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Abstract. Although the medium manganese steel has a high value of the product
of tensile strength and elongation, it has the disadvantage of low yield strength.
To solve this problem, two Fe-Mn-Al-C steels with (Ti, Mo) and without (Ti, Mo)
were designed to analyze the effect of microalloy elements on their microstructure
and mechanical properties. The steels were annealed at different temperatures for
24 h to obtain a stable microstructure close to equilibrium. The addition of Ti-
Mo increased the yield strength by 150–300 MPa, and the maximum increment
in yield strength was achieved at an intercritical annealing temperature of about
610 °C. The increase in yield strength is mainly attributed to grain refinement and
precipitation hardening with the addition of Ti-Mo.
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1 Introduction

Medium manganese steel has received considerable attention as a third-generation
advanced automotive steel because of its excellent properties that are expected tomeet the
requirements of the automotive manufacturing industry. However, intercritical anneal-
ing usually softens the matrix and sharply decreases the yield strength [1–3], while the
addition of microalloy elements can effectively improve the matrix strength through
mechanisms such as precipitation strengthening and grain refinement [4]. In particular,
the combination of Mo and other microalloying elements can significantly increase the
precipitation density and reduce the carbide particle size. Ti is less expensive and has
a high precipitation potential, and Lee et al. reported that Ti-Mo additions to Mn steels
can improve strength without loss of elongation [5]. However, the precipitation behavior
of Ti-Mo composite additions in medium Mn steels and their effects on microstructure
and mechanical properties need further investigation.
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In this work, Fe-0.2C-6Mn steel with (Ti, Mo) and without (Ti, Mo) was annealed at
different temperatures for 24 h to obtain a stable structure close to equilibrium, to analyze
the effect of microalloying on the microstructure evolution and carbide precipitation
behavior.

2 Materials and Experimental Procedures

Two medium manganese steels with different compositions (Fe-6Mn-0.2C-1Al and Fe-
6Mn-0.2C-1Al-0.08Ti-0.22Mo). The forged billets were heated at 1250 °C for 2 h, rolled
into 5 mm thick steel plates, and air-cooled to room temperature. The steel plate was
heated to 630 °C and warm rolled into a 1.4 mm thick strip. Specimens were annealed
at 610 °C and 650 °C for 24 h and then air-cooled to room temperature.

The tensile test was performed at a strain rate of 5 × 10–3 s−1. Microstructural
characterization was performed using field-emission scanning electron microscopy and
scanning transmission electron microscopy.

3 Results

3.1 Mechanical Properties

As shown in Fig. 1, the yield strength (YS) of both steels showed a significant decreasing
trend as the IA temperature increased from 610 °C to 650 °C, and the total elongation
showed the opposite trend. The increase in yield strength after annealing at 610 °C
reached a maximum value of about 305 MPa for the steel containing (Ti, Mo) compared
to the steel without (Ti, Mo).

3.2 Microstructures Characterization

The effects ofmicroalloying elements and temperature on the evolution ofmicrostructure
were investigated by EBSD as shown in Fig. 2. The matrix structure of the samples with-
out (Ti, Mo) underwent sufficient recovery and recrystallization, showing an equiaxed
shape, but the addition of microalloying elements significantly inhibited the dislocation
recovery, and some slate-like structures with a selective orientation along the rolling
direction and finer organization appeared in the samples contained (Ti, Mo).

Fig. 1. The engineering tensile stress-strain curves of the steels treated at 610, 650 °C for 24 h
(a) and YS increment.
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Fig. 2. EBSD phase diagrams of two steels treated at 610 °C and 650 °C for 24 h.

Fig. 3. The TEMmicrographs of the Ti-Mo-containing steel are treated at 610 °C (a) and 650 °C
(b).

Table 1. The grain size (d), the precipitates size (d∗), and the precipitation volume fraction of
the steels.

Temperature/°C d/μm d*/nm f

6Mn 6MnTiMo 6MnTiMo 6MnTiMo

610 1.2 1.0 13.5 2.7 × 10–2

650 2.2 2.0 17 1.3 × 10–2

3.3 Precipitation Characteristic

The precipitation behavior of Ti-Mo-containing steel after heat treatment at 610 °C and
650 °C for 24 h is shown in Fig. 3. The (Ti, Mo)C precipitates are mainly distributed in
the ferrite matrix with an average size of less than 20 nm. Table 1 quantifies the effect
of temperature on precipitate size. As the treatment temperature increases, the average
precipitate size increases from 13.5 nm to 17 nm, while the precipitate volume fraction
shows an opposite trend.



Influence of Precipitation Behavior of (Ti, Mo)C Carbides 121

4 Discussion

4.1 Precipitation Behavior of (TixMo1-x)(C) on the Annealing Temperature

Based on the Johnson-Mehl-Avrami equation, the PTT and NrT diagram can then be
plotted based on the results calculated by the following equation [6–8]:
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where, d* is critical nucleation size, ΔG is critical nucleation energy, Q is the diffusion
activation energy within the crystal, k is a constant. ρ is the density of the matrix.

The PPT and NrT curves of the (TixMo1-x)C phase are shown in Fig. 4, which
indicates that nose temperatures close to 610 °C and maximum nucleation rate tem-
peratures in the range of 550–600 °C. The composite addition of Ti-Mo increased the
density of nano precipitates. The results calculated using the Avrami equation are in
good agreement with the experimental observations.

4.2 Yield Strength Contribution Mechanism

The incorporation pass of Ti-Mo can be calculated by the following equation [9]:

σ = σ0 + σs + σg + σp + σd (3)

σ 0 is the ferrite friction stress (~48 MPa). σ s, σ g, σ p and σ d are the strengthening
contribution caused by solid solution, grain refinement, precipitation hardening, and
dislocation hardening, respectively.

The theoretically calculated values of YS are shown in Fig. 5, which are in good
agreement with the experimental results. The addition of Ti-Mo improves YS mainly
through grain refinement and precipitation hardening.

Fig. 4. The precipitation-temperature-time (PTT) curves (a), and the NrT curves of precipitation
in ferrite (b).
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Fig. 5. The quantification of solid solution strengthening, grain refinement strengthening,
dislocation hardening, and precipitation hardening of the steels 6Mn (a), and 6MnTiMo (b).

5 Conclusions

The addition of Ti and Mo can effectively improve the strength of the medium Mn
steel, precipitating carbides with sizes below 20 nm in the matrix with a slight loss of
plasticity,with the smallestmaximumprecipitationdensity and size at 610 °C intercritical
annealings and a maximum yield strength increment of 300 MPa.
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