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Abstract
Chemical heterogeneity in high-temperature austenite is an effective way to tune the austenite-to-martensite transformation

during cooling. The effect of quenching temperature on microstructure evolution is investigated when the high-temperature

austenite is heterogeneous. After fast austenitization from partitioned pearlite consisting of Mn-enriched cementite and

Mn-depleted ferrite in Fe–0.29C–3.76Mn–1.50Si (wt.%) steel, quenching to room temperature and quenching to 130 �C
followed by 400 �C partitioning are both applied. With increasing quenching temperature from 25 to 130 �C, the amount of

heterogeneous microstructure (lamellar ghost pearlite) increases from 10.6% to 33.6% and the thickness of Mn-enriched

retained austenite film is increased from 31.9 ± 5.9 to 51.5 ± 4.4 nm, indicating an enhancement of chemical patterning.

It is probably ascribed to the reduction in driving force for austenite-to-martensite transformation, which requires a lower

Mn content for austenite retention.
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1 Introduction

Advanced high-strength steels with excellent combination

of strength and ductility are under continuous development

in order to satisfy the increasing requirement of safety and

weight reduction [1–5]. Recently, chemical heterogeneity

has been demonstrated as an efficient strategy for

microstructure modification and mechanical properties

enhancement in medium-Mn steels [6, 7]. The chemical

heterogeneity in high-temperature austenite can strongly

alter the austenite-to-martensite transformation during

quenching process. The microstructures consisting of Mn-

depleted ferrite and Mn-enriched retained austenite (RA)

were produced by intercritical annealing in an Fe–0.18C–

8.0Mn (wt.%) steel. After fast austenitization, the high-

temperature austenite inherited the Mn heterogeneous dis-

tribution, leading to the formation of so-called chemical

boundaries. During quenching to room temperature, fine

martensitic laths and RA were obtained due to the

obstructive effect of chemical boundaries on austenite-to-

martensite transformation [7]. Similarly, Sun et al. [6]

produced alternative film RA and martensitic lath (ghost

pearlite, GP) through fast austenitization from lamellar

pearlite consisting of Mn-enriched cementite and Mn-de-

pleted ferrite in an Fe–0.51C–4.35Mn (wt.%) steel, which

is so-called chemical patterning.

Until now, many published literatures try to retain

chemical heterogeneity in high-temperature austenite

through fast heating and short austenitization [8–12]. A

lower austenitization temperature and a shorter holding

time can help retain the chemical heterogeneity present in

the initial microstructure. Additionally, the samples were

all quenched to room temperature and as a result, the final

microstructure was chemically patterned [6, 7]. It is well-

known that quenching temperature can affect austenite-to-

martensite transformation by changing its driving force

[13–17]. In the present study, quenching temperature is
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proposed to tune the austenite-to-martensite transformation

from heterogeneous high-temperature austenite, indicating

that a higher quenching temperature can enhance the

chemical patterning and, namely, increase the GP fraction

and the width of film RA in GP. This study provides a

feasible way to tune the chemical patterning simply

through the adjustment of quenching temperature.

2 Experimental

The chemical composition of hot-rolled steel is Fe–0.29C–

3.76Mn–1.50Si (wt.%). The heat treatment is schemati-

cally illustrated in Fig. 1a. The samples were firstly aust-

enized at 800 �C for 600 s in a muffle furnace, then

transferred to a salt bath furnace (550 �C) and held for 6 h

in order to obtain full pearlite. Subsequently, the samples

were machined into 40 mm 9 20 mm 9 1.5 mm

(Fig. 1b). Following this, they were fast heated to 790 �C
at a rate of * 80 �C/s and held for 10 s in a salt bath.

Finally, the samples were quenched to room temperature

(DQ) or quenched into an oil bath of 130 �C and quickly

moved to another salt bath (400 �C) for 500 s (QP). The

microstructures were characterized using a scanning elec-

tron microscope (SEM) and a transmission electron

microscope (TEM) equipped with an energy-dispersive

spectroscope (EDS) and X-ray diffraction (XRD). The Mn

content was described by the U-fraction (UMn) that indi-

cates the substitutional sites occupied by Mn atoms [6, 18].

In the present study, the UMn was calculated by xMn/

(xMn ? xFe ? xSi) where xMn, xFe and xSi represent their

atomic fractions.

3 Results and discussion

Figure 2 shows the partitioned pearlite after 6 h holding at

550 �C, which consists of ferrite and cementite. Lamellar

and spherical pearlites are both observed, among which the

fraction of lamellar pearlite is 65.3% ± 2.2%. Strong Mn

heterogeneity is detected by TEM-EDS (Fig. 2b). As an

example of lamellar pearlite, Mn is enriched in cementite

with UMn of 17.6% ± 1.2% while Mn is depleted in ferrite

fluctuating around UMn = 1.4%–1.8%. The thickness of

Fig. 1 Illustration of heat treatment (a) and sample dimension (b)

Fig. 2 SEM image (a) and TEM bright-field image (b) of partitioned pearlite after holding at 550 �C for 6 h
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lamellar cementite and ferrite is 14.6 ± 3.6 and

129.2 ± 22.5 nm, respectively.

Figure 3a, b shows the microstructures after quenching

at different temperatures following austenitization at

790 �C for 10 s. In DQ sample, both lamellar (red circle)

and spherical (blue rectangle) GP, which exhibit similar

microstructures to the lamellar and spherical pearlite, are

observed. It indicates the inheritance of Mn heterogeneity

and, in turn, chemical patterning, as demonstrated in Refs.

[6, 19, 20]. Whereas, in QP sample, the lamellar GP is

clearly seen while the spherical GP cannot be clearly dis-

tinguished due to carbides precipitation during partitioning

stage.

Increasing quenching temperature from 25 to 130 �C
significantly increases the fraction of lamellar GP from

10.6% ± 0.8% to 33.6% ± 1.2%. Due to the additional

Fig. 3 SEM images (a, b) and TEM bright-field images (c, d) of DQ (a, c) and QP (b, d) samples, TEM-EDS line scanning corresponding to

lines in c, d (e), and evolution of lamellar GP fraction in DQ and QP Fe–0.42C–3.71Mn–1.45Si steel (f)
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carbon partitioning, many blocky RA islands are also

present in QP sample, leading to a much larger RA fraction

than that in DQ sample (25.7% versus 7.3%). The lamellar

GP consists of alternative Mn-enriched RA and Mn-de-

pleted lath martensite (Fig. 3c, d). Interestingly, the QP

sample exhibits a larger width of film RA than the DQ

sample (51.5 ± 4.4 nm versus 31.9 ± 5.9 nm), together

with a lower UMn at martensite (M)/RA interface (4.0%

versus 5.7%) (Fig. 3e). Similar phenomena are observed in

Fe–0.42C–3.71Mn–1.45Si steel, as shown in Fig. 3f. After

partitioned pearlite formation by holding at 590 �C for 6 h

and the following austenitization, the fraction of lamellar

GP is larger in QP samples than in the corresponding DQ

samples. Additionally, after holding at 770 �C for 10 s, the

QP sample has a larger width of film RA than the corre-

sponding DQ sample (69.7 ± 7.6 nm versus

45.3 ± 6.0 nm) [20].

When the Mn-partitioned pearlite (Fig. 2b) is austeni-

tized, the Mn distribution in high-temperature austenite is

chemically patterned as illustrated in Fig. 4a. During

quenching, the Mn-enriched austenite could be retained

and the Mn depleted one could transform into martensite,

leading to the GP formation (Fig. 3c, d). When increasing

the quenching temperature, the driving force for austenite-

to-martensite transformation is lowered. It is well-known

that the Mn is austenite stabilizer as indicated by the

relationship between Mn and martensite start transforma-

tion temperature (Ms) as listed in Eq. (1) [21, 22]:

Ms ¼ 539 � 423wC � 30:4wMn � 11wSi ð1Þ

where wC, wMn and wSi represent the weight fraction of

carbon, manganese and silicon, respectively. Thus, the

austenite having a lower Mn content can be retained when

the quenching temperature is higher (e.g., 130 �C in

Fig. 4a). The UMn value at the interface between film RA

and martensite is around 5.7% in DQ sample and 4.0% in

QP sample (Fig. 3). During further partitioning at 400 �C,

the carbon is enriched in austenite and the austenite sta-

bility is enhanced, leading to the retention of austenite after

quenching to room temperature. Therefore, the width of

film RA in QP samples is larger than that in corresponding

DQ samples (Fig. 3f).

Increasing quenching temperature leads to an increased

fraction of lamellar GP, which is also related to the

reduction in driving force for martensite transformation. In

the high-temperature austenite, some regions have a less

intensity of chemical patterning, where the overall Mn

content is lower and its distribution is smoother (Fig. 4b).

When the quenching temperature is low (e.g., 25 �C), the

austenite having less intensity of chemical patterning could

fully transform to martensite; instead, when the quenching

temperature is high (e.g., 130 �C), the austenite having less

intensity of chemical patterning could still form GP

Fig. 4 Schematic illustration of effect of quenching temperature on width of film RA in lamellar GP (a) and fraction of lamellar GP (b)
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microstructure (Fig. 4b). As demonstrated in Fig. 5,

although the lamellar GP is observed, several martensitic

laths are connected with each other as indicated by red

rectangles, and a circled region is fully martensite instead

of alternative film RA and lath martensite probably due to

the less intensity of Mn chemical patterning.

4 Conclusion

The lamellar ghost pearlite, which consists of alternative

film RA and lath martensite, is formed in a chemical pat-

terning way through fast austenitizing the partitioned

pearlite. With increasing quenching temperature, the frac-

tion of lamellar GP and the width of film RA in GP both

increase. It is because a higher quenching temperature

leads to a lower driving force for austenite-to-martensite

transformation and, in turn, the retention of austenite

having a lower Mn content. The current study provides a

feasible way to enhance chemical patterning in medium-

Mn steels through the adjustment of quenching

temperature.
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