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ABSTRACT

Based on the microstructural evolution in Mn-based maraging steels aged at

460–540 �C, the formation mechanism of reverted austenite is proposed. Rev-

erted austenite formed at grain boundaries at the onset of aging. During further

aging, the accumulated Mn enrichment at newly formed a0=c interfaces led to

thin austenite layers growing into lath-like austenite grains. The lateral growth

of lath-like reverted austenite was sluggish, reflecting the low diffusivity of Mn.

We show that reverted austenite formed by a shear-dominated mechanism

assisted by a small amount of Mn diffusion, whereas the nucleation of reverted

austenite within martensite laths was kinetically slower.

Introduction

A group of lean Mn-based maraging TRIP steels were

recently designed by Raabe and co-workers for

lightweight and safe automotive applications [1–3].

According to their study, these maraging TRIP steels

exhibited a simultaneous increase in strength and

elongation in the aged condition as a result of the

combination of precipitation strengthening mecha-

nism and TRIP effect of the retained austenite. The

present authors have undertaken a further study on

this Mn-based steel grade but with * 1 wt% Al

addition [4, 5]. In contrast to the work by Raabe et al.,

our experimental evidence shows that no austenite

was retained in the 12% Mn alloy after water

quenching from solution heat treatment (SHT); thus,

the entire austenite in the aged samples was the

product of austenite reversion from martensite. Rev-

erted austenite, which is chemically and

morphologically distinguished from retained

austenite, generally provides greater microstructural

synergy with martensite [3]. Many researchers have

also shown that reverted austenite has a significant

influence on the mechanical properties. Most of the

studies on conventional maraging steels suggested

that reverted austenite was detrimental to the

strength [6–9], and some even reported poor ductility

related to austenite reversion [10, 11]. On the other

hand, it has been found recently that reverted

austenite in some maraging steels can markedly

improve mechanical properties [1, 3, 5, 7, 12, 13]. Our

recent work on Mn-based maraging steels [5] also

reveals that the reverted austenite formed after long-

term aging, which was characterized by high Mn

concentration and fine grain size, was harder than the

a0-martensite matrix and positively contributed to the

strength. In addition, the brittle behavior observed in

tensile tests was found to be associated with the Mn
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segregation at interfaces, while a transition to ductile

behavior was associated with the formation and

growth of reverted austenite.

The aim of the current work is to characterize the

reverted austenite in Mn-based maraging steels in

different conditions, and based on the microstruc-

tural investigation, a model for the formation mech-

anism of reverted austenite is proposed.

Experimental

Two Mn-based maraging steels [10% Mn alloy: Fe–

0.02C–10.0Mn–2.0Ni–1.2Mo–1.0Al–0.8Ti and 12% Mn

alloy: Fe–0.02C–11.8Mn–2.0Ni–1.2Mo–1.0Al–0.8Ti (in

wt%)] were initially homogenized under argon gas

atmosphere at 1150 �C for 1 h followed by hot rolling

through six passes, starting at 1140 �C and finishing

at 850 �C (corresponding reduction ratio 85%). Solu-

tion heat treatment was performed with argon pro-

tection at 1050 �C for 0.5 h. The alloys were then aged

at 460–540 �C for a range of times from 10 to

10080 min. Microstructural characterization and

compositional analysis were carried out on an FEI

Inspect F scanning electron microscopy (SEM) and

FEI Tecnai 20 transmission electron microscope

(TEM) operated at 200 kV. TEM thin foils were pre-

pared with a solution of 5% perchloric acid, 35%

butoxyethanol and 60% methanol solution (main-

tained at approximately - 40 �C by a liquid nitrogen

cooling system) running through a twin-jet elec-

tropolisher operated at * 40 mA. Qualitative and

quantitative analyses of phases were undertaken by

Siemens D5000 diffractometer using Co Ka radiation

(k = 1.78897 Å) on polished samples.

Results and discussion

The microstructural evolution of reverted austenite in

the 12% Mn alloy aged at 500 �C is shown in Fig. 1.

At the start of aging (10 min), thin austenite layers

were generated along boundaries in the martensitic

structure (including prior austenite grain boundaries,

martensite packet boundaries and martensite lath

boundaries [14]) (Fig. 1b). During subsequent aging,

reverted austenite layers formed independently

within martensite laths and these austenite layers

together with those at the martensite grain bound-

aries gradually grew thicker (Fig. 1c). After longer-

term aging, these austenite layers finally grew into

lath-like austenite grains and a lamellar structure of

alternate austenite grains and martensite matrix was

observed (Fig. 1d).

TEM investigation confirmed that only thin

austenite layers with a size of tens of nanometers

were formed at grain boundaries, whereas a large

number of precipitates had formed in the martensitic

matrix in the initial stage of austenite reversion

(Fig. 2a). With the growth of austenite layers, lath-

like reverted austenite became the dominant mor-

phology (Fig. 2b–d), but the thickness of austenite

islands did not exceed 180 nm. TEM-EDS showed

that apart from the slightly higher Mn concentration

(12.9–16.2 at.%) than that of the surrounding

martensite matrix, the austenite layers formed in the

initial aging stage were also enriched in Ti and Mo

(inset of Fig. 2a). The Ti concentration of the austenite

layers was 12.4–14.5 at.%, and Mo concentration was

between 10.5 and 13.6 at.%. This high Ti concentra-

tion is unexpected as Ti is generally considered to

raise the Ae
3 temperature and thus is not expected to

be found in reverted austenite formed at these tem-

peratures. However, atom probe tomography analy-

ses on a similar Fe-9 at.% Mn maraging steel (450 �C,

48 h) by Raabe et al. [14] also revealed the enrichment

of ferrite stabilizing elements, such as Si, Mo and Ti,

at the grain boundaries where austenite nanolayers

were formed. The grain boundary enrichment factors

were reported as Mn 2.3, Ni 1.7, Mo 2.3, Ti 5.2 and Si

14. Thus, Ti and Mo have a high tendency to segre-

gate to the interface, which explains the presence of

Ti and Mo in austenite layers formed at grain

boundaries. In contrast, the lath-like reverted

austenite had a considerably higher Mn concentra-

tion (24–26.1 at.%), whereas the Ti and Mo concen-

trations (Mo 2.9–7.3 at.%, Ti 2.9–8.0 at.%) (inset of

Fig. 2d) were substantially less than the austenite that

formed initially.

The volume fraction of reverted austenite formed

when aging at 500 �C was measured by XRD and the

results are presented in Table 1. Aging at 500 �C led

to a nearly linear increase in the volume fraction of

reverted austenite as a function of time up to the

maximum was reached for both alloys. In the 10%

Mn alloy, the austenite phase fraction reached a

maximum of * 10 vol.% at 500 �C/5760 min after

which the content remained approximately constant.

For the 12% Mn alloy, the austenite fraction increased

linearly up to * 25 vol.% after 4320 min at 500 �C
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and then slightly decreased with aging time. This

small decrease was a result of the formation of e-

martensitic on cooling, reported elsewhere [5]. The

c ? e martensitic transformation in Fe–Mn steels has

been reported by other researchers [15–17]. Accord-

ing to Martı́nez et al. [16], when the Mn concentration

of austenite is between 15 and 25 wt%, up to 50%

austenite transforms into e-martensite during cooling.

This c ? e martensitic transformation and the seg-

regation of Ti at grain boundaries, which suppresses

the austenite formation, are considered as the two

major reasons for the lower equilibrium austenite

fraction than the value predicted by MatCalc (10%

Mn alloy 39.4 vol.%; 12% Mn alloy 50.3 vol.% at

500 �C).

Figure 1 a Hardness evolution of 12% Mn alloy aged at 500 �C. SEM micrographs of reverted austenite in 12% Mn alloy aged at 500 �C

for b 10 min, c 1440 min and d 10080 min.
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The formation mechanism of lath-like austenite is a

matter of debate. Many studies take the view that

austenite reversion is dominated by diffusion

[12, 18–20]. Schnitzer et al. [19] suggested that the

growth of reverted austenite in PH 13-8 Mo maraging

steels relied on the dissolution of adjacent NiAl pre-

cipitates which led to the local enrichment of Ni.

Sinha et al. [20] pointed out that, instead of precipi-

tate dissolution, Ni atoms in the matrix diffuse to

dislocations or other defects and generate the

enrichment of austenite stabilizing elements in

localized areas. Nakagawa et al. [12], Schnitizer et al.

[19] and Sinha et al. [20] further reported that the

activation energy for austenite formation is about

234–250 kJ/mol which is similar to the activation

energy of Ni diffusion in pure Fe (246 kJ/mol [21]). In

contrast, an alternative mechanism has been pro-

posed that the austenite reversion is shear-

Figure 2 TEM micrographs and corresponding TEM-EDS spectra (inset) of reverted austenite in a 10% Mn alloy, 500 �C/1440 min;

b 12% Mn alloy, 540 �C/2880 min; c and d are the images of reverted austenite grains from the orientation parallel to austenite laths.
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dominated, aided by a prior or simultaneous diffu-

sion mechanism [22–24]. This phase transformation

mode is similar to the bainitic transformation, namely

that a displacive transformation occurs accompanied

by elemental segregation [25].

In the present study, the volume fraction of rever-

ted austenite under a number of different conditions

was studied to explore the formation mechanism of

reverted austenite in Mn-based maraging steels. In

order to avoid the complication and consequent error

from partial transformation of austenite to e-marten-

site upon cooling, the calculation of the activation

energy for austenite formation was conducted in the

period before e-martensite was formed. Furthermore,

the effect of precipitation in altering the matrix

composition and therefore the driving force for the

formation of reverted austenite is also a further

complication. However, our microstructural obser-

vations revealed that the formation of reverted

austenite and precipitates both initiated at the very

beginning of aging, and during longer aging times,

the composition of the precipitates was approxi-

mately constant [5]. The simulation study by Sch-

nitzer et al. [19] also indicated that the dissolution of

precipitates was not a factor in the initial driving

force for austenite reversion. Therefore, it is assumed

that the formation of precipitates and reverted

austenite was independent processes in the initial

aging stage. Nevertheless, these uncertainties mean

that the calculation below must be still regarded as a

semiquantitative description of austenite reversion.

According to Schnitzer et al. [19], if the formation

of reverted austenite is governed by diffusion

mechanism, its activation energy Q can be calculated

by:

ln tð Þ ¼
Q

RT
þ c ð1Þ

where t is the time to form a certain amount of

reverted austenite at a given temperature T, R is the

ideal gas constant and c is a constant. The analyses

were performed on the 10% and 12% Mn alloys by

measuring the aging times required to form a defined

amount of reverted austenite at 460 �C, 500 �C and

540 �C, respectively. The chosen volume fraction of

reverted austenite used in Eq. (1) was set as 4 vol.%

for the 10% Mn alloy and 9 vol.% for the 12% Mn

alloy to avoid the formation of any e-martensite. The

results are presented in Fig. 3, and a linear correlation

was found between 1/T * 1000 and ln(t). Based on the

slopes of the fitted lines, the activation energy for

austenite reversion was estimated as 63.5 kJ/mol for

the 10% Mn alloy and 85.7 kJ/mol for the 12% Mn

alloy. These values are significantly lower than the

activation energy for Mn diffusion in pure Fe

(219.8–261.7 kJ/mol [26]), which indicates that the

formation of reverted austenite during this period

was not likely to be primarily governed by the dif-

fusion of Mn.

As noted earlier, in the early stages of aging the Mn

concentration of the reverted austenite was only

slightly higher than that of the adjacent martensite

matrix (Fig. 2a). In addition, thermodynamic simu-

lation indicated that a Mn concentration above

15.3 at.% was sufficient to provide the chemical

driving force for martensite to austenite transforma-

tion at the interface with local enrichments of Si, Ni,

Mo and Ti at 450 �C [14]. Moreover, the drive to

reduce the interfacial free energy could further pro-

mote the segregation of Mn and phase transformation

Table 1 The volume fractions (vol.%) of reverted austenite

formed when aging at 500 �C

Aging time (min) 10% Mn 12% Mn

1440 2.9 ± 0.7 8.5 ± 0.7

2880 6.0 ± 0.7 17.1 ± 1.8

4320 8.0 ± 0.5 24.8 ± 1.3

5760 10.4 ± 0.7 24.6 ± 1.5

10080 10.7 ± 0.5 23.1 ± 1.4

Figure 3 Calculation of the activation energy for austenite

formation in the 10% Mn and 12% Mn alloy.
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at the interface, making local nucleation of reverted

austenite much easier. It also explains why the

nucleation of reverted austenite at the interface

occurred preferentially to that within the martensite

laths. Han and Lee [27] also reported that austenite

reversion could occur without diffusion when heat-

ing rate was faster than 15 �C/s which is the case in

this study. All the evidence indicates that the initial

formation of reverted austenite was highly likely to

be a shear-dominated process accompanied by a

prior or simultaneous diffusion of a small amount of

Mn.

The average size of the reverted austenite formed

during this period in the 10 and 12% Mn alloys was

measured from images such as in Figs. 1 and 2. Since

a two-dimensional section would not allow the

length of the reverted austenite to be determined,

only the thickness of reverted austenite was analyzed

here. As shown in Fig. 4, there was only limited

increase in the lateral dimension of austenite grains

with aging time for both alloys at 500 �C, and the

average thickness of reverted austenite was approx-

imately constant in the range 100–150 nm. This

decelerated kinetics in the lateral growth of austenite

grains is attributed to two factors: (i) the austenite

growth during this stage depended on the diffusion

of Mn in martensite matrix which is relatively slow at

500 �C (5.01 9 10-16 cm2/s1 [28]); (ii) the reverted

austenite grains possessed a good resistance to

coarsening [29]. Therefore, the higher Mn content of

alloy did not lead to an evident difference in the

thickness of the reverted austenite.

The evolution in the thickness of the reverted

austenite laths observed in this study agrees with the

work of Luo et al. [22], who studied the dimensions

of austenite during intercritical annealing of a 5Mn

steel and proposed four stages of size evolution.

Using a numerical analysis using the DICTRA soft-

ware, Luo et al. proposed a very rapid increase in

thickness of austenite (from 4 nm to tens of

nanometers within 10-3 s) in stage I before a pause

for * 1 s (stage II). The whole process is so fast that

only the size in stage II is considered as experimen-

tally observable, which agrees with the current

observation that nanoscale austenite layers were

formed as soon as austenite formation started in Mn-

based maraging steel (Figs. 1b and 2a). In stage III,

lateral growth of austenite grains initiates but at a

much decreased rate, which is consistent with the

period of moderate austenite growth controlled by

Mn diffusion observed in this study [for the 10% Mn

alloy, the time up to 5760 min; for the 12% Mn alloy,

the time up to 4320 min (Fig. 4)]. In stage IV, the

volume fraction and thickness of austenite reach a

maximum followed by a small reduction in size (of

the order of tens of nanometers). This is proposed to

result from the variation of Mn concentration gradi-

ent near the interface in ferrite after the maximum

fraction of austenite is achieved [22]. In the current

work, a small decrease in the austenite thickness was

observed for both alloys at the end of aging (after the

maximum fraction of austenite was obtained), as

shown in Table 1 and Fig. 4, although this change

was within the statistical error.

Conclusions

Based on the experimental results and discussion

presented above, the austenite reversion is briefly

divided into two stages:

1. The nucleation of reverted austenite at martensite

grain boundaries occurred at the onset of aging

followed by the nucleation of austenite within

martensite laths. The nucleation process was

governed by a shear mechanism assisted by a

prior or simultaneous diffusion of a small amount

of Mn. Due to the structural disorder at the

interface, there is a higher driving force for the

segregation of Mn and phase transformation,

which made the rapid nucleation of reverted

Figure 4 Average thickness of lath-like reverted austenite after

aging at 500 �C for different durations in the 10% Mn and 12%

Mn alloys.
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austenite at grain boundaries easier, while the

nucleation of reverted austenite within marten-

site laths was kinetically slower.

2. During the subsequent aging, the accumulated

Mn enrichment at newly formed a0=c interfaces

led to the austenite layers gradually growing to

lath-like reverted austenite, which means the

lateral growth of reverted austenite in this stage

was mainly supported by the diffusion of Mn. As

the diffusivity of Mn in the martensite matrix is

relatively low, the diffusion-controlled austenite

growth was slow. The resistance to coalescence

between adjacent reverted austenite is another

reason why reverted austenite could maintain

nanoscale dimensions for a long aging time. At

the end of austenite formation, a small reduction

in austenite thickness was observed for longer

aging times.
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