300
400 300
4 450 - 60, 300, 600, 1800
475 300
500 300
5 Tp—RT 05 -

The X-ray investigations were done using the X’ Pert PRO diffractometer with cobalt radiation
and a graphite monochromator on a diffracted beam. The phase identification was carried out
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according to the data from International Centre for Diffraction Data ICDD. X-ray data obtained
from the measurements served in the quantitative determination of the volume fraction of retained
austenite. For this purpose, the Averbach-Cohen method recommended by The Society of Automotive
Engineers for X-Ray diffraction measurements was used [22,23]. This method enables to determine a
retained austenite amount using integrated intensities (area under a peak above a background) of X-ray
diffraction peaks [24]. Using this method enables us to analyze the individual peaks, which allows to
take into account the texture effects, at the same time minimizing background noise. This method is
often applied to determine the retained austenite in TRIP-assisted steels [7,12-14]. Another method
applied for TRIP steels is the Rietveld method [25]. In this method, a theoretical line profile is
calculated from a structure model that is refined using a least-squares approach until it matches the
discrete data from neutron or X-ray diffraction patterns [26]. The Rietveld analysis is widely used in
powder phase quantitative analysis [27]. Another technique used for retained austenite detection is
neutron diffraction. This method is a useful method due to the high penetration ability of a neutron
beam [28-30]. The positions of maxima of the diffractions lines of austenite were used to determine
the lattice constant of retained austenite. This parameter is necessary to calculate the concentration of
carbon in the retained austenite. The dependence often applied for TRIP-type steels was used [31]:

ay =3.578 + 0.033C,, )

where: a,—lattice parameter of the austenite (A), C,—carbon content in the austenite (wt. %).

To characterize the microstructure of the thermomechanically processed specimens, optical and
SEM observation were performed. The analysis was carried out using a Leica MEF 4A optical
microscope. The microstructural details were revealed with a scanning electron microscope Zeiss
SUPRA 25 operating at 20 kV. The specimens were prepared in the plane, consistent with the direction
of plastic flow. A first step of sample preparation included mechanical grinding with SiC paper up
to 1500 grid. Then, they were polished with a diamond paste and etched using 5% nital to reveal the
microstructure. For the purpose of the best identification of retained austenite, etching in 10% water
solution of sodium metabisulfite was also applied. The hardness of steel samples was measured using
the Vickers method (HV 10) to follow microstructure changes.

3. Results and Discussion

3.1. X-ray Results

X-ray diffraction analysis was carried out to identify the phases and to determine a retained
austenite amount and its carbon content. It was necessary to assess the stability of retained austenite.
Figure 2 shows selected X-ray diffraction patterns of the examined steels. The phase identification
revealed the presence of diffraction lines from « phase and retained austenite. The detailed information
on the fraction of retained austenite and carbon content in this phase are listed in Table 3. The obtained
results are also presented in Figures 3-5 as a function of temperature and time.
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Table 3. Fraction of retained austenite and carbon content in this phase for different variants of thermomechanical processing.

. Fraction of Carbon Content . Fraction of Carbon Content

Thermomechanical . . Thermomechanical . . .
Steel Type Treatment Conditions Retained In Retained Steel Type Treatment Conditions Retained in Retained

Austenite, % Austenite, wt. % Austenite, % Austenite, wt. %
850-700-10s-650-450-60s 10.4 1.26 850-700-10s-650-450-60s 11.5 1.18
850-700-10s-650-450-300s 13.3 1.23 850-700-10s-650-450-300s 15.9 1.21
850-700-10s-650-450-600s 13.2 1.09 850-700-10s-650-450-600s 12.4 1.08
850-700-10s-650-450-1800s 4.7 1.03 850-700-10s-650-450-1800s 7.8 0.91
3Mn 850-700-10s-650-350-300s 9.4 1.34 3MnNb 850-700-10s-650-350-300s 9.3 1.39
850-700-10s-650-400-300s 16.8 1.35 850-700-10s-650-400-300s 17.7 1.26
850-700-10s-650-500-300s 11.1 1.14 850-700-10s-650-500-300s 9.8 1.07
850-450-60s 7.8 1.08 850-450-60s 7.1 0.99
850-450-300s 10.9 1.19 850-450-300s 11.0 1.17
850-450-600s 8.1 1.14 850-450-600s 8.0 1.12
5Mn 850-450-1800s 7.0 1.09 5MnNb 850-450-1800s 6.8 1.07
850-400-300s 9.8 1.27 850-400-300s 13.4 1.32
850-350-300s 9.5 1.28 850-350-300s 12.2 1.24

850-500-300s 8.2 1.06 850-500-300s 9.5 0.99
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Figure 2. (a) X-ray diffraction pattern of 3Mn type steel isothermally held at 350 °C for 300 s; (b) X-ray
diffraction pattern of 3Mn type steel isothermally held at 400 °C for 300 s; (c) X-ray diffraction pattern
of 3MnNb type steel isothermally held at 400 °C for 300 s; (d) X-ray diffraction pattern of 5SMnNb type
steel isothermally held at 400 °C for 300 s.

In the case of 3Mn-type steel, the highest fraction of retained austenite was obtained during
isothermal holding at 400 °C (16.8%). 3MnNDb steel possessed a slightly higher fraction of vy
phase—17.7%. Similar results were reported by Sugimoto et al. [32] in 0.2C-1.5Mn-1.55i type steels
with and without Nb microaddition. Lowering the bainitic transformation temperature to 350 °C
caused a decrease in the amount of retained austenite to c.a. 10% for both steels containing 3%
Mn (Table 3). This was due to the decrease in the diffusion rate while the temperature dropped.
The amount of retained austenite slightly decreased when the temperature of bainitic transformation
increased to 450 °C. Further increasing the temperature to 500 °C caused a significant decrease in the
amount of retained austenite (Figure 3a).

A similar tendency was observed in 0.1C-1.5Mn-1.55i and 0.2C-1.5Mn-1.55i steels with lower
Mn content [6]. The maximum amount of retained austenite was obtained at 425 °C. However, it was
lower (~7%) than the values obtained in the present study. A small number of points did not allow to
interpolate the data. However, from the physical point of view, it seems that the points should form
a parabolic tendency with a peak value at a particular temperature. Such a behavior was observed
by Wang et al. [12] in 0.2C-1.5Mn-0.75i-1Al-0.5Cu steel. In their steel, peak temperature was 440 °C.
This was related to the initiation of the carbide precipitation and the resulting transformation to
martensite of some austenite fraction with the smallest carbon content. In our case, the drop in the
amount of retained austenite is earlier, that is, above 400 °C. This is due to the chemistry of the steels.
The increased manganese content seems to play a major role in this behavior.
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Figure 3. (a) Influence of temperature on the amount of retained austenite for steels isothermally held
for 300 s; (b) Influence of isothermal holding time on the amount of retained austenite for steels treated
at 450 °C.

Steels containing 5% Mn are less vulnerable to temperature changes. The amount of retained
austenite in these steels is almost constant at the bainitic transformation temperature range from 350 to
450 °C (Figure 3a). The amount of retained austenite (RA) in this case was from 9 to 12% (Table 3) and
it was higher for the steel with the Nb microaddition. The effect of isothermal holding time at 450 °C
on the amount of retained austenite is shown in Figure 3b. 5Mn and 5MnNb steels showed fewer
changes in the amount of v phase due to variable duration of bainitic transformation. The optimal time
of isothermal holding for all the steels seems to be 300 s. The highest fraction of retained austenite was
detected for 3MnND steel (Table 3)—17.7%. It was found that the vy phase was not enriched in enough
carbon during isothermal holding at 450 °C for 60 s (Table 3). Therefore, the thermodynamic stability
of the austenite in the steel containing Nb addition seems to be slightly lower. This is especially true for
the steels with the higher Mn content. The stability of retained austenite is higher in the case of 3MnNb
steel in comparison to 5SMnNb steel, due to the higher carbon content. In general, the Nb-containing
steels show slightly smaller carbon contents (compare the values in Table 3). However, there are
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also some disturbances in this tendency. For example, the 3MnND steel sample treated at 350 °C and
5MnNDb steel sample treated at 400 °C show a little bit higher carbon content in the RA compared to
the reference steels without Nb. This indicates the complex interactions of the chemistry in TRIP steels
containing microadditions [12,17] and it will be analyzed in future investigations. Increasing the time
of bainitic transformation up to 1800 s caused a drop in the amount of RA (Figure 3b).
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Figure 4. (a) Influence of isothermal holding temperature on the carbon content in retained austenite
for the steels treated for 300 s; (b) Influence of the isothermal holding time at 450 °C on the carbon
content in retained austenite.

In some cases, X-ray diffraction cannot provide the correct retained austenite content values
because strain-induced martensitic transformation takes place easily near the specimen surface. In such
cases, the metastable retained austenite fraction should be determined using neutron diffraction.
This can be found in works [28-30].

The amount of retained austenite is closely related to the carbon content in this phase (Figure 4a).
The obtained results showed that increasing the temperature of isothermal bainitic transformation
leads to lowering the carbon content in retained austenite (Figure 4a). This tendency is similar for all
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the tested steels. However, the highest carbon content in retained austenite was detected for the 3Mn
and 3MnNb steels. The lowest C content was obtained for the 5MnNDb steel. For the steel containing
5% Mn, isothermal holding for 60 s is too short to enrich the austenitic phase in carbon (Figure 4b).
The optimal duration of isothermal bainitic transformation for these steels is 300 s, similar to the steels,
which contain 3% Mn.
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Figure 5. (a) Influence of isothermal holding temperature on the product of the retained austenite
amount and its carbon content for the steels treated for 300 s; (b) Influence of isothermal holding time
at 450 °C on the product of the retained austenite amount and its carbon content.

In fact, there is a lack of literature data concerning the effects of isothermal holding time on the
fraction of retained austenite in medium-Mn steels and its carbon content. The data available in the
literature concern mostly the 1st generation AHSS, with a Mn content below ~2%. Girault et al. [7]
reported that for 0.1C-1.5Mn-1.5 Al steel isothermally held at 375 °C, the maximum carbon content
in retained austenite was obtained after 1000 s. According to Wang et al. [12], the maximum carbon
content in the 0.2C-1.5Mn-0.75i-1Al-0.5Cu steel was measured at a level of 0.91% at 440 °C.
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Fu et al. [33] compared the microstructure of Fe-0.2C-1.49Mn-0.98A1-0.55i steel after bainitic
transformation at 400 °C and 450 °C. They found that the stability of retained austenite is lower for
the higher bainitic transformation temperature (450 °C) due to a lower carbon enrichment of the y
phase. A similar effect was observed in our study—increasing the temperature of the isothermal
bainitic transformation above 400 °C leads to lowering the carbon content in the retained austenite.
Due to the lower stability of RA, martensitic transformation occurred for relatively lower strain levels,
which results in lower elongation [34].

Based on the data listed in Figures 3 and 4, it can be concluded that the maximum carbon content
in RA was not detected at 400 °C, when the amount of the y phase was the highest. The maximum
carbon content in RA was detected in 350 °C; however, a fraction of this phase was not the highest.
Hence, it seems that the optimal parameter which characterizes the thermodynamic stability of retained
austenite is not the volume fraction or carbon content in the austenite, but the f, o x C, product. It is
interesting that the values of the f, o x C, product were higher for the steels containing 3% Mn
and the optimal time and temperature of isothermal holding were 400 °C (Figure 5a) and 300 s
(Figure 5b), respectively. The values of the £,y x C, product are similar for the steels with or without
Nb microaddition.

3.2. Hardness Changes

The mechanical properties of the steels were assessed by hardness tests, which are sensitive to
any possible phase transformation of the austenite upon cooling. On the one hand, this allows to
indicate when the austenite is thermodynamically stable and remains at room temperature. On the
other hand, one can easily assess when partial martensitic transformation upon cooling takes place
and martensitic-austenitic (M—A) constituents are formed. Hence, the microstructure changes are
reflected in sensitive hardness measurements.

The hardness of the steel samples was measured using the Vickers method. The obtained results
are presented in Figure 6 as a function of time and temperature. The data presented in Figure 6a show
that the lowest hardness values were obtained for specimens isothermally held within 300 s, both for
3Mn and 5Mn type steels. However, it is worth to note that higher hardness values were detected
for the steels containing 5% Mn, especially for the steels containing the Nb microaddition. This can
suggest the higher degree of the transformation into martensite. Figure 6b shows the effect of the
temperature of isothermal holding during bainitic transformation on the hardness changes. In the case
of 3Mn, 3MnNb, and 5Mn type steels, the lowest hardness was obtained at 450 °C, whereas for the
S5MnNb steel at 400 °C. Higher hardness values were detected for the steels with 5% Mn.

Generally, the steels containing the Nb microaddition were characterized by higher hardness than
the specimens without this element. However, the effect of Nb is not clear, probably due to its presence
in the solid solution [11], as the manganese content increases the solubility of Nb in the austenite raises.
It seems that the prior austenite grain size is similar for all the steels investigated. Hence, niobium is
dissolved and its effect is at least partially masked (not so clear).

The increase in hardness is directly related to the higher amount of martensite or M—A constituents.
Generally, the steels containing 3% Mn showed lower hardness than the 5% Mn steels. This is due
to the higher fraction of retained austenite observed in the 3Mn and 3MnNb steels. Increasing the
temperature to 500 °C caused a significant increase in martensite fraction, which was reflected in the
higher hardness values in Figure 6b. The same effect is observed when the time of the isothermal
holding is too short, that is, 60 s (Figure 6a).

In our previous study, Grajcar et al. [5] analyzed the mechanical stability of the retained austenite
in the investigated steels using larger samples based on the work hardening behavior and elongation
changes. The yield stress of 3Mn steels was near 700 MPa and above 200 MPa higher for the steels
containing 5% Mn. These properties are slightly higher for Nb-containing steels. The total elongation
was about 14-15% for the steels containing 3% Mn, whereas the 5Mn type steels showed lower
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elongation values. The tensile test data are in good agreement with the hardness changes presented in
the current paper. For further mechanical stability data, the reader is referred to the text in Reference [5].

650
a —A—3Mn
1 ) —=—3MnNb
600 —e—5Mn
550 | — B 7
.\ .
= 500
T
450
A //l
- , A
400 /
|
1 A
R L R B s pa
0 200 400 600 800 1000 1200 1400 1600 1800 2000
isothermal holding time, s
650
|b) —4—3Mn
B —=s—3MnNb
600 + ) —e—5Mn

550 - - \.
\./0

o
> 500 -
2 500
| A
450 -
]
]
400 | &.
B
A L]
B \A
350 ———————————

L R L | T T
340 360 380 400 420 440 460 480 500 520 540

isothermal holding temperature, °C

Figure 6. (a) Influence of isothermal holding time at 450 °C on the hardness; (b) Influence of isothermal
holding temperature for 300 s on the hardness.

3.3. Microstructure Changes

Microstructures of samples for different temperatures of isothermal holding during bainitic
transformation are shown in Figures 7-9. The obtained microstructures are fine-grained due to
finishing the plastic deformation below the recrystallization temperature of austenite (850 °C) [5].
The microstructures were also affected by a high deformation level (¢ = 1.7). The microstructures of
3Mn type steels were composed of fine-grained bainitic-martensitic plates. The highest fraction of
retained austenite was observed in 3Mn and 3MnNb steels after isothermal holding at 400 °C and
450 °C (Figure 7c—f). This was earlier confirmed by the X-ray diffraction method. The most optimal
duration of isothermal holding in the bainitic region seems to be 300 s. The clear influence of Nb
microaddition on the microstructure and the amount of retained austenite was not detected. It seems
that the Nb microaddition remained dissolved in solid solution due to the relatively high manganese
content [5]. Thus, its effect can be smaller than that expected for NbC precipitates [17]. Based on the
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obtained diffraction patterns, it was found that the amount of retained austenite in steels with the Nb
microaddition was lower by c.a. 2% (Table 3).

Mn-1.5A1-Nb 3=

X

{f) 3Mn-1.5AI-Nb

< >\A\ A%
o

Figure 7. Multiphase microstructures of 3Mn and 3MnNb steels isothermally held at: (a,b) 350 °C,
(c,d) 400 °C, (e,f) 450 °C, (g,h) 500 °C, for 300 s (LM).
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Figure 8. Multiphase microstructure of 3Mn and 3MnND steels isothermally held at: (a,b) 350 °C,
(c,d) 400 °C, (e,f) 450 °C, (g,h) 500 °C, for 300 s (SEM).
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Figure 9. Bainitic-martensitic microstructure of 5Mn steel isothermally held at: (a,b) 350 °C,
(c,d) 400 °C, (e,f) 450 °C, (g,h) 500 °C.

The more detailed information on the microstructure was revealed using the scanning electron
microscope (SEM). Figure 8 shows the microstructures obtained for the specimens isothermally held
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between 350 and 500 °C. At 350 °C, the bainitic-martensitic laths were clearly observed and the retained
austenite formed thin layers between the bainitic ferrite laths (Figure 8a,b). Increasing the bainitic
transformation temperature up to 400 °C caused changes in the morphology of retained austenite.
The fine-grained blocky retained austenite was observed at the boundary of bainitic-martensitic blocks
(Figure 8c,d). Larger grains were subjected to partial martensitic transformation during cooling. As a
consequence, they formed martensitic-austenitic regions (M—A). The confirmation of the phases using
the EBSD (Electron Back-Scattered Diffraction) method can be found in our previous paper [5].

This indicates that the carbon content in the y phase varies and depends on its size and
morphology. In addition to the blocky-type grains of retained austenite, that phase also occurs
in the form of continuous or intermittent layers characterized by various thicknesses, located inside the
bainitic areas. This kind of microstructure is composed of degenerate upper bainite, where austenite
occurs instead cementite along bainite laths [35]. While the bainitic transformation temperature
was increased to 450 °C, the decomposition of the austenite into martensite began (Figure 8e,f).
Under these conditions, only thin layers of retained austenite were thermodynamically stable.
Bainitic-martensitic-austenitic (B-M-A) and martensitic-austenitic (M—A) areas occurred. Increasing
the temperature to 500 °C resulted in the almost complete disappearance of the y phase (Figure 8g,h).

For the steels containing a higher Mn content (~5%), mostly for the specimens isothermally held
at 350 and 400 °C, the retained austenite occurred as layers characterized by various thicknesses
(Figure 9a—d). Inside the bainitic laths, the martensitic-austenitic (M-A) particles and cementite were
located. This is a typical morphology of degenerate lower bainite [35]. While the temperature of
isothermal holding increased to 450-500 °C, retained austenite layers became thicker and the amount
of blocky-type grains located mostly between martensitic—bainitic packets increased (Figure 9e-h).
The blocky-type grains are characterized by lower thermodynamic stability, due to a smaller carbon
content compared to the interlath retained austenite [6,13]. That is why they transformed partially
or completely into the martensite during final cooling to the room temperature. This was confirmed
by the previous indications of a carbon content in the austenitic phase (Table 3) and corresponding
hardness changes (Figure 6). It means that the stability of the austenite is determined by the size
and morphology of these areas. Due to the increased hardenability, 5Mn and 5MnND steels are more
susceptible to martensitic transformation. Therefore, the amount of stable retained austenite is lower
than that in the steels containing 3% Mn.

4. Conclusions

The effects of temperature and time of isothermal holding in the bainitic range on the retained
austenite stability were investigated in four medium-Mn steels with and without Nb microaddition.
The following conclusions are drawn:

e The optimal time and temperature of isothermal holding for all the steels were 400 °C and 300 s,
respectively. Under these conditions, 16-18% of Y phase was obtained for the 3Mn type steels,
whereas 10-13% of retained austenite was detected in 5Mn type steels. The amount of retained
austenite was similar for the steels with and without Nb microaddition;

e asthe concentration of Mn increases, the amount of retained austenite decreases due to the smaller
C enrichment of this phase. For 3Mn type steels, the carbon content in retained austenite was
0.9-1.4%, and it was up to 1.3% for 5Mn type steels. The carbon content in retained austenite was
slightly lower in the steels with Nb microaddition;

e  at 350 °C, the highest C enrichment of the retained austenite was obtained. Increasing the bainitic
transformation temperature to 450 °C and extending the time over 300 s initiated the austenite
decomposition and reduced the C content in this phase;

e in steels containing 3% Mn, isothermally held at 400 °C, mostly blocky-type retained austenite
occurred, whereas at 350 °C the RA was located as layers between bainitic ferrite laths. As the
temperature rose, the thickness of the y phase layers increased and the blocky grains partially
underwent martensitic transformation, forming M-A islands.
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