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a b s t r a c t

A new combination of factors enhancing the stabilization of austenite, including pre-

existed austenite among quenched martensite, prior deformation, and partitioning at

high temperatures is employed to create a multi-component refined microstructure in a

medium Mn steel (Fee4Mne0.31Ce2Nie0.5Ale0.2Mo, wt.%). The microstructure evolution

and phase fraction during the processing are systematically investigated using various

characterization methods. The microstructure of the specimen after 0.4 strain deformation

of 73% martensitee27% austenite at 250 �C and subsequent partition-annealing at 600 �C

for 20 min was composed of several phases including tempered martensite, fresh

martensite, pearlite, 10% of retained austenite (RA) and undissolved cementite. By

increasing the annealing temperature, the pearlitic transformation was suppressed,

whereas recrystallization of the deformed martensite and carbide dissolution occurred

following annealing at 650 �C for 20 min resulting in an ultrafine-grained microstructure

composed of equiaxed ferrite, 32% RA along with some fresh martensite during final

cooling and few carbide precipitates. The results demonstrate that the combinatorial

approach accelerated partitioning of alloying elements from martensite and carbides to

largely pre-existing austenite is responsible for the improved austenite stabilization during

intercritical annealing of the deformed dual-phase specimens. However, competitive

processes are also enhanced so that the RA content is not increased by deformation.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
strength-ductility-toughness balance, realizing cost-efficient

1. Introduction

In recent years, medium Mn steels have emerged as a prom-

ising family of the third generation of advanced high strength

steels (AHSSs) containing 4e12% Mn and have attracted

enormous interest among the research groups worldwide.

Because of the various possibilities of achieving excellent
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solutions due to inexpensive alloying, and accomplishing

high energy efficiency compared to the second generation of

AHSSs, medium Mn steels can be considered as potential

candidates for lightweight automotive applications [1,2]. The

key factor in governing a good combination of high strength

and good ductility, however, lies in properly controlling the
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volume fraction and stability of retained austenite (RA) that

should be finely divided in the matrix and hence, becomes a

challenging objective in designing new processing routes.

Several efforts have since been devoted to stabilizing RA

through suitable design of chemical composition [3], and

appropriate control of grain size [4,5], morphology [6] and

prior deformation [7].

The most common processing route to achieve the desired

properties in medium Mn steels includes quenching from

austenitization temperature, followed by cold working at

room temperature (optional) and reheating and holding at a

temperature in the intercritical range to enable requisite

austenite formation with Mn-enrichment and then cooling to

room temperature (RT) retaining a fraction of austenite sta-

bilized down to RT [8,9]. The duration and temperature of

intercritical annealing determine the chemical composition

and grain size of RA [10e12]. However, if theMn content in the

steel is not high enough, a long time intercritical annealing

treatment (IAT) would be needed to enrich austenite with

requisiteMn content to achieve a desired fraction of stabilized

RA, mainly due to the fact that the kinetics of Mn partitioning

is quite slow [11]. Such long IAT durations can be unsuitable

from industrial processing point of view. Therefore, the ac-

celeration of austenite reversion and/or Mn partitioning via

different processing methods have recently been evaluated.

For instance, Hu and Luo [13] have shown that in a two-step

IAT, the cementite precipitates formed in the first step

became nucleation sites for subsequent martensite reversion

to austenite in the second step that could be suitably

controlled to promote the formation of coarse austenite grains

with Mn gradient towards the centre of the grains.

The innovative process of quenching and partitioning

(Q&P) was originally proposed with the idea of concentrating

essentially on partitioning of carbon from supersaturated

primary martensite to untransformed austenite, normally in

the temperature range of 350e450 �C in order to stabilize it

partially or fully down to RT [14e16]. Recently, the concept of

Q&P has been extended to higher temperatures to facilitate

the partitioning of substitutional alloying elements such as

Mn from martensite to austenite in addition to carbon parti-

tioning [17,18]. As the diffusivity of Mn is very low (10�27 m2/s)

[19] compared to that of carbon (10�16 m2/s) [20], the diffusion

distance of Mn into the austenite phase is very short at low

temperatures below 450 �C even after long holding time of ~1 h

[21]. Ayenampudi et al. [18] have studied the stabilization of

austenite during partitioning of a medium Mn steel in the

temperature range of 400e600 �C. They showed that carbon

partitioning at 400 �C and 450 �C led to RA stabilization and

carbide precipitation, respectively, while at higher tempera-

tures in the range of 500e600 �C, partitioning of carbon facil-

itated formation of pearlite, besides carbide precipitation.

Both pearlite formation as well as carbide precipitation,

however, negatively influenced the carbon enrichment of

austenite for its stabilization, leading to a decrease in volume

fraction of RA as well as its stability. Recently, Arribas et al.

[22] showed austenite stabilization within 500 s at 650 �C,
where the austenite decomposition processes diminished.

However, mechanical properties were not enhanced.

Another efficient method to accelerate the stabilization or

partitioning process has been illustrated in the form of
introduction of a considerable amount of crystal defects such

as dislocations in the microstructure. Recently, He et al. [7]

have shown that 26.7% warm deformation of an

Fee7.16Mne0.14Ce0.23Si medium Mn steel at 300 �C
following IAT at 620 �C improved the stability of RA by

increasing the dislocation density. However, their results

showed that the strength-ductility product decreased slightly

from 30 GPa% in the IAT condition to about 27 GPa% following

warm deformation. Liu et al. [23] also reported that warm

rolling process promotes ferrite transformation, besides

imparting significant amount of stored energy and extra dis-

locations acting as nucleation sites. They construe that both

the austenite reversion as well as ferrite transformation pro-

vide a heterogeneous multiphase structure, which could offer

great potential for improved strain hardening through a

continuous transformation-induced plasticity (TRIP) effect,

grain size gradient and stressestrain partitioning between the

phases [23], even though they did not investigate the me-

chanical properties of the multiphase microstructures.

Regarding the effect of deformation, He et al. [24] introduced a

new thermomechanical treatment called “deformation and

partitioning (D&P)” process, in which both the thermo-

mechanical rolling and low temperature partitioning impar-

ted a high dislocation density as well as enhanced ductility.

While the intense dislocation forest hardening increased the

yield strength of the D&P steel, the glide of existing mobile

dislocations under mechanical loading combined with

controlled strain induced martensitic transformation impar-

ted the high ductility [24].

The existence of prior austenite and its fraction in the

initial microstructure of medium Mn steel can also affect the

austenite reversion and partitioning process during IAT and

consequently the final mechanical properties. Tsuchiyama

et al. [25] have shown in a 0.1Ce5Mne1.2Si steel that the

presence of pre-existing austenite resulted in the formation of

some fresh martensite (FM) during cooling after IAT, which

enhanced the ultimate tensile strength of the steel. Ding et al.

[26] investigated the effect of pre-existing austenite on

austenite reversion and Mn partitioning in an 0.2Ce8Mne2Al

medium Mn steel. They showed that the kinetics of austenite

reversion was accelerated by the presence 10% of pre-existing

austenite and the final fraction of RA could be even higher

than the equilibrium value. Arribas et al. [22] observed that a

high partitioning temperature of 650 �C was needed to obtain

high amount of RA in 6Mn and 6Mn2Ni steels containing 25%

of pre-existing austenite.

In summary, though the effects of different methods such

as pre-existing austenite, deformation and high temperature

partitioning have been studied individually, a combination of

these process parameters on the processing and IAT of me-

dium Mn steels has still not been systematically investigated.

In this contribution, the austenitized specimens of a medium

Mn steel are firstly quenched to a certain temperature below

martensite start temperature (Ms) to produce a mixture of

martensite and austenite. The dual-phase structure is then

deformed at a temperature slightly aboveMs to introduce high

dislocation density in the microstructure. Finally, the

deformed microstructure is annealed for 20 min at a high

temperature in the range 600e750 �C and cooled to RT. In fact,

a new processing route, which is a combination of partial
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quenching (i.e., pre-existed austenite), prior deformation and

intercritical annealing in a wide temperature range is pre-

sented in this paper and the resulting final microstructures of

processed medium Mn steel have been illustrated.
2. Experimental procedure

The chemical composition of the experimental steel studied

in the present work is shown in Table 1. The steel was

vacuum-cast as a 100 kg ingot in the pilot plant mill of Out-

okumpu Stainless Oy, Tornio, Finland. A 200 � 80 � 55 mm

piece of the ingot was soaked at 1200 �C for 2 h and hot rolled

to a 11 mm thick plate. Cylindrical specimens of dimensions

Ø6 � 9 mm were cut with the axis of the cylinders transverse

to the rolling direction in the rolling plane. The specimens

were used for thermomechanical treatment and dilatation

measurements on a Gleeble 1500 thermomechanical simu-

lator. The specimens were first reheated at 10 �C/s to 900 �C,
held for 6 min, then cooled at the rate of 10 �C/s to 120 �C to

enable martensitic transformation to yield about ~75% of

martensite fractionwith ~25% untransformed austenite in the

microstructure. Subsequently, the specimens were reheated

to 250 �C and deformed at this temperature to a compressive

true strain of ~0.4 at a constant true strain rate of 0.1 s�1.

Immediately after deformation, the samples were heated to

different partitioning temperatures of 600, 625, 650, 675, 700,

725 and 750 �C and soaked for 20min and then cooled down to

RT. To investigate the effect of deformation, some specimens

were directly heated to the partitioning temperatures without

any compression after cooling to 120 �C. All the heating and

cooling steps during the processing cycleswere conducted at a

constant rate of 10 �C/s. Fig. 1 presents a schematic sketch

showing the details of the applied processing route.
Table 1 e Chemical composition (wt.%) of the studied
steel.

C Mn Ni Si Al Mo Fe

0.31 3.90 2.00 1.00 0.42 0.21 Balance

Fig. 1 e Schematic sketch showing various steps of the

applied processing route.
To examine the microstructures, the processed specimens

were sectioned along their compression axis and after stan-

dard metallographic preparation, were etched in a 2% Nital

reagent. Microstructures were examined using a Zeiss Sigma

field emission scanning electron microscope (FE-SEM) equip-

ped with an electron backscatter diffraction (EBSD) detector

and a 200-kV JEOL JEM-2200FS scanning transmission electron

microscope (STEM). EBSD scans were performed at an oper-

ating voltage of 15 kV with a step size ranging from 50 to

20 nm. Samples for EBSD scans were first mechanically pol-

ished down to 1 mm and then chemically polished with a 1:5

colloidal solution of silica (particle size �0.04 mm) suspension

in H2O2. The chemical composition of the interesting micro-

structural features was measured via energy-dispersive X-ray

spectroscopy (EDS) mapping in the STEM. Specimens for

STEM/TEMwere first ground to a thickness of 100 mmand then

further thinned by twin-jet electropolishing in an electrolyte

consisting of 5% perchloric acid and 95% ethanol operated at

�15 �C and 30 V DC.

Phase identification and estimation was performed using a

Rigaku SmartLab 9 kW X-ray diffraction (XRD) system oper-

ated with Co-Ka radiation (l ¼ 0.179 nm) in the angular (2q)

range of 30e130�. The scan rate and step size were 5�/min and

0.05�, respectively.
3. Results

3.1. Dilatometry

In order to determine characteristic transformation temper-

atures of the studied steel, dilatometric test runs were carried

out. Fig. 2a shows the typical dilatation curve showing the

change of the diameter of the cylinder plotted against tem-

perature obtained for the experimental steel during heating

up to 900 �C and subsequent cooling down to RT. According to

the dilatation curve, austenite transformation starts (As) at

z713 �C and is completed (Af) at z810 �C and the martensite

start (Ms) temperature of the material is 223 �C. The final

change in the diameter after quenching to RT was considered

to be associated with 93% martensite as estimated by the

corresponding XRD pattern (Fig. 2b). The EBSD image of the

sample quenched to RT confirms that the microstructure

essentially consists of martensite, besides a small amount of

untransformed austenite (6%), as shown in Fig. 2c with green

colour. The average pre-existing austenite grain size was

measured to be around 10 mm. Fig. 2d presents the volume

fraction of the martensite as a function of temperature as

determined from the dilatation curve using the lever rule. It

can be observed that the volume fraction of martensite is

around 73% after quenching to 120 �C, so the volume fraction

of pre-existing austenite should be about 27%.

The dilatation curves of the samples annealed at 600, 625

and 650 �C for 20min without deformation (non-def) and after

deformation at 250 �C (def-250), are illustrated in Fig. 3. It is

observed for the non-deformed sample that when the

annealing temperature was 600 �C, a secondary martensite

formation was detected around 120 �C (Ms2 temperature)

during final cooling. It should be noted that after initial

quenching to 120 �C, theMs temperature of the untransformed

https://doi.org/10.1016/j.jmrt.2021.09.152
https://doi.org/10.1016/j.jmrt.2021.09.152


Fig. 2 e a) Dilatometric curve showing the diameter change as a function of temperature during reheating of the sample up

to 900 �C and subsequent cooling to RT, b) corresponding XRD pattern showing martensite (M) and austenite (A) peaks, c)

EBSD image quality map overlayed with phase map of the sample quenched to RT after reheating at 900 �C (austenite in

green colour), d) volume fraction of martensite as a function of temperature calculated from the dilatation curve (a) using the

lever rule.
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austenite was also expected to be just the same as the

quenching temperature (i.e., 120 �C). From that we can

conclude that the austenite following quenching to 120 �Cwas

not stabilized at all during subsequent heating and isothermal

holding at 600 �C. However, with increase of the annealing

temperature to 625 �C and 650 �C, the Ms2 temperatures of the

existing austenite decreased to 90 �C and 60 �C, respectively,
showing stabilization of RA to some extent. According to

Fig. 3a, there seems to be two inflexion points related to

martensite formation in the dilatation curves of the samples

annealed at 600 and 625 �C (shown by arrows). This would

mean that the austenite grains varied in respect of composi-

tion (i.e., stability) in themicrostructures of these two samples

resulting in two different Ms2 temperatures. By further

increasing the annealing temperature to 650 �C, Ms is so low

that the possible presence of double Ms cannot be seen.

On application of the compressive strain of 0.4 at 250 �C,
the Ms2 temperature was found to decrease significantly (as

shown in Fig. 3b), so that in the case of def-250, the Ms2 was

below RT for all the partitioning temperatures in the range

600e650 �C. This indicates that RA became more stable and

consequently less FM formed in the deformed samples.

To evaluate the effect of high temperature annealing on

microstructural evolution, the def-250 samples were addi-

tionally annealed at 675, 700, 725 and 750 �C, with the esti-

mated Ac1 and Ac3 temperatures for the steel being about

713 �C and 810 �C, respectively. The corresponding dilatation

curves during cooling are presented in Fig. 3b. After annealing
at 675 �C and above, the Ms2 temperature too increased above

RT as shown by arrows. Interestingly, two inflexion points

appeared in the dilatation curves related to martensitic

transformation for the samples annealed at 725 and 750 �C.
Another feature that can be discerned from the dilatation

curves, is the expansion at around 500 �C during heating to

annealing temperature. This change in the slope of the dila-

tation curves that is more obvious in the case of non-def

samples (Fig. 3a), is most probably related to carbide dissolu-

tion which is discussed in subsequent sections. Fig. 3c and

d shows the change in diameter of the samples during the

20 min holding at different annealing temperatures. Gener-

ally, the dilatation behaviour of all samples during isothermal

holding consisted of two stages: first a decrease in diameter

(i.e., contraction) with time, followed by a second stage

marking a sharp increase in diameter (i.e., expansion). The

curves corresponding to the non-def samples initially indi-

cated a contraction in diameter up to 300e500 s, followed by

an expansion until the end of holding. It can be seen that the

transition from first stage (contraction) to second stage

(expansion) occurred at shorter holding times with the in-

crease in annealing temperature from 600 to 650 �C. In addi-

tion, the magnitude of expansion increased with increasing

temperature from 600 �C to 650 �C. Regarding the def-250

specimens, it was obvious that the transition from contrac-

tion to expansion occurred in shorter times (<200 s) and the

samples experience relatively smaller contractions compared

to non-def samples, so that the def-250 sample annealed at

https://doi.org/10.1016/j.jmrt.2021.09.152
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Fig. 3 e Dilatation curves of the samples during heating (a, b) and holding (c, d) at different temperatures following by

cooling to RT: a) non-deformed (non-def), b) and c) deformed to a true strain of 0.4 at 250 �C (def-250).
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650 �C showed only an expansion from the start of heating.

The contraction can be attributed to austenite formation and

the expansions are mainly related to the austenite decompo-

sition phenomena. As seen in Fig. 3c and d, the decomposition

processes might have reduced the austenite content, so that

the amount of RA need not be high in spite of its higher

stability.

3.2. XRD results

XRDmeasurements were performed on all samples in order to

measure the RA fractions and corresponding lattice parame-

ters from which the C content of RA could be calculated.

Fig. 4a and b shows the XRDpatterns of the samples processed

at different conditions. As seen, themicrostructure essentially

consisted of martensite and austenite phases. The volume

fraction of RA corresponding to each processing conditionwas

calculated based on the integrated intensities of martensite

and austenite peaks using the procedure described by Jatczak

[27], and these results are shown in Fig. 4c. According to the

chart, the RA fraction initially increased with the increase in

annealing temperature up to 650 �C, followed by a decrease in

its content after annealing at higher temperatures. Thus, the

maximum fraction of RA of about 34%, slightly higher than the

pre-existing austenite fraction of 27%, was achieved in the
sample annealed at 650 �C. Fig. 4c indicates that the sample

deformed a priori contained higher fraction of RA after

annealing at 600 �C in comparison with the corresponding

specimen in the non-deformed condition. In contrast,

annealing at 650 �C enabled retention of a marginally lower

fraction of RA in the deformed sample, even though the re-

sults are within the limits of scatter.

3.3. Microstructures

3.3.1. Non-deformed samples
The microstructure of the non-def sample after annealing at

600 �C (non-def/600) is shown in Fig. 5. The microstructure

displays a high fraction of primary lath-shaped martensite

(TM), which is heavily tempered (dark areas) and can be

distinguished due to the presence of various carbide pre-

cipitates, Fig. 5a and b. In addition, there are also some

carbide-free, fresh martensite (FM) islands, which are rela-

tively less etched compared to the TM (Fig. 5a) but show some

substructures. The carbides seen in the microstructures can

be classified into three different types according to their size

ranges. Large carbides in the range of 80e150 nm precipitated

mainly on martensite lath boundaries, whereas both medium

size carbides in the range of 20e50 nm as well as very fine

carbides of the size around 10 nm precipitated inside the TM.

https://doi.org/10.1016/j.jmrt.2021.09.152
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Fig. 4 e XRD patterns of a) non-def and b) def-250 samples

annealed at different temperatures. c) Variation of RA

fractions as a function of annealing temperature in the case

of non-def and def-250 samples following cooling to RT.
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In addition, Fig. 5b shows the presence of pearlite with its

well-known lamellar morphology in the microstructure of the

sample annealed at 600 �C.
Fig. 5c and d presents the EBSD maps of non-def sample

annealed at 600 �C, wherein RA is shown in green colour

along with typical lath structure of martensite. The fraction

of RA (7.4%) is in good agreement with the XRD result shown

in Fig. 4c. The image quality (IQ) map in Fig. 5c clearly shows

that TM is brighter having a higher IQ value, i.e., lower

defect density, compared to that of FM. As expected, a high

defect density does lower the IQ value of FM, e.g., kernel

average misorientation (KAM) map indicates that FM
contains a high density of geometrically necessary disloca-

tions (Fig. 5d). In contrast, a lower dislocation density is

observed in TM (as shown in Fig. 5d) because of significant

recovery during the annealing at 600 �C, resulting in high IQ

values (Fig. 5c and d).

According to Fig. 6, both FM and pearlite phases were

present in addition to TM in the case of the sample annealed

at 650 �C. It is worth noting that a small fraction of FM was

found in the microstructure (Fig. 6a and b), though it was not

detected by dilatometry (above 60 �C), Fig. 3a. While a high

volume fraction of pearlite was observed in the microstruc-

ture, the presence of FMwas relatively insignificant compared

to the sample annealed at 600 �C, Fig. 6a and b. Carbides of

three different size categories, as described above, were still

observed, as shown in Fig. 6c. In contrast to the sample

annealed at 600 �C, the fraction of the medium-size carbides

inside the TM was much larger than that of the coarse car-

bides on lath boundaries. This points to the fact that carbides

first precipitated preferentially on lath boundaries and then

inside the laths as the annealing temperature was raised. Both

large- andmedium-size carbides seem to be relatively coarser

in the specimen annealed at 650 �C compared to that seen in

the specimen annealed at 600 �C. Very thin RA films of

thickness less than 100 nm were observed between the TM

plates, as shown by arrows in Fig. 6b. In addition to the fine RA

films, some pearlitic and martensitic (FM) areas have also

been found that are surrounded by thin austenite laths, the

details of which are described in subsequent sections.

Fig. 6def presents the EBSD maps of the non-def/650

specimen, where RA is shown in green colour along with

typical lath-typemartensitic structure. Obviously, the fraction

of RA is much higher compared to that observed in the spec-

imen annealed at 600 �C, in agreement with the XRD results

shown in Fig. 4c. A higher fraction of low angle boundaries

within the FM compared to that observed in TM is also obvious

in Fig. 6e. Fig. 6f shows the high magnification EBSD map,

which depicts that RA can be characterized as three different

types, as also reported by Ding et al. [26]. These austenite

types, marked as 1, 2 and 3 in Fig. 6f, are located between the

TM laths (1), on the FM and TMboundaries (2) and between the

FM laths (3), respectively. As can be easily discerned, a sig-

nificant majority of RA areas are of types 1 and 2.

Fig. 7 presents the STEM images of the non-def/650 sample

confirming the lath morphology of austenite (Fig. 7a) and

presence of carbides (Fig. 7b) and pearlite (encircled in Fig. 7c).

Presence of thin shells of RA, which surround martensitic

areas can be observed in Fig. 7a as shown by arrows. Different

precipitate types, formed during the partitioning process,

were also detected in STEM images, as stated above. The

micrograph in Fig. 7b shows that themedium size carbides are

mainly rod-shape carbides forming inside the TM with the

length in the range of 100e200 nm and a thickness less than

50 nm. Along with rod-shaped carbides, some small round

precipitates with a size smaller than 20 nm are also observed

inside the TM.

3.3.2. Deformed dual-phase sample
SEM images of the sample deformed at 250 �C and then

annealed at 600 �C are presented in Fig. 8. As can be seen, the

microstructural constituents comprise TM, pearlite, RA, FM,

https://doi.org/10.1016/j.jmrt.2021.09.152
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Fig. 5 e SEM micrographs of the non-def sample partition-annealed at 600 �C for 20 min and then cooled to RT (a and b) and

corresponding EBSD IQ map overlayed by phase map (c) and kernel average misorientation (KAM) map (d). FM: fresh

martensite, TM: tempered martensite and P: pearlite.
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as well as carbides. However, there are some differences in

morphology and volume fraction of the mentioned phases

between the deformed and non-deformed microstructures.

Firstly, two different morphologies of the TM are observed

(Fig. 8); equiaxed morphology (i.e., ferrite) and the lath

morphology, which turned out to be the dominant

morphology in the non-def specimens. Such a mixture of fine

equiaxed grains co-existing with lath-typemorphology can be

created as a result of partial recrystallization of the deformed

martensite during heating at 600 �C. Secondly, the fraction of

pearlite is considerably higher in the def-250 sample

compared to the non-def sample as shown in Fig. 8a and b,

indicating accelerated pearlite transformation kinetics due to

the deformation at 250 �C. In addition, RA is also characterized

by two different morphologies, i.e., lath-type as well as equi-

axed morphologies, in contrast to the non-def sample, which

only shows the lath-type RA. It is difficult to recognize RA from

TM using SEM images, as both show a similar contrast and

morphology. However, TM usually contains both large and

fine carbide precipitates, while only fine carbides can be

observed in RA. Of course, RA grains can be easily recognized

by EBSD scans. As regards the carbides, both the size and

volume fraction are, in general, higher in the deformed spec-

imen compared to those seen in the non-def specimen. In

addition, due to the recrystallization of martensite, more
carbide nucleation sites are created in the deformed sample,

so most of the carbides nucleate along the grain boundaries

and show a globular morphology, as shown in Fig. 8c.

Fig. 8def shows the EBSD maps of the def-250/600 spec-

imen. The RA fraction is higher than that observed in non-def

specimen annealed at the same temperature, in agreement

with the XRD results (10 and 5%, respectively) shown in Fig. 4c.

However, the average grain size of RA was found to be around

80 nm, which is much smaller than that of the non-def

specimen (~1 mm in length). The black areas in the IQ map

(Fig. 8d) are most probably related to the pearlitic structure

and FM. According to SEM (Fig. 8a) and dilatometry (Fig. 3c)

results, the fraction of FM in this specimen is lower than that

observed in its non-def counterpart. The grain boundary map

shown in Fig. 8e indicates that only 58% of the boundaries are

high angle grain boundaries (HAGBs), which are much lower

than that in non-def sample (80%). As a consequence of high

dislocation density generated during deformation at 250 �C, a
considerable amount of low angle grain boundaries (LAGBs

~32%) can be found in the microstructure of the def-250

specimen annealed at 600 �C.
The microstructure of the def-250/650 sample consists of

TM, FM, RA and carbides after annealing, as revealed by SEM

study in Fig. 9. Though the TM is observed to occur in both

equiaxed and lath-type morphologies, the volume fraction of
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Fig. 6 e SEM micrographs of the non-def sample partition-annealed at 650 �C for 20 min and then cooled to RT showing

formation of pearlite along with TM and RA (a and b), FM and pearlite (P) surrounded by thin austenite layer (b) and

formation of carbides inside the tempered martensite laths (b and c). Corresponding EBSD IQ map overlayed by austenite

phase map (d) inverse pole figure (IPF) (e) and IQ map overlayed by austenite phase showing higher magnification of the

region marked in d (f).
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the equiaxed grains, however, was considerably higher

compared to the def-250/600 sample. This means a greater

degree of recrystallization at a higher temperature. The

average size of about 300 nm of recrystallized grains is

expectedly larger than that in the specimen annealed at

600 �C.With a lower volume fraction of carbides in the sample

annealed at 650 �C, the average size was much smaller than

that observed in the sample annealed at 600 �C. The main

difference with the sample annealed at 600 �C is the absence

of pearlite phase, as the kinetics of pearlitic transformation at
650 �C was so slow that no transformation occurred during

20 min of partitioning. Fig. 9c and d illustrates the EBSD maps

of the def-250/650 specimen, where RA is mostly observed

equiaxed along with recrystallized ferrite grains and few

amounts of FM. Obviously, the fraction of RA is much higher

compared to that observed in the specimen annealed at

600 �C, in agreement with the XRD results shown in Fig. 4c.

Though the RA grain size is larger than that of the specimen

annealed at 600 �C, the grain size is more uniform in this case

as shown in Fig. 9d.
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Fig. 7 e STEM images of the non-def specimen annealed at 650 �C for 20 min and then cooled at 10 �C/s to RT. a) internal

structure of lath martensite with thin interlath RA films, b) rod and spherical precipitates inside the tempered martensitic

lath and c) pearlite formation and carbide precipitation on lath boundaries.

Fig. 8 e SEM micrographs of the def-250 sample partition-annealed at 600 �C showing pearlite, TM (a and b) and carbides on

themartensite lath boundaries and inside the laths (c). Corresponding EBSDmaps: d) IQ map overlayed by phasemap, e) IPF

map and f) a magnified phase map of the square area marked in d) showing very fine austenite grains along with some

larger RA (f).
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Fig. 9 e SEM micrographs of the def-250 sample partition-annealed at 650 �C showing recrystallized ferrite, RA, tempered

martensite, FM (a and b) and very fine carbides inside the ferrite and austenite grains along with large cementite particles on

grain boundaries (b). Corresponding EBSD maps showing c) IQ map and d) IQ map overlayed by austenite phase map

showing higher magnification.
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As shown in STEMmicrographs presented in Fig. 10a and b,

annealing the def-250 sample at 650 �C resulted in an

ultrafine-grained structure with an average grain size of

~300 nm comprising of recrystallized ferrite, RA and FM.

Carbide precipitates were still present in the microstructure,

though both the fraction and size decreased compared to

those seen in the sample annealed at 600 �C. Three kinds of

precipitates were detected in STEM images (Fig. 10), as also

shown in SEMmicrographs (Fig. 9b): (i) large globular carbides

formed on the grain boundaries and triple junctions with a

size in the range of 150e200 nm (Fig. 10a and b); (ii) medium

size rod-shaped carbides formed inside the TM with the

length in the range 50e100 nm and diameter �50 nm (Fig. 10c)

and (iii) tiny globular Mo particles of the size in the range

5e15 nm inside the austenite, TM and ferrite (shown by ar-

rows in Fig. 10d).

The microstructure of the def-250/675 specimen is shown

in Fig. 11a and c. It essentially consists of FM, TM, recrystal-

lized ferrite, RA and carbides. The main difference compared

to the structures obtained at lower annealing temperatures is

the nearly complete dissolution of large carbides on bound-

aries and increased volume fraction of FM formed during final

cooling. However, very fine carbides inside the equiaxed

ferrite and austenite grains are still detectable. In addition, the

RA fraction (about 16%) is smaller than the fraction of pre-

existing austenite and RA obtained at 650 �C as a
consequence of the formation of a large volume fraction of FM

obviously. Also, the average size of RA grains (~500 nm) was

relatively larger than after annealing at lower temperatures,

see Figs. 9 and 10.

According to Fig. 11c and d, the microstructure of the

sample annealed at 700 �C contains very similar features as

also noticed in the sample annealed at 675 �C. The main dif-

ference is, however, the dissolution of all large carbides

following annealing at 700 �C and retention of only Mo-

bearing fine carbides inside the equiaxed ferrite and

austenite grains, as also shown in Fig. 11b. Themorphology of

FM formed during cooling from 750 �C to RT (Fig. 11e) was in

respect of its internal structure, quite similar to the micro-

structure of the sample following direct quenching from the

austenitization temperature (Fig. 2c). In addition, the RA

fraction decreased considerably to about 9%, and the size of

RA grains was estimated to be larger than that after annealing

at lower temperatures, Figs. 9e11.
4. Discussion

4.1. Effect of deformation on solute partitioning

The equilibrium fractions and chemical compositions of

different phases as a function of temperature were calculated
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Fig. 10 e STEM images of the def-250 specimen partition-annealed at 650 �C. a) mainly globular structure of ferrite and

austenite phases and large globular carbides on grain boundaries, b) some partially recrystallized lath-shape martensite

along with large and fine precipitates inside the equiaxed ferrite and austenite grains, c) rod-shape and spherical

precipitates inside the tempered martensite lath, d) very fine Mo carbides in ferrite grains and some large globular

cementite.
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using the Thermo-Calc® software in combination with the

TCFE9 database and the results are presented in Fig. 12. The

phase diagram of FeeC systemwith a fixed Mn content (4%) is

illustrated in Fig. 12a, whereby the equilibrium temperature of

cementite dissolution and austenite formation can be ob-

tained for the present steel (0.3% C). As shown in Fig. 12b, the

intercritical region for the present steel lies in the temperature

range of 492e749 �C. The cementite dissolution temperature

was calculated to be 672 �C, which corresponds to the

maximum C content in austenite, as shown in Fig. 12c. The

equilibrium contents of alloying elements (C, Ni and Mn) in

FCC austenite and BCC ferrite are shown in Fig. 12c and d,

respectively. As can be seen, the equilibrium content of Mn in

austenite decreases with increasing annealing temperature,

while the corresponding C content increases to amaximum at

about 672 �C, beyond which it starts decreasing due to the

increased austenite fraction. Therefore, the partitioning

treatment should be carried out at an optimum temperature

in the range 600e700 �C, so that the alloying elements could

adequately partition and facilitate stabilization of a desired

fraction of austenite at RT.
Several processes, such as recovery of dislocations in

martensite, recrystallization of deformed martensite into

ferrite, precipitation of carbides and reversion of austenite

from martensite, cause volume contraction during heating or

isothermal holding [1]. On the other hand, phase trans-

formations from austenite to ferrite, pearlite and/or bainite

result in volume expansion. All these phenomena that may

occur or even concomitantly proceed during isothermal

holding, can influence the volume fraction and chemical

composition (i.e., the thermal stability) of the RA. To evaluate

the elemental partitioning in the final microstructure of the

processed specimens, STEM-EDS scans were carried out on

the non-def and def-250 specimens after annealing at 650 �C.
Fig. 13a and b depicts a STEM image and corresponding dis-

tributionmap of Mn for the sample non-def/650. The contents

of these alloying elements in different regions, as marked by

numbers in the figure, are listed in Table 2. According to STEM

image, the lath-type structure of martensite and interlath RA

can be observed clearly. The Mn-map, supported by Table 2,

clearly show that Mn, C and Ni (C and Ni maps not shown

here) have diffused to austenitic regions, resulting in
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Fig. 11 e SEM micrographs of the def-250 sample partition-annealed at a) 675 �C showing recrystallized ferrite, RA, TM, FM

and very few carbides inside the TM region and very fine carbides inside the ferrite and austenite grains and b) 700 �C
showing mainly FM and ferrite and austenite grains, lath structure of FM and very fine carbide precipitates inside ferrite

grain. EBSD IQ maps overlayed by phase maps of the def-250 sample annealed at c) 675 �C, d) 700 �C and e) 750 �C.

Fig. 12 e Equilibrium calculations using Thermo-Calc. Phase diagram with fixed Mn content of 4 wt.% (a), fractions of

equilibrium phases (b), the content of alloying elements C, Mn, and Ni in austenite and cementite (c) and in ferrite (d) as a

function of temperature.
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Fig. 13 e STEM image of the non-def (a) and def-250 (c) specimens annealed at 650 �C and corresponding EDS map of Mn (b

and d) The SAED spectra confirm the points A and M shown in a are austenite (e) and martensite (f), respectively.
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Table 2 e Chemical composition of the positions shownwith numbers on Fig. 13a and bmeasured by STEM-EDSwhich are
related to different phases in non-def sample. Corresponding Ms temperature and SFE calculated using equation 2 are also
presented in the table.

Position Mn C Ni Al Si Mo Phase Ms (�C) SFE (mJ/m2)

1 3.4 0.2 1.6 0.3 0.7 0.6 TM e e

2 8.1 0.7 3.0 0.2 0.5 0.03 RA �91 48

3 8.5 1.0 2.7 0.1 0.5 0.8 RA �105 48

4 5.5 0.7 2.5 0.3 0.5 0.9 FM �9 45

5 5.2 0.1 2.4 0.4 0.5 0.3 FM 3 45

6 3.1 0.7 1.9 0.3 0.7 0.6 TM e e

7 2.8 0.2 2.3 0.2 0.7 0.6 TM e e

8 2.6 0.5 1.5 0.2 0.6 0.2 TM e e

9 8.4 0.9 1.3 0.2 0.5 0.7 Carbide e e

10 8.1 e 1.8 0.0 1.2 1.4 Carbide e e

11 17.1 1.1 2.1 0.2 0.1 0.6 Carbide e e

12 14.6 0.7 2.4 0.1 0.3 0.7 Carbide e e

13 19.4 0.3 1.8 0.5 0.1 0.7 Carbide e e

14 14.3 0.7 2.3 0.2 0.2 1.0 Carbide e e

TM: tempered martensite, FM: fresh martensite, RA: retained austenite.
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depletion of these elements in martensitic laths. According to

Table 2, theMn contents at points 1 and 2weremeasured to be

3.36% and 8.08%, respectively. The equilibrium contents of Mn

in ferrite and austenite were estimated to be about 1.46% and

7.34% at 650 �C, see Fig. 12c and d. This suggests that point 1 is

in the temperedmartensitic area, while point 2 corresponds to

austenitic region. The estimated elemental compositions in

Table 2 in accord with the locations on the map shown in

Fig. 13b indicate that there is only a small difference in the Si

and Al contents of the laths compared to their average

composition in the material before the processing, while the

contents of Mn, C and Ni are quite different between different

laths and grains. This means that significant partitioning of

Mn, C and Ni did occur during the process, while the parti-

tioning of Al and Si was not that significant due to their low

diffusivity in FCC austenite to move to BCC ferrite. Significant

partitioning of Mn and C even in a very short duration of 180 s

has been reported during intercritical annealing of cold-rolled

medium Mn steels in the temperature range of 640e680 �C
[28]. However, Lis et al. [29], who investigated the partitioning

of alloying elements, reported only inconsiderable partition-

ing for Ni, Si and Cr after annealing at 625 �C for 60 h.

According to STEM image (Fig. 13a) and Mn profile map

(Fig. 13b), in addition to partitioning of alloying elements be-

tween the TM and austenite grains, there were also some fine

austenitic films enriched with Mn and Ni that surrounded

highly dislocated martensitic region depleted of Mn and Ni.

This means that the interior region of austenite did contain

relatively higher contents of alloying elements compared to

the martensitic region, but not high enough to stabilize it

down to RT resulting in probable transformation of the inte-

rior (core) of the pre-existing austenite to FM. For example, Mn

concentrations at points 4 and 5weremeasured to be 5.5% and

3.1%, respectively. However, the Mn concentration in the

outer layer close to the austenite/ferrite interface, e.g., at point

3 wasmeasured to be 8.5% rendering it thermally stable at RT.

The amounts of Mn, C and Ni in FM were higher than those in

TM and lower than those in RA. According to the inset in

Fig. 13a showing the line profile analysis of the Mn
concentration along the length of the red arrow, the Mn con-

tent of the outer layer was higher than that of the core region.

The average thickness of Mn-enriched layer was measured to

be around 100 nm. Based on STEM-EDS and SAED results, it

was possible to identify RA, TM and FM in the microstructure,

as listed in Table 2 for select locations.

Therefore, it can be concluded that the core regions of pre-

existing austenite, where Mn partitioning was not enough to

thermally stabilize the austenite, it transformed to FM during

the final cooling to RT. In contrast, regions close to the

austenite/ferrite interfaces, which were significantly enriched

withMn, were stabilized and retained at RT. It should be noted

that the TEM samples were prepared at �15 �C suggesting that

the austenite was stable at least until that sub-zero temper-

ature. Tsuchiyama et al. [25] have also reported a similar for-

mation of FM inside austenite in a Fee5Mne0.1C steel during

cooling from the partitioning temperature. Ding et al. [26],

showed by thermodynamic simulation that the concentration

of Mn inside the austenite films, far away from the interface,

could be close to its average value in the bulk material. The

present observations indicated that despite the higher Mn

content in the centre of the pre-existing austenite lath (5.5%)

compared to the bulk composition (4%), the partitioning of

austenite stabilizing elements was still not adequate enough

to prevent the martensite formation during cooling to RT and

only a thin layer of austenite with a thickness of about 100 nm

was stabilized, because of the relatively higher content of Mn

in the film (8%). This is attributed to the fact that the long-

range diffusion of Mn in austenite phase was so slow that

even after annealing at 650 �C for 20 min, the partitioning of

Mn was not adequate enough to stabilize it. In contrast, it can

be seen that a large area of TM was diluted of Mn so that its

concentration was reduced to 2.5e3%, obviously as a conse-

quence of the higher diffusion rate in ferrite.

Fig. 13c and d presents STEM image and corresponding EDS

map of Mn for the def-250/650 sample. The chemical compo-

sition of the regions marked by numbers on Fig. 13c and d are

listed in Table 3. TheMn-map, supported by Table 3, evidently

proves that significant partitioning of Mn, C and Ni (C and Ni
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Table 3e Chemical composition of the positions shownwith numbers on Fig. 13c and dmeasured by STEM-EDS on def-250
samples. Corresponding Ms temperature and SFE calculated using equation 2 are also presented in the table.

Position Mn C Ni Al Si Mo Phase Ms (�C) SFE (mJ/m2)

1 8.0 2.0 2.2 0.2 0.4 e RA �89 47

2 8.0 1.4 3.7 0.3 0.7 e RA �86 49

3 3.0 e 1.2 0.2 1.4 e F e e

4 2.5 e 1.8 0.3 0.7 0.1 F e e

5 2.5 0.1 2.0 e 1.2 1.5 F e e

6 7.3 1.6 4.2 0.2 0.2 0.7 RA �64 48

7 4.5 0.8 1.9 0.6 0.7 0.4 FM 49 42

8 2.7 e 1.7 0.4 0.7 0.1 F e e

9 2.4 0.0 1.7 0.4 0.8 0.6 F e e

10 14.8 5.9 0.7 e 0.2 1.2 Carbide e e

11 10.5 8.3 1.1 0.0 0.3 0.8 Carbide e e

12 12.5 11.0 0.8 0.1 0.5 0.5 Carbide e e

13 3.5 1.3 1.6 0.4 0.8 8.2 Carbide e e

14 6.7 5.3 1.1 0.1 0.4 1.2 Carbide e e

F: ferrite, FM: fresh martensite, RA: retained austenite.
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maps not shown here) from martensite to austenite has

occurred. According to Table 3, the Mn contents at points 1

and 2 on Fig. 13dweremeasured to be 8% and 3%, respectively.

Both values are close to the equilibrium contents of Mn in

austenite (7.3%) and ferrite (1.5%) at 650 �C, see Fig. 12c and d.

Thus, the point 1 in the def-250 sample is located in the

austenitic area, while point 2 falls in the ferritic region. The

corresponding TEM analysis and selected area electron

diffraction (SAED) patterns too demonstrate that grains

marked 1 and 2 in def-250 sample are characterized as FCC

(Fig. 13e) and BCC (Fig. 13f) structures, respectively. The

coreeshell structure was also observed in this deformed

sample, though very few of these structures were detected in

def-250 sample compared to the non-def sample. This in-

dicates that prior deformation in the steel has desirably

enhanced the Mn partitioning rate by creating easy diffusion

paths, such as by promoting dislocation pipe diffusion. When

the grain size is coarse, Mn-partitioning may not be adequate

to stabilize the austenite grains entirely and their core regions

bearing relatively lowMn contents transform to FM during the

final cooling to RT. Given that the average grain size of the def-

250 sample is around 300 nm after annealing at 650 �C, the
maximum diffusion distance of Mn in 20 min is longer than

the grain radius. Therefore, Mn-partitioning results in

enriching the core of the grain to a level adequate enough to

stabilize the whole austenite grain. Based on the observation

that Mn partitioning in the sample def-250 resulted in stabi-

lization of most of austenite grains of around 300 nm after

annealing at 650 �C, it can be concluded that the diffusion

distance of Mn was longer than the grain radius (150 nm).

According to the EDS results, the critical Mn content to sta-

bilize an entire austenite grainwas found to be 5.5%. However,

to take into account the partitioning effect of other elements

on austenite stabilization, Ms temperature was calculated for

several grains (Table 3), as discussed in following sections

(4.4). Comparing the EDAX results of non-def sample with def-

250 sample indicates that deformation accelerates Mn and Ni

diffusion from martensitic ferrite to austenite, as their corre-

sponding partitioning were relatively higher in the deformed
sample. The C content was also higher in the deformed

sample. This is due to the accelerated dissolution of carbides

in the deformed specimen.

4.2. Carbide dissolution

Precipitation or dissolution of carbides can affect the kinetics

of phase formations and/or microstructural evolutions during

the course of partitioning process, e.g., [30,31]. Luo et al. [30]

have demonstrated that the effect of carbides can be positive

or negative depending on whether the carbide particles

dissolve completely or not. The thermodynamic simulation of

carbon partitioning between martensite and austenite by Hi-

dalgo et al. [32] has shown that at the partitioning temperature

of 500 �C, the C enrichment in thin RA films can reach up to

1.5% in less than 1 s, which is significantly higher than its

equilibrium value (0.48%) at 500 �C. Therefore, in the tem-

perature range of 500e650 �C, the C content in austenite in-

creases significantly, thus enhancing the driving force to form

the carbides. According to the STEM micrographs shown in

Figs. 7 and 10, large cementite particles nucleated preferen-

tially along martensite lath boundaries, while small rod-

shaped particles were mainly observed inside the laths. This

indicates that large cementite particles precipitated most

probably in C-enriched thin interlath RA films between the

martensite laths.

According to dilatometry curves in Fig. 3a, the precipita-

tion/dissolution starts at about 500 �C during continuous

heating, which is in agreement with the equilibrium phase

fraction vs. temperature plot shown in Fig. 12b. Referring to

the variation of equilibrium fraction of cementite with tem-

perature, as shown in Fig. 12b, it seems that at temperatures

beyond 492 �C, cementite particles tend to dissolve. With

further increase in temperature to 650 �C, only about 2% of

cementite remains in the microstructure and at temperatures

�672 �C, the cementite precipitates dissolve completely in

agreement with SEM observations (Fig. 11). These results also

coincide with the position of present steel on the phase dia-

gram at 492, 650 and 672 �C, as shown in Fig. 12a.
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Hu and Luo [13] reported that cementite precipitates of size

<40 nm in the steel Fee0.13Ce4.87Mn, dissolved completely at

650 �C in 10 min. The precipitate size was reported to be

~70 nm at 670 �C. According to SEM (Fig. 9) and STEM (Fig. 10)

images, a considerable fraction of cementite particles

(<40e50 nm) dissolved following annealing at 650 �C for

20 min, and therefore, the fraction was much smaller

compared to those of the samples annealed at 600 and 625 �C.
The C- andMn-rich cementite particles precipitated during

continuous heating at 10 �C/s, causing solute depleted regions

in the adjacent matrix. Therefore, carbide precipitation led to

a decrease in the C content of the surrounding area, i.e., car-

bide precipitation in martensite resulted in the reduction of C

content of martensite matrix. Also, the nucleation of carbides

in pre-existing austenite during partitioning consumed a

fraction of C andMn thatwould have otherwise been available

to stabilize the austenite at RT. Therefore, the austenite

reverted from the C-depleted regions (i.e., undissolved car-

bides), may not be stable enough to prevent formation of FM

during cooling. This is relevant to the samples annealed at

lower temperature, e.g., 600 �C, where the carbides remained

undissolved and a large amount of FM was obtained in the

final microstructure. The presence of carbide precipitates in

the final microstructure, however, may partly improve the

yield strength of the steel [13]. Therefore, a partial dissolution

of carbide particles might be more desirable, as complete

dissolution may result in grain growth and reduced yield

strength.

The EDS results shown in Fig. 13 clearly indicate that there

were many Mn-rich cementite particles in all the specimens

following partitioning at 650 �C, irrespective of the absence or

presence of prior deformation. Given that these cementite

particles were rich in C and Mn, their dissolution not only

promoted partitioning of C and Mn, but also restricted the

austenite grain growth due to slow dissolution kinetics. To

better evaluate the rate of carbide dissolution, the chemical

compositions of precipitates indicated by numbers in Fig. 13a

and c were measured using EDS analysis as listed in Tables 2

and 3, respectively. The results showed that for all the sam-

ples, the Mn contents of the carbides depended on their size

and therefore the Mn content increased with the increase in

the size of the carbides. The Mn content at the boundaries of

large particles was often between 10 and 20%, while adjacent

to small particles it was around 8%. Interestingly, Mn content

of cementite particles in def-250 sample was lower than that

of non-def sample. According to Fig. 12c, the equilibrium

content of Mn in the particles was calculated to be 13.4%,

which is close to the measured Mn content of cementite

particles in the deformed samples. This means that prior

deformation accelerated the carbide dissolution as observed

in SEM results, besides resulting in accelerated partitioning of

Mn from cementite to the matrix. It was observed in SEM

images that the carbides inside themartensite laths dissolved

well before the dissolution at the lath boundaries. This can be

attributed to their smaller size and lower Mn content. A

similar dissolution of small carbides containing lower Mn

content has been reported for an Fee0.2Ce4.72Mn steel [30].

The dissolution of smaller carbides is expected to release C

andMn and increase their contents in the TMmatrix, which in

turn affects the stability of austenite subsequently. The EDS
results shown in Fig. 13d and chemical compositions listed in

Table 3 confirm that a significant partitioning of C andMn had

occurred between cementite particles and austenite grains

due to high C and Mn contents of cementite particles. This

high level of Mn partitioning from cementite to austenite has

an important contribution in subsequent stabilization of RA.

It is worth mentioning that after annealing at 650 �C, par-
titioning of Si and Al from cementite to ferrite following

dissolution is greater than that from austenite to ferrite. A

similar trend has also been reported in an

Fee10Mne0.3Ce3Ale2Si by Lee and De Cooman [33]. This

work indicates that the dissolution of cementite particles on

lath boundaries directly affects the RA stability, while disso-

lution of the medium-sized cementite particles first improves

the Mn and C contents of the TM and then facilitates

continued partitioning from martensite to austenite. There-

fore, it can be concluded that the effect of cementite dissolu-

tion on austenite stabilization is more important than just Mn

partitioning from ferrite to austenite.

4.3. Austenite reversion

During heating to intercritical range and subsequent

isothermal holding, recovery and recrystallization of the

martensitic structure occurs before the a0 / g reversion

transformation and the recrystallization fraction is expectedly

boosted with increased stored energy provided by deforma-

tion. The accelerated recrystallization of deformedmartensite

before the occurrence of reversion has already been reported

in dual phase [34] and medium Mn [30] steels. It has been

shown that recrystallization of ~75% deformed martensite

takes place in less than 5 s at a temperature around Ac1 [35].

The recrystallization of martensite provides fine equiaxed

ferrite grains with low dislocation density. With reduced

dislocation density, fast diffusion processes such as disloca-

tion pipe diffusion will not operate and transport Mn atoms.

However, since the diffusion of Mn in austenite is consider-

ably slower than that in ferrite, the rate controlling factor in

the formation of new austenite is obviously the diffusion of

Mn in austenite phase.

The reverted austenite formation in the presence of pre-

existing austenite may start at a temperature lower than the

Ac1 temperature as reported in some previous studies [22,36].

This can be attributed to the presence of prior austenite in the

microstructure, so that the increase in austenite fraction fol-

lows from the growth of existing prior austenite in the

microstructure rather than by nucleation of new grains. The

equilibrium thermodynamic calculations also suggest the

formation of new austenite phase at temperatures as low as

492 �C, see Fig. 12b.

Some previous researches [26,37] have shown that

austenite reversion may start at martensite lath boundaries

and due to enhanced C and Mn contents in austenite, it can

get stabilized down to RT. This type of RA, which was mainly

observed in the non-def sample (in annealing at 650 �C), is type
1 austenite, as shown in the EBSD map presented in Fig. 6f.

Since the Mn concentration of austenite phase was consid-

erably higher than that of the TM or ferrite (see Tables 2 and 3)

and the corresponding dislocation density of austenite phase

was low, it could be concluded that the new austenite phase
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formed through the diffusive phase transformation. Type 2

austenite formed between FM and TM, as shown in Fig. 6f, was

related to the coreeshell structure of austenite, transforming

later to FM due to its low stability. The type 3 RA, which

formed inside FM, had a very fine size (<100 nm) and could be

stabilized not only due to high C content but also as a result of

hydrostatic compressive stress caused by martensitic trans-

formation surrounding it [38].

As regards the pre-existing austenite, it has been claimed

[39,40] that depending on temperature, during intercritical

annealing the martensitic structure gets tempered and any

untransformed austenite decomposes into ferrite and

cementite, besides formation of new austenite grains during

heating. However, some others [36] have demonstrated firmly

that the pre-existing austenite does not decompose into

ferrite/cementite during heating until it reaches the inter-

critical region. In such a case, fresh nucleation of new

austenite grains need not take place but the initial austenite

simply grows into the TM (ferrite) [36]. According to Ding et al.

[26], when the pre-existing austenite is present in the micro-

structure, both the growth of pre-existing austenite and/or

nucleation of new austenite grains between the martensite

laths may take place during partitioning in intercritical range.

In fact, they opine that the observed film-like interlath

austenite films between the TM laths were simply untrans-

formed pre-existing austenite and no new austenite formed

during isothermal holding.

As mentioned, the microstructure of the sample def-250/

650 consisted of TM, ferrite, RA, FM and cementite, Fig. 9. RA

was observed in two different morphologies, viz., lath-type

and globular. It has been observed that austenite grains

trapped between martensitic laths usually appeared as

interlath films with high aspect ratios, while those nucleating

on cementite/ferrite interfaces or pre-existing grain bound-

aries assumed equiaxed morphology [13,41]. The equiaxed

shape of austenite was favoured by high intercritical tem-

peratures as reported by Nakada et al. [40] as well. Deforma-

tion induced formation of equiaxed austenite and accelerated

the partitioning. It was obvious that most of austenite grains

had equiaxed morphology in def-250/650 sample due to the

occurrence of recrystallization (see EBSD images in Fig. 9 and

STEM images in Fig. 10).

As displayed by both high-magnification SEM micrographs

(Fig. 9b) as well as STEM images in Figs. 10 and 13, the

austenite grains essentially nucleated on interfaces contain-

ing cementite particles. It has been shown that martensite/

cementite interfaces can act as favourable sites for austenite

nucleation because of the high C and Mn contents of

cementite particles and the subsequent growth rate of

nucleated austenite is governed by cementite dissolution

[30,33,42].

New austenite grains nucleated on ferrite/cementite

boundaries can then grow into the adjoining equiaxed ferrite

grains. It is noteworthy that cementite dissolution caused C

andMn enrichment in the surroundingmatrix, as discussed in

Section 4.2. Han and Lee [37] have also shown for Fee(5e9)

Mne0.05C (wt.%) steels that when the heating rate was below

15 �C/s, cementite formed on various boundaries including

lath boundaries, facilitating the occurrence of reversion

transformation of martensite to austenite in the vicinity of
cementite precipitates, and this is in agreement with the

present observations.

4.4. Volume fraction and stability of the retained
austenite

As mentioned before, intercritical annealing parameters have

a great effect on the volume fraction and stability of RA in

mediumMn steels. The volume fraction of austenite increases

monotonically with increasing annealing temperature until

reaching the Ac3 temperature, i.e., 100% austenite. On the

other hand, the chemical stability of austenite has been

shown to initially increase with increasing annealing tem-

perature (and time) thus reaching a peak, beyond which the

stability starts decreasing depending on the concentration of

alloying elements as well as volume fraction of austenite

phase [10,43,44].

According to the results in this study, the RA fractions in

def-250 sample after partitioning at 600 �C and 625 �C were

measured to be about 10 and 21%, respectively, which were

even lower than the pre-existing untransformed austenite

fraction (27%) following initial quenching at 150 �C, suggesting
decomposition of a significant fraction during partitioning

and/or final cooling. However, annealing at 650 �C resulted in

about 32% of RA, which was close to the equilibrium content

at this temperature (about 37%). Thus, evidently, in addition to

the old pre-existing austenite, new austenite formed as well

(i.e., growth of prior austenite or formation of new grains) and

got stabilized, presuming all pre-existing austenite to be sta-

ble. With further increase in annealing temperature to 675 �C,
not only the pre-existing austenite films/grains grew, but also

new equiaxed austenite grains (separate grains) appeared in

the microstructure during the partitioning step, resulting in a

higher fraction during holding. However, this austenite con-

tained relatively less C andMn compared to that at 650 �C, and
consequently, due to low chemical stability, a vast fraction of

austenite transformed to FM during final cooling to RT, thus

stabilizing only about 18% of RA at RT, as shown in EBSD map

in Fig. 11c.

As expected, pearlite formation not only reduced the RA

fraction, but also its stability, mainly because of consuming

austenite as well as combining significant fraction of C, which

must be preferably avoided. For further interpretation, the

TTT diagram of the present steel was plotted using the JMat-

Pro12.2® software, and it is reproduced in Fig. 14. This dia-

gram (Fig. 14a) shows that isothermal holding at 600 �C does

result in decomposition of austenite to pearlite, albeit the

transformation begins at about 1500 s at 600 �C, considering
the average 0.3% C content of the steel. However, C enrich-

ment of untransformed austenite during partitioning process

accelerates the start of the transformation reaction shifting

the C-curve to the left, say 500 s at 600 �C, considering, for
example, about 0.8% average C content (Fig. 14b). Deformation

at 250 �C, however, further accelerated the start of pearlitic

transformation in about 200 s at 600 �C (see Fig. 3c and d).

Additionally, prior deformation did shift the noses of both

bainite and pearlite transformation curves in the TTT diagram

to lower temperatures, such that in def-250 sample, even after

1200 s holding at 650 �C, no pearlitic transformation was

observed. For a closely similar steel, Ayenampudi et al. [18]

https://doi.org/10.1016/j.jmrt.2021.09.152
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Fig. 14 e Timeetemperature-transformation (TTT) diagram of the present steel calculated using JMatPro12.2®, considering

(a) nominal C content of the steel, i.e., 0.3% C (before carbon partitioning) and b) 0.8% C (after carbon partitioning).
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earlier recommended partitioning at low temperatures (below

600 �C) to avoid consumption of austenite through pearlitic

transformation as well as loss of C. However, the present re-

sults indicate that partitioning at temperatures higher than

the position of pearlite C-curve in TTT diagram, not only

prevented pearlite formation but also led to carbide dissolu-

tion, which resulted in improved austenite stabilization.

In order to evaluate the thermal andmechanical stability of

the austenite in the present steel, two parameters, viz.,

martensite start temperature (Ms) and stacking fault energy

(SFE) were employed, calculated using the following equations

[45,46]:

Ms (�C) ¼ 517 � 423C � 30.4Mn � 7.5Si þ 30Al (1)

SFE ¼ 1.2 þ 1.4Nieq þ 0.6Creq (2)

where, Creq ¼ Cr þ 2Si þ 1.44B (3)

and Nieq ¼ Ni þ 0.5Mn þ 0.3Cu þ 30C (4)

Here, the contents of alloying elements in RA are in weight

percent, measured using STEM-EDS. The average carbon

contents of RA in the samples annealed at 650 �C were

calculated using XRD results and interestingly these were

found to be about 0.86% for all samples, irrespective of

deformation condition (non-def or def-250). This value is very

close to the C content of untempered FM in all the samples, as

evaluated by STEM-EDS and presented in Tables 2 (position 4)

and 3 (position 7). A somewhat higher level of C content was

measured for RA grains by EDS spectroscopy, which may be

due to the carbide dissolution or the systematic error in EDS

measurements. Nonetheless, these values are of the same

order.

The calculated Ms values for RA grains in the samples

annealed at 650 �C are listed in Tables 2 and 3. As expected, the

Ms temperatures of RA were below RT for all the samples

following annealing at 650 �C. However, the calculations

showed that the RA in def-250 had a lower Ms temperature,
i.e., higher thermal stability. The calculation of Ms based on

the composition of the austenite core in Fig. 13 showed that

the Ms temperature is above RT. In agreement with the results

of EBSD maps in Fig. 6, this core austenite with low thermal

stability transformed to FM upon cooling to RT. Asmentioned,

applying deformation at 250 �C did accelerate precipitation/

dissolution as well as pearlite formation, which combined

significant amounts of Mn and C, besides consuming the

austenite phase through decomposition. On the other hand,

deformation promoted accelerated partitioning of Mn and C

and formation of new austenite, thereby enhancing the sta-

bility and volume fraction of RA. At temperatures higher than

650 �C, the austenite grains grew significantly compared to

those at 650 �C. This accelerated formation of new austenite

with lower amounts of austenite stabilizing elements.

Therefore, a high fraction of austenite tended to transform to

FM during cooling to RT.

SFE is one of the parameters that determines the me-

chanical stability and deformation mechanisms of RA. Given

that SFE is strongly dependent on chemical composition,

different partitioning annealing conditions resulted in varying

SFEs of the RA. Fig. 15 shows the variation of SFE of the RA as a

function of annealing temperature, which was calculated

using the equilibrium composition of austenite presented in

Fig. 12c. The SFE initially decreased due to decreasing Mn

content with the decrease in temperature until 630 �C, beyond
which it increased slightly up to carbide dissolution temper-

ature (672 �C). After that, SFE decreased again until the Ac3

temperature, i.e., when the microstructure was fully austen-

itic, and the chemical composition did not change. It has been

established that an SFE of 20 mJ/m2 is considered as the

approximate borderline value between the TRIP and TWIP

effects [47]. When the SFE is below 20 mJ/m2, the TRIP effect is

dominant, and while the SFE is between 20 and 35 mJ/m2, the

main deformation mechanism is TWIP. According to Fig. 15,

the SFE of RA resulting from partition-annealing in the range

of 540e740 �C corresponded to the TWIP effect during defor-

mation. However, it should be noted that the estimated SFE

values of RA grains after the present processing are well above

https://doi.org/10.1016/j.jmrt.2021.09.152
https://doi.org/10.1016/j.jmrt.2021.09.152


Fig. 15 e Room temperature SFE of the RA in the present

steel as a function of the annealing temperature.
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the equilibrium values, as listed in Table 3. Also fine grain size

tends to increase SFE [48] so no TWIP effect is expected to

occur.

The present results demonstrate that in addition to parti-

tioning of elements from martensite to austenite, the disso-

lution of cementite particles plays a key role in the

stabilization of RA through the partitioning of C and Mn from

dissolved cementite to the austenite. The results suggest that

the required annealing time to stabilize a considerable

amount of austenite and to provide an ultrafine-grained

microstructure, can be considerably decreased, through the

high temperature partitioning combinedwith the pre-existing

austenite and prior deformation close to Ms temperature.
5. Conclusions

In the present study, a combinatorial processing approach,

comprising the presence of pre-existing austenite (about 27%)

with martensite, deformation of the microstructure and high

temperature partitioning, was employed to develop a multi-

phase refined microstructure consisting TM, recrystallized

ferrite, RA, FM and carbides in a medium Mn steel

Fee0.31Ce4Mne2Nie1Sie0.42Ale0.21Mo. Based on the

detailed investigation and salient results of microstructural

evolutions during the applied process, the following conclu-

sions can been drawn:

1. Deformation of 0.4 strain at 250 �C accelerated all

competitive phenomena, such as carbide precipitation,

martensite tempering and its recrystallization, elemental

partitioning, austenite reversion, pearlite formation and

carbide dissolution.

2. The intercritical annealing of the non-deformed samples at

650 �C for 20 min resulted in a lath-type morphology for

bothmartensite and RA (34%) phases. While a high volume

fraction of pearlite was observed in themicrostructure, the

presence of FM was insignificant.
3. The microstructure after deformation at 250 �C and

annealing at 600 �C for 20 min was composed of several

phases including TM, pearlite, 10% of RA and undissolved

cementite. With increasing the annealing temperature, the

pearlitic transformation was suppressed, whereas recrys-

tallization of the deformed martensite and carbide disso-

lution occurred. In the case of the annealing at 650 �C, the
microstructure was composed of equiaxed ferrite, 32% RA,

some FM and few cementite particles. The equiaxed

ultrafine-grained ferrite and austenite had an average

grain size of 300 nm.

4. Coarse carbide particles were found to contain higher Mn

content in comparison to that of the fine particles, which

dissolved almost completely during annealing at 650 �C
and higher temperatures. On the other hand, partial

dissolution of coarser particles promoted austenite rever-

sion by providing more nucleation sites and thereby had a

significant effect on the stabilization of RA. It was found

that prior deformation accelerated the carbide dissolution

process during subsequent partition-annealing.

5. A coreeshell structure of austenite/martensite was

observed in the final microstructure of the samples, espe-

cially in non-def samples. However, applying deformation

at 250 �C enabled accelerated Mn diffusion to longer dis-

tances on one hand, and refined the austenite grain size on

the other hand, thus resulting in stabilizing the austenite

grains almost entirely.

Observations from the current study provide a further

understanding of the complexmicrostructural evolutions that

can occur during the processing of medium Mn steels. It is

shown that a combination of different austenite stabilizing

methods including pre-existing austenite with martensite,

deformation, and high partitioning temperatures will be

beneficial in accelerating austenite stabilization and micro-

structure refinement, although the competitive processes

must also be accounted for, as these make the process design

far more complicated.
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