
Contents lists available at ScienceDirect

Materials Science & Engineering A

journal homepage: www.elsevier.com/locate/msea

Precipitation behavior and austenite stability of Nb or Nb–Mo micro-alloyed
warm-rolled medium-Mn steels

Haijun Pana, Hua Dinga,∗, Minghui Caia, Dilay Kibaroglub, Yan Mab, Wenwen Songb,∗∗

a School of Materials Science and Engineering, Northeastern University, Shenyang, 110819, China
b Steel Institute (IEHK), RWTH Aachen University, Intzestraße 1, 52072, Aachen, Germany

A R T I C L E I N F O

Keywords:
Medium-Mn steel
Warm rolling
Precipitation behavior
Nb/Mo addition
Retained austenite

A B S T R A C T

Precipitation behavior and austenite stability of the warm-rolled medium-Mn steels with different Nb/Mo ad-
ditions annealed at different temperatures were investigated. The Nb or Nb–Mo additions decrease the volume
fraction of retained austenite, but increase its mechanical stability. The Mo addition to the Nb-bearing steels can
lead to a higher density and smaller mean size of the precipitates because of the decreased interfacial energy and
enhanced precipitation kinetics. The optimal precipitation temperature of the designed steels is about 600 °C.
The Nb–Mo bearing steels exhibit a mixture of equiaxed and lamellar grain morphologies, and exceptional
mechanical properties, i.e. the average products of ultimate tensile strength and total elongation (PSE) values of
approx. 62 GPa %. An increase in yield strength of 300MPa can result from grain refinement and precipitation
hardening by Nb–Mo addition.

1. Introduction

Medium-Mn steel as a candidate in the advanced lightweight ma-
terial class has gained widespread attention due to the excellent com-
bination of high strength (≥1 GPa) and good ductility (≥30%) [1–6].
To further improve the mechanical properties of medium-Mn steel, an
addition of microalloying elements has been recently aroused more and
more attention [3–6]. He et al. [3] demonstrated that VC precipitates
played a role in increasing the yield strength (YS) of ferrite by hindering
the dislocation motion. Han et al. [4] reported that TiC precipitation in
a 0.15 wt.-% Ti-added 5wt.-% Mn steel suppressed the grain growth of
austenite. Yan and Zou et al. [5,6] designed medium-Mn steels micro-
alloyed with Cu in order to control the amount and stability of reversed
austenite as well as to improve the mechanical properties. Some studies
also pointed out the C content in austenite can be decreased by the
addition of strong carbide formers, for instance, Nb, V, Ti etc. The ad-
dition of these elements significantly affects the microstructure evolu-
tion during heat treatment processes [7–10]. In addition, solute beha-
viour of microalloying elements and their precipitates have substantial
effects on the microstructure and mechanical properties of TRIP steels
through precipitation, phase transformation and grain refinement
[7–9]. However, the exploration of microalloying treatment in medium-
Mn steels is still very limited in the literature.

Recently, a combination of Mo and other microalloying elements

have been proposed to control the dynamic precipitation and pre-
cipitate coarsening behaviors in micro-alloyed steels [7,11–13]. The
carbon activity in austenite can be decreased with an addition of Mo,
which can also increase the solubility of microalloying elements in
austenite and facilitate the formation of finer precipitates in the ferrite
[7,11]. The misfit strain of precipitates in ferrite can be decreased
through Mo incorporation with Nb, thus reducing energetic barriers at
the early stages of nucleation [12]. Additionally, the transformation
kinetics of precipitates, ferrite and austenite can be modified by an
addition of Mo [12]. Cai et al. [14] reported that YS and the ductility of
the 6.5 wt.-% Mn steel can be enhanced with an addition of 0.22 wt.-%
Mo and 0.05 wt.-% Nb. An addition of 0.19 wt.-% Mo and 0.11 wt.-% Ti
in a 4.1 wt.-% Mn steel was reported to improve strength without loss of
elongation [15]. However, compared with the investigation on an in-
dividual microalloy addition during thermomechanical processing, few
studies have been reported on the precipitation behaviors of multiple
microalloy additions. Moreover, the precipitation kinetics of steels with
multiple microalloy additions is greatly different compared with that of
steels with an individual microalloy addition [7,11–13].

In this work, a systematic study was conducted to investigate the
influence of the microalloying addition on microstructure evolution
during intercritical annealing and subsequent mechanical properties in
the warm-rolled (WRed) medium-Mn steels. For the purpose of analysis,
a comparison was made among the steels with no microalloying
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addition, a single Nb addition and multi-additions of Nb–Mo. In parti-
cular, the effects of microalloying additions on volume fraction of re-
tained austenite (VγR), stability of retained austenite as well as the
precipitation behaviors of the WRed medium-Mn steels annealed at
different temperatures were discussed in details.

2. Materials and experimental procedures

The chemical compositions and the Ae3 temperatures (calculated by
Therm-Calc software) of the designed steels are shown in Table 1. The
steels were prepared by induction melting, heated at 800 °C and sub-
sequently warm rolled at the initial rolling temperature of 700 °C to
strips of 1.5mm in thickness with a total reduction of 95%. Then the
WRed specimens were intercritically annealed at 550 °C, 600 °C, 650 °C
and 700 °C for 30min using a small muffle furnace, followed by air
cooling to room temperature.

The tensile test specimens were prepared parallel to the rolling di-
rection with a gauge section of 25mm×6mm, according to the ASTM
E8/E8M standard. Uniaxial tensile testing was performed at room
temperature at a strain rate of 5×10−3 s−1 by using SANSCMT-5000

machine.
Scanning Electron Microscope (SEM) analyses were carried out

using a field-emission Supra SSX-550 microscope. SEM specimens were
etched by 15% NaHSO3 solution after standard mechanical polishing.
The average grain sizes were measured using the linear intercept
method (ASTM E−112), based on the SEM micrographs. Transmission
Electron Microscope (TEM) analyses were carried out using an FEI
Tecnai G2 F20 microscope operating at 200 kV equipped with a nan-
ometer probe energy-dispersive X-ray spectrometer (EDS). TEM speci-
mens were electrolytically jet polished in a solution of 95% CH3COOH
and 5% HClO4 at 18 °C. Standard TEM techniques were used to char-
acterize the morphology, size distribution, and chemical compositions
of precipitates. A statistical method was used to obtain the volume
fraction and size of nano-precipitates [16], and at least 500 particles
from TEM images were randomly chosen for the analysis.

APT measurements were conducted on a Local Electrode Atom
Probe (LEAP 4000X HR, Cameca Instruments, Inc., Madison, WI, USA)
system equipped with a reflectron for improved mass resolving power.
Measurements were performed in the voltage pulsing mode with a pulse
fraction of 15%. The base temperature was constant during the mea-
surements, of approx. 60 K. The collected raw datasets were re-
constructed into three-dimensional (3D) atomic maps and a precise
decomposition process was conducted using the integrated visualiza-
tion and analysis software (IVAS).

The volume fraction of austenite was determined by X-ray
Diffraction (XRD, Rigaku, D/Max2250/PC) using a Cu-Kα radiation
source (λ=1.5405 Å), based on a direct comparison of the integrated
intensities of all diffraction peaks [17]. The scanning range, speed and
step size were 40–100°, 2° min−1 and 0.02°, respectively.

Table 1
The chemical composition (wt.%) and the Ae3 temperature (oC) of the experi-
mental steels.

Steels C Mn Al N Nb Mo Ae3

6Mn 0.17 5.6 1.2 0.028 – – 761
6MnNb 0.19 5.8 1.1 0.020 0.05 – 753
6MnNbMo 0.20 5.6 1.2 0.014 0.05 0.22 762

Fig. 1. The SEM micrographs of the WRed medium Mn steels 6Mn, 6MnNb and 6MnNbMo treated at 550 °C, 600 °C, 650 °C and 700 °C for 30min:γ-retained austenite,
α-ferrite, M-martenite.
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The dislocation density (ρ) was assessed by the following equation
(1) [18]:

=
×

ρ
b

β
4.35

2

2 (1)

where βwas the half-width of (211)α diffraction peak and bwas the
burgers vector (~2.48× 10−8 cm).

3. Results

3.1. Microstructures

Fig. 1 presents the typical SEM microstructures of the investigated
steels treated at 550 °C, 600 °C, 650 °C and 700 °C for 30min. The mi-
crostructures of the annealed samples mainly comprised ferrite and
retained austenite, which could be distinguished on the basis of their
morphological features. An increase in the intercritical annealing (IA)
temperature led to a decrease in the volume fraction of ferrite. In ad-
dition, martensite was found in the samples annealed at 700 °C, which is
attributed to the insufficient thermal stability of austenite due to the
low C/Mn contents and a large grain size of austenite. It should be
noted that a mixture of lamellar and equiaxed grain morphologies were
presented in all IAed samples, which may be caused by the insufficient
driving force for active recrystallization of martensite of the WRed
samples when the moderate rolling temperature was adopted [5,6]. In
general, a raise in IA temperature results in an increase in mean grain
size. Compared with the samples 6Mn, the addition of Nb and Nb–Mo
greatly refined the mean grain size.

Fig. 2 displays the VγR of the WRed samples as a function of the IA
temperature. An increase in IA temperature from 550 °C to 650 °C led to
the increase of VγR from 5% to about 40%. Then VγR decreases to about
30% with a further increase in IA temperature to 700 °C. It is noted that
the addition of Nb, especially Nb–Mo co-addition, decreases the VγR in
the medium-Mn steels.

3.2. Mechanical properties

Fig. 3(a–c) shows the mechanical properties of the three steels in-
tercritically annealed at different temperatures. The ultimate tensile
strength (UTS) of the three steels increased with an increasing IA
temperature up to 700 °C. The yield strength (YS) of the three steels
manifested different responses to IA temperature. The YS of steel 6Mn
continuously declined with an increase in IA temperature up to 700 °C.
In contrast, the YS of steel 6MnNb and steel 6MnNbMo revealed
minimal values when the IA temperature was 600 °C. IA temperature
below 600 °C, YS showed a decrease trend with increasing IA

temperature, while it increased with increasing IA temperature above
600 °C. The decreased YS may be due to an increase in average grain
size with increasing IA temperature (Fig. 1). In contrast, the increase in
YS of steel 6MnNb and steel 6MnNbMo annealed above 600 °C is be-
lieved to be associated with the enhanced precipitation behaviors
(Fig. 4). Moreover, compared with steel 6Mn, the Nb and Nb–Mo in-
crease the YS by 12–153MPa and 88–301MPa as well as the UTS by
15–139MPa and 75–192MPa respectively. The specific YS increment
caused by the Nb or Nb–Mo additions at different IA temperatures is
presented in Fig. 3(d), and the maximum (up to 301MPa) is achieved at
600 °C. The Nb or Nb–Mo addition decreased the total elongation (EI)
when the IA temperature was lower than 650 °C, but the EI exhibited an
opposite trend in the materials annealed at a higher IA temperature
(≥650 °C).

3.3. Precipitation characteristics

Fig. 4 presents the TEM results of the precipitates of the WRed
Medium-Mn steels 6MnNb and 6MnNbMo at different IA temperatures.
Lots of spherical precipitates were mainly distributed in the ferrite
matrix, and the average size was less than 10 nm. Regardless of the
single Nb or multiple Nb–Mo containing steels, the precipitate density
reached the maximum at about 600 °C. The increase in IA temperature
from 550 °C to 700 °C leads to about increase in the average precipitate
size of 5 nm, as shown in Fig. 5. Moreover, the finer precipitates and the
higher precipitate density can be achieved by the addition of Mo to the
Nb-bearing steels.

3.4. Element distribution measured by APT

The APT micrographs of the precipitates are illustrated in Fig. 6 for
the Nb and Nb–Mo bearing-steels annealed at 650 °C for 30min. The fine
particles of the steels 6MnNb are identified as Nb(C,N) precipitates in
Fig. 6(a), and the precipitates of the steels 6MnNbMo are identified as
(Nb, Mo)(C,N) as shown in Fig. 6(b). In comparison to the Nb con-
centration in Nb(C,N), the Nb–Mo multiple addition drops the Nb
concentration in (Nb, Mo)(C,N) up to 10 at.%.

To further characterize the element distribution influenced by the
Nb or Nb–Mo addition, the one-dimensional concentration profile
through the nano precipitates and neighboring matrix in three steels are
shown in Fig. 6. The partitioning of C and Mn atoms to the austenite is
clearly observed. Fig. 7 presents the C/Mn/Al concentrations (at.-%) in
austenite and ferrite affected by the addition of Nb or Nb–Mo. The C
and Al content (at.-%) of the steels with the Nb or Nb–Mo addition is
higher than the ones in austenite of steels 6Mn. The addition of Nb and
Nb–Mo increase the Mn and Al content (at. %) in ferrite.

4. Discussion

4.1. The mechanical stability of austenite affected by Nb/Mo additions

The mechanical stability of retained austenite is a key parameter to
influence the mechanical properties of TRIP steels [19–24], which can
be estimated by the stress-assisted martensitic transformation thermo-
dynamic model [19,20]:

+ >G G EΔ Δchem mech store (3)

where, GΔ chemis chemical driving force for transformation, GΔ mechis the
mechanical driving force, and Estoreis the stored energy of martensite
[19]. GΔ chemcan be calculated by equation (4) [24,25]:

= − − −

+ − + + − − +

+ − − →

G x T x x

x T x x T

x x G

Δ (16277 8.08 17660 10066 )

( 430 0.305 ) (1 )( 6500 3.7 )

(1 )Δ

chem
c c Mn

Mn Mn Mn

c Mn Fe
γ α (4)

Where xc, xMn,Tand →GΔ Fe
γ αare the mole fraction of C, the mole fraction

Fig. 2. The volume fraction of retained austenite of the WRed medium Mn
steels 6Mn, 6MnNb and 6MnNbMo treated at 550 °C, 600 °C, 650 °C and 700 °C
for 30min.
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of Mn (Table 2), the temperature in Kelvin and the Gibbs free energy
difference of the pure iron from austenite to ferrite respectively [24].
The increase in elastic strain energy per unit volume ( EΔ v) is given as
[20]:

= +E d d dΔ 1276.1( /d) 562.6( / )v γ γ
2 (5)

where, dγ(Table 2) and d(about 0.4 μm based on the TEM) are the
thickness of the austenite grain and the martensite plate respectively.
Since the mechanical driving force can also be expressed as [19,20]:

=GΔ 0.86σmech (6)

Where, σ is the external stress, shown in Table 2. Compared with that of
the steel 6Mn, the higher σ is necessary for the martensite transfor-
mation with the Nb or Nb–Mo addition, which mainly attributed to the
smaller average grain size. Therefore, the Nb or Nb–Mo addition can
increase the mechanical stability of retained austenite. As a result, the
steels with a Nb addition, especially the Nb–Mo addition, can maintain

Fig. 3. Ultimate tensile strength (a), elongation (b), yield strength (c) and the increment of yield strength (d) of the WRed medium Mn steels 6Mn, 6MnNb and
6MnNbM treated at 550 °C, 600 °C, 650 °C and 700 °C for 30min: σ6Mn-yield strength of steels 6Mn, σ6MnNb-yield strength of steels 6MnNb and σ6MnNbMo-yield strength of
steels 6MnNbMo.

Fig. 4. The TEM micrographs of the precipitates of the WRed medium Mn steels
6MnNb (a, c, e, g) and 6MnNbMo (b, d, f, h) isothermally treated at 550 °C
(a–b), 600 °C (c–d), 650 °C (e–f) and700 °C (g–h) for 30min.

Fig. 5. Average precipitates size of the steels 6MnNb and 6MnNbMo annealed
at various temperatures.
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Fig. 6. APT characterization of the warm-rolled medium-Mn steels treated at 650 °C for 30min. (a) Selected ROIs from austenite and ferrite phases in steel 6Mn. (c)
Selected ROIs from carbides in steel 6MnNb. (e) Selected ROIs from carbides in steel 6MnNbMo. (b), (d) and (f) Concentration distribution plots obtained from the
corresponding ROIs.
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an excellent ductility with a relatively lower VγR.

4.2. The dependence of precipitation behavior and kinetics of (NbxMo1-x)
(C, N) on the annealing temperature

As shown in Fig. 4, the composite precipitate phase (NbxMo1-x)(C,N)
formed in the Nb–Mo bearing steels by the partial replacement of Nb by
Mo [26], and the Mo/Nb atomic ratio in the (NbxMo1-x)(C, N) pre-
cipitates at different IA temperature is shown in Fig. 8(a). The star
symbols represent the Mo/Nb atomic ratio in individual carbides and
the square ones represent the average value of the Mo/Nb atomic ratio
of the carbides. The maximum of Mo/Nb atomic ratio was achieved at
IA temperature about 600 °C. Based on the semi-coherent interfacial
misfit dislocation theory [26], the interfacial energy of (NbxMo1-x)(C,

N) phase (0.5≤ x≤ 1) in ferrite as a function of IA temperature can be
calculated, as shown in Fig. 8(b). It was found that the replacement of
Nb by Mo could reduce the interfacial energy, therefore the Mo addition
to the Nb-bearing steel could benefit the higher density of precipitates
[2,26–28].

According to Johnson-Mehl-Avrami equation, the precipitation-
time-temperature (PTT) diagram can be calculated [26,27]. Assuming
that the precipitation start time (t0.05) is defined as the formation 5% of
precipitate, and then the PTT diagram can be drawn basing on the re-
sults calculated as the following equation:

=
⎛

⎝
⎜− − + ∗

+ ⎞

⎠
⎟

∗
∗t

t n
d

ln

G Q

kT
lg 1 1.28994 2lg 1

10

Δ0.05

0

5
3

(7)

Where, ∗d is critical nucleation size, ∗GΔ is critical nucleation energy,

Fig. 7. The C, Mn and Al concentration (at.%) in austenite (a) and ferrite (b) of the warm rolled medium Mn steels treated at 650 °C for 30min.

Table 2
The C, Mn content in austenite, the mean austenite grain size (dγ), the chemical driving force for martensite transformation ( GΔ mech), the increase in elastic strain
energy per unit volume ( EΔ v) and the external stress (σ).

Steels xc/at.% xMn/at.% dγ/um GΔ chem/(J/mol) EΔ v/(MJ/m3) σ/MPa

6Mn 0.39 10.6 0.20 1033.2 600.4 533.5
6MnNb 1.17 10.7 0.16 1111.1 850.1 811.5
6MnNbMo 0.71 10.3 0.15 1087.3 942.2 922.6

Fig. 8. The atomic ratio of Mo and Nb in carbides
(a) and the interfacial energy between the (NbxMo1-
x)(C,N) and ferrite (b) at different annealing tem-
perature, and the precipitation-temperature-time
(PTT) curves of (NbxMo1-x)(C,N) (c)(t0.05-the time
when the precipitates mass fraction of (NbxMo1-x)
(C,N) reaches 5%, t0-constant irrelevant to time).
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the time exponent n is approx. 1 [26]. The PPT diagram of (NbxMo1-x)
(C, N) phase in ferrite is shown in Fig. 8(c), which clearly indicates that
the nose temperature was close to 600 °C. In addition, with the re-
placement of the Nb by Mo, the nose temperatures of the PPT curve
move towards left upward, indicating that the replacement of Nb by Mo
promotes the precipitation kinetics [28]. Besides, the Mo addition re-
tards the coarsening of nano precipitates effectively [10]. Conse-
quently, the Nb–Mo multiple addition increases the density of dispersed
nano precipitates in ferrite. The result calculated by Avrami equation is
in a good agreement with the experimental observations.

4.3. The quantification of the contribution to the YS with Nb or Nb–Mo
addition

In order to obtain the quantitative assessment of the contributions
to the YS with the addition of Nb or Nb–Mo, the YS (σy) was calculated
by equation (8) [29]:

= + + + +σ σ σ σ σ σy s g p d0 (8)

He et al. pointed out that the initiation of yield point phenomenon
in a medium-Mn steel occurred in the ferrite [30], thus the ferrite was

mainly considered in calculation.
σ0is the ferrite friction stress (~48MPa [31]). σs, σg, σpandσdare the

strengthening contribution caused by solid solution, grain refinement,
precipitation hardening and dislocation hardening, respectively. The
σscan be expressed using the empirical equation (9) [27]:

= + + +σ C N Mn Mo4570[ ] 4570[ ] 32[ ] 11[ ]s (9)

where [Xi] represents the mass percent of element Xi in ferrite and the
value is calculated by the JmatPro. The σgcan be calculated according to
the Hall-Petch equation (10) [10]:

= ∗ −σ k dg y
0.5 (10)

where dis the mean grain size (Table 3) and kyis a constant (~17.4
MPa/mm−0.5). For dislocation strengthening calculation, the Bailey-
Hirsch relationship is used [31]:

=σ MαGb ρd total (11)

here, M is the Taylor factor (~2.75 for random textured bcc metals
[32]), αis a constant (~0.38 in bcc iron [32]), Gis the shear modulus
(~81.6 GPa), bis the Burgers vector and ρtotal(Table 3) is the total dis-
location density. Precipitation strengthening is given by the Ashby-

Table 3
The mean grain size (d), the total dislocation density (ρtotal), the average precipitates size ( ∗d ) and the precipitation volume fraction of the WRed medium Mn steels
6Mn, 6MnNb and 6MnNbMo with different IA temperature.

Temperature/°C d‾/um ρtotal/m
−2 ∗d /nm f

6Mn 6Mn
Nb

6Mn
NbMo

6Mn 6Mn
Nb

6Mn
NbMo

6Mn 6MnNb 6Mn
NbMo

6Mn 6MnNb 6Mn NbMo

550 1.2 1.1 1.0 2.1×
1014

2.0×
1014

2.1×
1014

0 6.4 6.1 0 3.0×
10–4

5.1×
10–4

600 1.5 1.4 1.3 1.6×
1014

1.6×
1014

1.9×
1014

0 6.8 5.9 0 7.9×
10–4

12×
10–4

650 1.7 1.5 1.4 1.5×
1014

1.6×
1014

1.9×
1014

0 8.1 8.0 0 6.1×
10–4

10×
10–4

700 1.9 1.8 1.5 1.3×
1013

1.3×
1013

1.4×
1013

0 10.2 9.9 0 4.0×
10–4

7.1×
10–4

Fig. 9. The quantification of solid solution strengthening, grain refinement strengthening, dislocation hardening and precipitation hardening of the WRed medium
Mn steels 6Mn (a), 6MnNb (b)and 6MnNbMo (c) at different IA temperature.
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Orowan relation as follows [32]:

= ∗
∗σ

f
d

d
9

ln(1640 )p

0.5

(12)

Where, f is the volume fraction of the precipitates and ∗d is the average
precipitate diameter (Table 3).

The calculated values for the different strengthening effects are
shown in Fig. 9, which shows a relatively good agreement with the
experimental results. It is clear that the Nb or Nb–Mo addition make a
significant contribution to the YS mainly by the grain refinement and
precipitation hardening, and the precipitation hardening makes a larger
contribution to the YS than grain refinement.

5. Conclusions

In this paper, a systematic study of the effect of Nb or Nb–Mo mi-
croalloying addition on the fraction of austenite, stability of austenite
and the precipitation behaviors of the WRed medium-Mn steels were
conducted. The main conclusions are described as follows:

(1) The Nb or Nb–Mo addition increases the yield strength by
12–153MPa or 88–301MPa as well as the ultimate tensile strength
by 15–139MPa or 75–192MPa compared with the steels without
microalloying element addition. The maximum increment of the
yield strength was achieved at intercritical annealing temperature
about 600 °C.

(2) The Nb or Nb–Mo addition can reduce the fraction of austenite, but
increase the mechanical stability of austenite by refining the mean
grain size of austenite.

(3) The Mo addition can increase the precipitate density of (NbxMo1-x)
(C, N) by lowering the interfacial energy between the precipitates
and matrix, and reduce the mean precipitate size, and the optimal
precipitation temperature in this work was around 600 °C.

(4) The Nb or Nb–Mo addition increased the YS of the WRed medium-
Mn steels mainly by the grain refinement and precipitation hard-
ening, and the precipitation hardening makes a larger contribution
to the YS than grain refinement.
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