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Abstract The automotive industry faces the challenge of enhancing fuel effi-
ciency while meeting global environmental regulations concerning emissions. Thus, 
advanced high-strength steels (AHSS) recently gained significant attention due to 
their improved combination of strength and ductility compared to conventional steels, 
allowing the manufacturing of lighter body-in-white assemblies. Among the AHSS, 
medium-manganese steels, which contain 3–12 wt% Mn and belong to the third-
generation category, are of great interest. Since the mechanical and microstructural 
properties of medium-manganese steels rely heavily on the amount and stability of 
retained austenite, the impact of adding vanadium, ranging from 0 to 0.75 wt%, was 
explored. The results showed that the microstructure of the microalloyed medium-
Mn steels consists of martensite and retained austenite phases. The findings also 
revealed that increasing the vanadium content led to an increase in the proportion of 
retained austenite coupled with the refinement of austenite grain size. 

Keywords Medium manganese steels · Advanced high-strength steels · Retained 
austenite 

Introduction 

Advanced high-strength steels (AHSS), which offer better strength-to-ductility 
combinations in comparison to conventional high-strength steels (HSS), have 
attracted significant attention in the automotive industry [1, 2]. These steels offer
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a combination of economy, reduced densities, and recyclability. The automotive 
industry is a huge consumer of the AHSS. The advanced high-strength steels are 
classified into three main categories, first generation, second generation, and third-
generation AHSS. The third-generation AHSS includes medium manganese steels, 
which is the scope of the present work [3, 4]. 

The concept of medium manganese steels, containing 3–12 wt% Mn, was origi-
nally started by Miller in the 1970s. In addition to manganese, the common alloying 
elements in medium manganese steels are carbon (0.01–0.7 wt%), aluminum (0–10 
wt%), and silicon (0–3 wt%). Manganese plays a role in austenite retention and stabi-
lization at room temperature. The addition of manganese results in a decrease in the 
martensite start (Ms) temperature and lowers the Md30 temperature. The addition of 
manganese also decreases the Ae1 and Ae3 temperatures. Consequently, this lowers 
the austenite ferrite intercritical temperature range. Like manganese, carbon also acts 
as an austenite stabilizer and lowers the Ae1 and Ae3 temperatures. Carbon also plays 
a role in solid solution strengthening for the ferrite and martensite phases. Increasing 
the carbon content increases the austenite stacking fault energy, thus impacting the 
deformation behavior of the austenite. Aluminum acts as a ferrite stabilizer and 
increases the size of the ferrite–austenite region. It also reduces the density of the 
steel, which is important in reducing its overall weight. The addition of aluminum 
also increases the stacking fault energy of austenite. Silicon has a similar effect to 
that of aluminum in ferrite stabilization and reduction of the mass density of the 
steels. Finally, silicon is also important for solid solution strengthening of the steels 
[3]. 

More recently, attention has been given to medium manganese steels due to 
the higher demand for high-strength and lightweight steels from the automotive 
industry. Tensile strengths of up to 2400 MPa and total elongation of up to 95% have 
been reported for medium manganese steels. The mechanical behavior of medium 
manganese steels is highly dependent on the volume fraction and stability of retained 
austenite, which improves the work hardening rate and provides better strength-
ductility combinations. The most common strengthening mechanisms within this 
group of steels are transformation-induced plasticity (TRIP) and twinning-induced 
plasticity (TWIP). These mechanisms depend on the stacking fault energy (SFE), 
which is a composition-dependent parameter. In general, an austenite stacking fault 
energy of <20 mJ/m2 promotes TRIP, and an SFE >20 mJ/m2 results in the forma-
tion of mechanical twins (TWIP). When the SFE is in the range of 16–20 mJ/m2, 
TWIP and TRIP can occur simultaneously. However, the occurrence of these mech-
anisms does not solely depend on austenite, but may also be influenced by carbon 
content, stress, and grain size. Other strengthening mechanisms, such as solid solu-
tion strengthening and precipitation strengthening, also contribute to the mechanical 
properties of these steels[1, 3–5]. 

The microalloying of medium manganese steels using niobium, titanium, vana-
dium, and molybdenum has been found to enhance their mechanical properties. The 
microalloying elements precipitate in austenite and ferrite as fine carbides, nitrides 
or carbonitrides, and contribute to grain refinement and precipitation strengthening. 
The addition of 0.15 wt% Ti to 5 wt% in Mn-steels has been found to suppress grain
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Table 1 Composition of vanadium microalloyed medium manganese steel in wt% 

Al Si Mn V C O N S 

0 1.47 1.588 8.07 0 0.3164 0.00406 0.008 0.0017 

1 1.44 1.475 7.87 0.06 0.3112 0.00333 0.013 0.0013 

2 1.38 1.344 7.54 0.75 0.3089 0.00217 0.018 0.0022 

growth in the austenite phase [6–8]. Adding 0.22 wt%Mo, 0.05% Nb, and 6.5% Mn 
increases the stability and volume fraction of retained austenite at room tempera-
ture; thus improving mechanical properties such as ductility and yield strength [9]. 
The addition of vanadium has been reported to produce vanadium carbide precipi-
tates, which increase the yield strength of ferrite by precipitation hardening without 
compromising ductility [10–13]. Since the effect of the incremental addition of 
vanadium has not been extensively studied yet, in this work, the effect of microal-
loying medium manganese steel is investigated. Three steels with different vanadium 
contents, 0, 0.06, 0.75 wt%, were studied and characterized. 

Materials and Methods 

The medium manganese steels with different vanadium content were cast using an arc 
melting furnace. Their chemical composition compositions were obtained by means 
of Inductively Coupled Plasma (ICP) and are presented in Table 1. These samples 
were prepared by rough polishing using sandpaper from 240 to 1200 grit, followed 
by fine polishing using 3- and 1-micron diamond suspension. To perform microscopy 
analysis, the polished samples were etched using 4% nital solution. The microstruc-
tural analysis was carried out using a Zeta-20 optical microscope and a JSM-6010LA 
analytical scanning electron microscope equipped with EDS detector. The samples 
were also analyzed using electron backscatter diffraction (EBSD) to evaluate micro-
texture and crystallographic information using a Hitachi SU-70 electron microscope. 
The data was then analyzed using HKL Channel 5 software. 

Results and Discussion 

The optical microscopy images of the medium manganese steels with 0, 0.06, and 
0.75 wt% vanadium are shown in Fig. 1. The dark (martensite) and light (austenite) 
regions denote the formation of a dual-phase structure. It appears that the addition 
of vanadium increases the retained austenite during cooling, consistent with the 
effect of an austenite stabilizer. The observed retained austenite seems to be from 
the grain boundaries of prior austenite grains. On the other hand, the formation of 
the martensite matrix is due to the rapid quenching and high hardenability due to the
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Fig. 1 Optical micrographs for a vanadium microalloyed medium manganese steel with varying 
vanadium content: a 0 wt%,  b 0.06 wt%, and c 0.75 wt% 

Fig. 2 SEM images for a vanadium microalloyed medium manganese steel with varying vanadium 
content: a 0 wt%,  b 0.06 wt%, and c 0.75 wt% 

relatively high manganese content of the steels. The observations from the optical 
images are consistent with the scanning electron microscopy images, as shown in 
Fig. 2. A martensitic structure is evident, and the grain size decreases with the addition 
of vanadium. 

In order to confirm the existence of retained austenite, an EBSD analysis was 
performed, as displayed in Fig. 3. In Fig.  3a–c, the distribution of austenite on the 
martensitic matrix is presented. As can be observed, the retained austenite fraction 
increases with increasing vanadium content. More specifically, the retained austenite 
increased from 6.9 wt% (0 wt% V) to 14.5% (0.06 wt% V). However, only a slight 
increase in retained austenite is observed from 0.06 wt% V (14.5 wt% austenite) to 
0.75 wt% V (14.8 wt%). The crystallographic texture appears random, as can be seen 
from the Inverse Pole Figure maps in Fig. 3d–f.

The incremental change of austenite fraction due to the addition of vanadium is 
presented in Fig. 4a, complemented with microhardness measurement in Fig. 4b. 
The retained austenite increased the strength of the medium manganese steel, which 
can be accounted to the TRIP effect during deformation. A more detailed analysis 
related to the formation of retained austenite on microalloyed medium manganese 
steel will be studied in future work. Moreover, the effect of heat treatment on the 
phase stability of retained austenite will also be explored.
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Fig. 3 a–c Phase maps for 0, 0.06 and 0.75 wt% vanadium microalloyed medium manganese steel, 
respectively and d–f IPF maps for 0, 0.06 and 0.75 wt% vanadium microalloyed medium manganese 
steel, respectively

Fig. 4 Effect of vanadium content on austenite fraction and hardness 

Conclusions 

This work explored the effect of vanadium addition on medium manganese steels. 
It can be concluded that the volume fraction of retained austenite increases with 
the addition of vanadium, as can be seen from optical and electron microscopy 
images. The retained austenite appears to be situated along the boundaries of the 
prior austenite grains during solidification. The addition of vanadium also increased 
the hardness of the medium manganese steels by about 5%. This can be attributed 
to the TRIP effect from the retained austenite generated by adding microalloying 
elements. Future work is needed to understand the mechanism of the formation of
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retained austenite after vanadium addition, including the response of the material 
after heat treatment. 
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