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Abstract: The variations of the microstructure and mechanical properties of medium-Mn steel after
vanadium (V) microalloying with different contents were investigated. After a one-step intercritical
annealing (IA) at 730 °C, the steel containing 0.04 wt.% of V exhibited excellent comprehensive
properties. The steel maintained an ultimate tensile strength (UTS) of 1000 MPa while also exhibiting
a total elongation (TEL) of 37% and a product of strength and plasticity (PSE) of 37.7 GPa%. V-
microalloying improved the yield strength (YS) and UTS of the experimental steel by refining ferrite
grains and precipitation strengthening, however, it deteriorated its plasticity, which is difficult to
compensate for through grain refinement and due to the TRIP effect of retained austenite (RA).
The largest amount of RA and the appropriate stability also make a significant contribution to the
outstanding UTS of the steel containing 0.04 wt.% of V through the TRIP effect. However, the further
increase of V content led to decreased RA content and stability, weakening the TRIP effect and
resulting in a weaker strength ductility balance.

Keywords: retained austenite; vanadium micro-alloying; medium-Mn steel; TRIP

1. Introduction

As a representative of the third generation of advanced high-strength steel, medium-
Mn steels have shown prospective applications in the automotive industry and are consid-
ered appropriate because of their cost advantages and superior mechanical properties [1-3].
It was confirmed that the excellent mechanical properties of traditional medium-Mn steel
are mainly attributed to the microstructural characteristics which are composed of ferrite
and retained austenite [4,5], where a large amount of ferrite is conducive to dislocation slip,
consequently improving the ductility [6]. Further, an adequate amount of RA provides the
transformation-induced plasticity (TRIP) effect under tensile stress. An effective TRIP effect
can improve work-hardening behavior and high tensile strength while minimizing local
stress concentrations and providing high elongation [7,8]. It is well known that the TRIP
effect is sensitive to RA characteristics, such as volume fraction, morphology, size, and
mechanical stability. Thus, utilizing alloy design concepts and process routes to optimize
RA characteristics has become an appealing topic in governing the mechanical property of
medium-Mn steel.

The conventional treatment process for medium-Mn steel usually involves an in-
tercritical annealing (IA) process, during which austenite reverse transformation (ART)
occurs and its stability is improved by partitioning C and Mn elements into austenite,
resulting in some austenite retained at room temperature [9]. A series of findings on the
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Fe-(5-7)Mn-(0.1-0.2)C (wt.%) ternary alloy systems have been reported [10,11], indicating
that an increase in C and Mn content can achieve excellent mechanical properties by increas-
ing the volume fraction of RA. Recently, some steels with highly comprehensive mechanical
properties have been developed. For instance, Cai et al. [12] achieved a UTS of 1007 MPa
with a total elongation (TEL) of 65% in cold-rolled Fe-11Mn-4Al1-0.2C (wt.%) steel, which
was attributed to a discontinuous TRIP effect involving stress relaxation and transfer during
deformation. Song et al. [13] developed a Fe-7.75Mn-2.78 Al-0.52C (wt.%) steel which was
processed by cold-rolling and characterized by a good combination of 1090 MPa UTS and
56.3% TEL. This was attributed to the TRIP/TWIP effect, high dislocation density, and high
fraction of RA. However, adding a large amount of Mn can lead to serious difficulties in
the continuous casting, rolling, and annealing processes, such as segregation, hot cracking,
and high sensitivity to process parameters, resulting in the limited progress of industrial
practice and commercial applications [14].

Thus, various alloy design concepts and process routes have been introduced to meet
higher requirements. Notably, it has been proved that after ART treatment and followed by
a quenching and partitioning (Q&P) treatment, the thermal and mechanical stability of RA
can be effectively improved, leading to sustainable work hardening and good ductility [9].
In addition, rapid heating and cyclic quenching (CQ) has been also introduced. Liu et al. [15]
studied the microstructural evolution and corresponding mechanical properties of Nb-Mo
micro-alloyed medium-Mn steel subjected to novel CQ-ART. It was found that the stability
of RA was significantly improved with an increasing number of cyclic quenching, and
the optimum comprehensive properties were a UTS of 838 MPa, a TEL of 90.8%, and a
PSE of 76.1 GPa%. As a potential process, warm rolling was applied to medium-Mn steel
to further improve its mechanical properties, and/or the simple traditional three-stage
processes were applied including hot rolling, cold rolling, and ART annealing [16]. When
subjected to ART-annealing first and then warm rolling at 650 °C (between A, and Acs)
with different rolling reductions, it was found that the dual phase microstructure of ferrite
and RA in 0.1/0.2C-5Mn steel was further refined without the loss of much RA, thereby,
enhancing its mechanical properties [17]. Although these routes are promising technologies
for improving the mechanical properties of medium-Mn steel, their application is restricted
by the existing industrial production lines and costs. For application in the continuous-
annealing process, the addition of Al was considered for medium-Mn steel to meet the
heat treatment condition with a high temperature and a short holding time [18]. When
annealing at a higher temperature, a desirable fraction of austenite with reasonable stability
can be obtained by suppressing cementite formation. Further, it was verified that for every
1 wt.% addition of Al, the density of the steel can be reduced by around 1.1%, promoting
lightweight steel.

In light of the grain refinement, it is beneficial to enhance mechanical properties. Micro-
alloying technology has become an effective way to design a new type of medium-Mn steel.
Adding 0.15 wt.% of Ti to 5 wt.% Mn steel can precipitate a large number of nano-sized
TiC, effectively inducing grain refinement [19]. However, Park et al. [20] added different
contents of Nb, Ti, and V into medium-Mn steel to investigate the effect of micro-alloying
and found that the formation of MC carbides increased the strength of the steel, but the
TEL decreased due to precipitation hardening. Bi et al. [21] also indicated that a higher V
addition increased the YS but decreased the ductility, which is caused by a higher quantity
of V4C; precipitates. In fact, the precipitation of carbonitrides also has a considerable
impact on the stability of RA. Cai et al. [22] reported that 6.5 wt.% Mn steel containing
0.22 wt.% of Mo and 0.05 wt.% of Nb exhibited slightly higher ductility and YS values
due to the increased volume fraction and mechanical stability of RA, while Hu et al. [23]
proposed that the consumption of C by carbides decreases austenite stability.

The objective of the study was to develop medium-Mn steels with excellent mechanical
properties that are suitable for actual production by combining traditional ART processes
and micro-alloying technology. Thus, three novel steels with different V contents were
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designed to explore the influence of V micro-alloying on the microstructure evolution,
mechanical properties, and RA stability.

2. Experiments

A total of 20 kg of medium-Mn steel ingots with a nominal composition of 0.2C-5Mn-
0.35i-2.2A1-0/0.05/0.15V (wt.%) were fabricated by a vacuum induction melting method
and cut into 30 mm thick slabs. The steels without V, and with 0.05 and 0.15 (wt.%) V, are
named FV, LV, and HV steels, respectively. Subsequently, the slabs are hot rolled into 3 mm
thick sheets at 1150-950 °C. After air cooling, a batch annealing treatment at 780 °C for
3 h was carried out in order to prevent edge cracks from frequently forming during cold
rolling [24]. Finally, the hot-rolled sheets were pickled and cold-rolled into 1.6 mm thick
strips. The chemical compositions of the strips were determined and are given in Table 1.
Using an AccuPyc II 1340 fully automatic true density tester to measure the density of
experimental steel, it was found that the addition of 2.2-2.3 wt.% of Al reduced the density
to 7.5-7.6 g/cm?. The three steels were intercritically annealed at 730 °C for 3 min, and then
water quenched to ambient temperature. Dog-bone-shaped tensile samples of 12.5 mm
width and 50 mm gauge length were machined parallel to the rolling direction. The tensile
test was performed at room temperature on an MTS Alliance RT 30 testing machine with a
constant 2 mm-min~! cross-head velocity, and the data were the average of three samples.
The variation process of RA volume fraction with tensile strain was measured using an
X-ray stress apparatus with micro-electronic universal testing. The schematic diagram of
the instrument, sample size, and experimental method are in Ref. [25].

Table 1. Chemical composition (wt.%) of experimental steel.

Steel C Mn Al Si Vv Fe
FV 0.20 5.05 2.12 0.26 - Bal.
LV 0.21 4.84 2.30 0.25 0.04 Bal.
HV 0.19 5.14 2.19 0.26 0.13 Bal.

The microstructures of the samples were analyzed by Smart Lab X-ray diffraction
(XRD) using a Zeiss Sigma 300 field emission scanning electron microscope (SEM) equipped
with electron backscattered diffraction (EBSD) and JEM-2100 F transmission electron micro-
scope (TEM). SEM specimens were etched with a 4 vol% nital solution after mechanical
polishing, while the specimens for XRD and EBSD were electro-polished in a mixed solution
of 80% glacial acetic acid and 20% perchloric acid at ~16 V for 2 min. Phase identification
and grain characteristics were measured by EBSD, and the acceleration voltage and step
size were 20 kV and 0.06 pm, respectively. The RA fractions and average C concentrations
in RA were quantified via XRD (Cu K4 radiation, scan rate of 10°-min !, diffraction an-
gle (26) of 40-100°) based on the integral intensity and austenite lattice parameter of the
diffraction peaks. The method can be found in Refs. [26,27]. For the TEM analysis, thin foil
samples with a diameter of 3 mm were mechanically polished to <60 um, and followed by
twin-jet electro-polishing in a mixed solution of 10% perchloric acid and 90% ethanol at
—40 °C. The characteristics of precipitates were observed in detail using TEM on carbon
extraction replicas.

3. Results and Discussion
3.1. Evolution of Microstructure and Mechanical Properties after V Microalloying
3.1.1. Microstructure

Figure 1 presents the representative SEM micrographs of the three steels annealed at
730 °C. The microstructural constituents of FV steel were composed of intercritical ferrite
(o-ferrite) and RA, accompanied by a certain amount of fibrous 8-ferrite bands extending
along the rolling direction. By comparison, it was found that the microstructure of LV
steel was more uniform and contained a slightly lower o-ferrite content, which may be
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related to its higher C content [28]. The o-ferrite is formed during the early stage of the
solidification of steel, which is difficult to change to austenite and then «-ferrite [29]. Sun
et al. [30] reported that the presence of d-ferrite in medium-Mn steel would easily induce
the initiation of voids and micro-cracks at the interfaces of d-ferrite and deteriorate the
mechanical properties. In the subsequent ART process, due to the rather high stored energy
in the heavily cold deformed structure, reverted austenite is readily recrystallized [31], and
RA can be obtained at ambient temperature.

Transeverse direction

Second phase

A%\
2 e 500 nm

Figure 1. SEM analysis of the microstructure of experimental steels with different V contents after IA:
(a,b) FV steel, (c,d) LV steel, and (e, f) HV steel.

In the x-ferrite+RA region, it was clear that most of the RA grains were relatively
homogeneously distributed in the a-ferrite matrix. Because of the lower IA temperature
and short holding time, some RA grains were distributed in an equiaxed shape. Other
RA grains were forcibly interrupted before they could grow up and retain the lamellar
morphology, similar to the lath martensite of cold-rolled strip, which exists along with
o-ferrite, forming a kind of micro-laminated microstructure, as shown in the dotted box in
Figure 1a. From magnified microstructures, a large number of second-phase precipitation
appeared in the matrix of the V-added steels, as indicated by the arrows in Figure 1d,f,
while no obvious second-phase could be seen in the matrix of FV steel (Figure 1b). Since
the IA temperature was 730 °C, it could be speculated that the precipitates should be VC
particles. It should be noted that the carbide distribution density of 0.13 V is higher than
that of 0.04 V.

The RA characteristics and second phase of the three steels were analyzed by TEM
in detail (Figures 2 and 3). The TEM bright-field micrographs in Figure 2a show that the
lath-like a-ferrite was present in FV steel, and an equiaxed RA grain with a size of 0.28 um
was observed at the grain boundary of a-ferrite. Figure 2b and c illustrate the dark field
image and selected area electron diffraction (SAED) of RA, respectively. After adding
0.04 wt.% V, no significant changes were observed in the morphology of -ferrite, as shown
in Figure 2d—e, but relatively large differences existed between FV and LV steel in terms
of morphology and size. For LV steel, a lath-like and equiaxed micro-morphology of RA
was present, and the lath length and width of lath-like RA in LV steel were measured to be
1.32 pm and 0.33 um, which indicated that the size of RA in LV steel increased greatly.

Figure 2f-h shows the bright and dark field image of HV steel, and the SAED of
(110)y was used to recognize RA, which showed clear twin reflections, indicating that
there was an annealing twin in the RA grain. Regarding HV steel, it is shown that the
equiaxed RA and a-ferrite were distributed, in which the size of RA was in the range of
0.33-0.58 um. This result reflected that the further increase in V accelerated the formation
of an equiaxed microstructure and was beneficial to the grain refinement of RA. Moreover,
numerous particles were found inside the x-ferrite grains of HV steel, and the EDS result
presented in Figure 2i shows that V was enriched in these particles, which can be inferred



Metals 2024, 14, 144

50f 16

to be VC carbide. Figure 2j shows the picture under the high-angle annular dark-field
(HAADF), and it clearly highlights a layered microstructure consisting of lathy RA adjacent
to a-ferrite, which indicates that the martensite interface served as the nucleation sites
for reverted austenite formation. As shown in Figure 2k,], the corresponding STEM-EDS
distribution diagrams show that Mn tended to be enriched in RA and Al tended to be
enriched in o-ferrite, indicating that there was an obvious Mn and Al partition between RA
and o-ferrite within the intercritical region.
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Figure 2. TEM analysis of experimental steel after IA: (a) bright-field micrograph of FV steel, (b) dark-
field micrograph of RA in FV steel, (c) SAED pattern of RA in FV steel, (d) bright-field micrograph
of LV steel, (e) dark-field micrograph of RA in LV steel, (f) bright-field micrograph of HV steel,
(g) dark-field micrograph of RA in HV steel, (h) SAED pattern of RA in HV steel, (i) EDS spectroscopy
of V carbide in HV steel, and (j-1) HAADF and EDS maps of LV steel.

To further analyze the characteristics of the second phase, the carbon extraction replica
samples of V-added steels after annealing were analyzed by TEM, as shown in Figure 3a.
In the case of LV and HYV steels, a large amount of second-phase particles were spherical.
The SAED analysis of the large particles is presented in Figure 3c. The results showed
that they had an FCC structure, which further confirmed that the precipitated phase was
VC. The mean planar intercept diameter of VC was conducted based on several TEM
images, and the statistical results are shown in Figure 3d. It can be seen that the average
size of precipitates in LV steel was ~30 nm, while that in HV steel was ~38 nm, indicating
a remarkable increase. Thus, it can be concluded that, apart from the volume fraction,
an increase of V is capable of promoting the growth of VC during IA. In addition to the
VC observed in LV and HV steels, numerous particles with a diameter of approximately
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50 nm were detected in the TEM analysis of FV steel as shown in Figure 3e, which is
identified as cementite by SAED in Figure 3h. Previous research indicates that the austenite
nucleates at the cementite/ferrite interface, and cementite is generally replaced by reversed
austenite [32,33]. In Figure 3f, it can be seen that the cementite retained in FV steel was
surrounded by austenite, which reflects that the austenite is formed around the cementite.
Further, due to the dissolution of cementite controlling the growth and volume fraction
of austenite, the incomplete dissolution of cementite in FV steel had a negative impact on
the volume fraction and stability of obtaining reversed austenite. It is worth noting that
the cementite was not observed in LV and HV steels. This absence may be attributed to
the inhibitory effect of V addition on cementite formation. The precipitation temperature
of cementite in FV, LV, and HV steels was calculated using the Thermo-Calc software
(Thermo-Calc version 2019a) [34], resulting in values of 664.9 °C, 663.6 °C, and 658.0 °C,
respectively. It is evident that the formation temperature of the cementite decreased with
the increased V content, indicating that V reduced the phase stability of the cementite.

. WP EE
(‘l) . PR "’i 5 ’ R (b) . ’ “
[465 | ’ .0
b - L] ®
5 '.i . - ‘ -
e b % - > .
. \ A % - .‘
g \\ 5 [ 4 . )
2 L5 '
\ - in
. # N 1 .
.
e - s o 3
200 nm . 200 nm

38.3

10 1/nm

LV steel HV steel

Figure 3. TEM analysis of carbides after IA: (a) TEM micrographs in LV steel, (b) TEM micrographs
in HV steel, (c) SAED pattern of VC, (d) average particle size of VC in LV steel and C, (e,f) HAADF
and EDS maps of FV steel, (g) bright-field micrograph of FV steel, and (h) SAED pattern of cementite
in FV steel.
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The microstructures characterized by EBSD are shown in Figure 4. In the micrographs
(Figure 4a—c), the RA phase was green-colored and the ferrite phase was red-colored. It
is clear that the RA was primarily located in the boundary regions or triple junctions of
the -ferrite phase, with only a small amount of RA appearing inside the «-ferrite in FV
steel, and its size was smaller than the former. Figure 4j illustrates the average size of the
RA and o-ferrite in the three steels, and the results show that the addition of the V element
effectively restricted the growth of a-ferrite, promoting the refinement of «-ferrite grains.
The o-ferrite size decreased from 1.328 um to 0.910 um with the addition of 0.04 wt.% of V,
followed decrease to 0.826 um when the content of V increased to 0.13 wt.%. However, the
size of RA first increased from 0.424 pm to 0.520 um, then tended to decrease with further
increases in the V element. Luo et al. [35] revealed through experiments and simulations
that the nucleation of the intercritical austenite only involves partition and diffusion of
carbon due to the very short time, but its growth kinetics are dominated by the diffusion of
Mn in both the austenite and o-ferrite phases, particularly in the austenite phase. Varanasi
et al. [36] provided evidence of Mn migration to austenite through grain boundary (GB)
diffusion, GB migration, and dislocation pipe diffusion. Further, they reported that the
grain size of austenite nucleated at high-angle grain boundaries (HAGB) is considerably
greater compared to the austenite formed at a low angle grain boundaries (LAGB), due
to the absence of bulk manganese diffusion and predominant GB diffusion. Thus, the
GB distributions of the three steels are presented in Figure 4d—f, where the LAGB (2-5°),
medium angle grain boundary (MAGB, 5-15°), and HAGB (>15°) are depicted as red,
green, and blue lines, respectively, and the variations of various GBs proportion are given
in Figure 4k. It is obvious that as the V content increased, the proportion of HAGBS
gradually decreased, while the proportion of LAGBS increased. Based on this, the addition
of V inhibited the growth of austenite. However, although the proportion of HAGB in
LV steel was weaker than that of FV steel, the relatively smaller size of «-ferrite led to an
increase in the total density of various GBs, which is conducive to the diffusion of Mn,
thereby promoting the growth of austenite. In addition, the diffusion coefficient of C in
the three steels was calculated using the Diffusion Module (DICTRA) in Thermo-Calc
software (Thermo-Calc version 2019a) [34], which were 5.538 x 10~13,5.604 x 10~13, and
5.433 x 10713 m?/s. These results showed that the nucleation ability of austenite also
exhibited a similar trend to grain size, indicating that austenite in LV steel was more prone
to nucleation. This phenomenon can be regarded as another reason why LV steel shows a
much higher RA fraction than FV and HV steels, as shown in Figure 4a—c.

The volume fraction of RA in annealed samples was determined by the XRD analysis,
in which Figure 5a shows the XRD pattern, and the measured RA fraction is summarized
in Figure 5b. The RA content in the LV steel had a maximum of ~32.6 vol.% after annealing
at 730 °C, while that in the other two experimental steels, both ranged from 22% to 23%.
This result does not show a significant linear relationship. In general, the fraction of RA
depended on the amount of austenite formed during the IA treatment, as well as the
composition of intercritical austenite. By comparing the thermodynamic calculation of the
phase fraction of the austenite in experimental steels by the Thermo-Calc software [34]
in Figure 6, it can be seen that when annealing at 730 °C, there was a small difference in
the intercritical austenite content of the equilibrium state of the three steels, ranging from
40.4% to 44.7%. However, the residual cementite in FV steel indicates that the reverse
transformation of austenite is relatively slow, and it is speculated that the critical austenite
content transformed is lower than that of the other two types of steel. Further, the retention
of RA also depends on the thermal stability of intercritical austenite, which is mainly
related to its alloy composition. Since the duration of IA is short, it is expected that C will
be mainly partitioned, while Mn can only undergo short-range diffusion. The calculated
carbon content in the intercritical austenite after the equilibrium of the three sheets of steel
was 0.441 wt.%, 0.486 wt.%, and 0.399 wt.%, respectively, indicating that the intercritical
austenite in LV steel had the highest thermal stability and was less prone to transformation
during subsequent cooling processes. EBSD was used to characterize the distribution of
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geometrically necessary dislocations (GNDs), as shown in Figure 4g—i. It can be observed
that the GND in the experimental steel was distributed along grain boundaries or near RA,
and the amount of GNDs increased significantly with V content, especially in HV steel. The
reason may be that the increase in precipitation leads to the obstruction of recrystallization
and recovery, causing more GNDs to be retained. After deformation, XRD analysis was
performed on the tensile samples near the fracture surface, as shown in Figure 5c. One can
see the peaks corresponding to austenite in the XRD pattern of the three steels disappeared,
indicating that almost all austenites underwent stress-induced martensitic transformation.
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Figure 4. EBSD analysis of experimental steel after IA: (a—c) phase distribution diagram in experi-
mental steels. Red and green colors denote the bec and fec phase regions, respectively. (d-f) Grain
boundary distribution in experimental steels. Red, green, and blue colors denote LAGB, MAGD, and
HAGSB, respectively. (g-i) Geometrically necessary dislocations distribution in experimental steels.

(j) Average size of ferrite and RA, (k) GBs proportion, and (1) Schmidt factor (SF) in experimen-
tal steels.
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Figure 5. XRD pattern of experimental steel after IA: (a) before tensile test, (b) volume fraction of RA,

and (c) after tensile test.

Moreover, based on the XRD results, the carbon content in RA was calculated as
1.17 wt.%, 1.31 wt.%, and 1.14 wt.% according to the austenite lattice parameter, which is in
good agreement with the results of the theoretical calculation, showing a relationship of
Cg > Ca > Cc. A higher C content in LV steel is beneficial for improving the austenite
stability. Additionally, the Schmidt factor (SF) was also statistically used for subsequent
analysis of austenite stability, as shown in Figure 41. It can be seen that as the V content
increased, the proportion of RA grains having an SF value greater than 0.45 decreased,
illustrating that more RA grains did not transform into martensite during the deformation
process due to their unfavorable orientations to the loading direction [36]. In this regard,
RA in HV steel can exhibit high stability.
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Figure 6. Equilibrated phase fraction of austenite in experimental steels.
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3.1.2. Mechanical Properties

Figure 7 shows the engineering stress-strain curves of three experimental steels treated
with ART. The three steels exhibit similar deformation behavior, with obvious yield points
on the curves, followed by gradual work hardening with TRIP. After necking, slight
elongation occurs and then fractures due to plastic strain localization. The YS, UTS, TEL,
and PSE of the investigated steels are summarized in Table 2. It can be seen that the FV
steel without the V element exhibited a YS of 719 MPa, yield stress UTS of 940 MPa, and
TEL of 39.5%. As V content increased, the YS gradually increased to 788 MPa, while TEL
decreased to 35%. Similar changes in TEL and PSE are observed in Table 2, with UTS and
PSE first increasing and then decreasing with an increase in V content. The PSE for the
three steels was greater than 30 GPa%, and LV steel exhibited the highest value of PSE,
characterized by optimum mechanical properties.

1200
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Figure 7. Engineering stress-strain curve.

Table 2. Mechanical properties of experimental steels with different V contents after IA.

Steel YS (MPa) UTS (MPa) TEL (%) PSE (GPa%)
FV 719 940 39.5 37.1
LV 746 1020 37.0 37.7
HV 788 987 35.0 34.5

In terms of the YS, it gradually increased with the increase of V content, which was first
related to the precipitation strengthening effect generated by the precipitation of nanoscale
VC through pinning dislocation movement. In addition, the three types of experimental
steels underwent IA to form soft x-ferrite, and the softening effect was related to the low
yield strength of the samples. It is evident in Figure 4j that an increase in V content restricted
the growth of a-ferrite, and an increase in the contribution of fine grain strengthening
led to an increase in the YS. Moreover, after annealing at 730 °C, some hard-phase fresh
martensite was formed in the process. The increase in GND in steel observed in Figure 4g—i
was also beneficial for the improvement of yield strength. Regarding the UTS and TEL, it is
well known that the addition of V to LV and HV steels can contribute to the UTS through
precipitation hardening and fine grain strengthening, while precipitation hardening reduces
plasticity. In this work, it is obvious that the negative effect of precipitation strengthening
on plasticity is stronger than the positive effect of grain refinement, resulting in the TEL
showing a similar tendency. However, it is worth noting that compared to LV steel, the UTS
of HV steel decreases, indicating that these strengthening mechanisms do not seem to be
the main factors for obtaining a high UTS. In TRIP-aided steels, the mechanical properties
are profoundly affected by the TRIP effect, which depends on the amount and stability of
RA. There was no significant correlation between the amount of RA and the TEL. Hence,
the deformation mechanisms and austenite stability will be further elucidated.
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3.2. Work-Hardening Behavior and Austenite Stability

The stability of austenite can be reflected by the work hardening rate (WHR) during the
tension process. Thus, the true strain-stress plots and work hardening curves of the three
annealed samples are presented in Figure 8. The WHR evolution can be divided into three
stages. All decreased sharply at first then increased with fluctuations, and finally decreased
again in the third stage. In the S1 stage, the rapid decrease in the WHR corresponded to the
elastic deformation stage of the true strain-stress curves, which is mainly associated with
the yield deformation of the soft ferrite phase [37]. Next, numerous peaks were present in
the S2 stage, which is ascribed to the TRIP active effect. It is worth noting that the WHR
remained relatively stable in the early stage, and then fluctuated considerably with the
increase of true strain. This is because there is competition between the strength increase
effect caused by the TRIP effect of RA and the softening effect of ferrite deformation. As the
deformation continues, the progressive TRIP effect of RA leads to an increase in strength,
overcoming the softening effect of ferrite deformation [38]. The strain in the S2 stage of FV
and LV steels both persisted at >0.27, which was higher than that of HV steel, indicating
that the coordinated influence of the TRIP effect and ferrite deformation in both steels
was greater than that in HV steel. Finally, the TRIP effect of austenite was depleted and
unable to compensate for the failure of large plastic deformation within the microstructure,
resulting in a decrease in the WHR.

The transformation from austenite to martensite during deformation introduces phase
transformation strengthening and plasticity enhancement. For this reason, in addition to
ensuring a high content, the austenite must have appropriate stability to ensure the TRIP
effect persists, achieving the simultaneous increase of strength and plasticity. It is common
knowledge that austenite stability depends primarily on chemical composition, grain size,
morphological characteristics, and crystallographic orientation [25]. It can be seen from
earlier results that there are differences in RA characteristics among the three experimental
steels. For example, although LV steel contained the highest C content in RA, its size and
SF value representing crystallization characteristics did not reflect better stability than FV
and HYV steels. Therefore, it is difficult to comprehensively compare the stability of RA in
the three steels based on their microstructure characteristics.
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Figure 8. Work hardening rate and true stress-true strain curves of experimental steel after IA: (a) FV
steel, (b) LV steel, and (c) HV steel.
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In order to quantify the differences in RA stability among three experimental steels,
the RA volume fraction at different strains was detected using a micro-electronic universal
testing machine and in situ X-ray stress apparatus instrument. As shown in Figure 8,
when the engineering strain was less than 4-5%, the RA content of the three experimental
steels was relatively stable, consistent with the RA content before tension, maintained at
26.2%, 34.0%, and 23.1%, respectively. Then, the RA fraction gradually reduced and this
contributed to an active TRIP effect. It should be noted that compared to LV steel, the
RA content in other steels both showed a trend of a first rapid decrease and then a slow
decrease. When the engineering strain exceeded 25%, the RA content in both steels was less
than 2%, and there was no significant change in subsequent deformation, indicating that
the rest of the austenite was not able to proceed with martensitic transformation. However,
for LV steel, the decreasing trend of the RA fraction was lower than that of FV and HV
steels, and the decreasing process continued with the increased engineering strain. When
the strain increased to 37.5%, the RA content decreased to 3%. This suggests that RA grains
with different stability underwent martensitic transformation successively throughout
the entire deformation process, resulting in a more durable TRIP effect. Furthermore,
Figure 9 also determines that the corresponding engineering stress at the beginning of RA
transformation were 722 MPa, 778 MPa, and 794 MPa, which were basically consistent with
the YS value, except that the results for LV steel were slightly higher than its YS value. This
demonstrates that RA undergoes martensitic transformation after yielding, and a higher
stability of RA in LV steel requires a higher stress to activate the TRIP effect. These results
are evidence that austenite is not related to the increase in YS and also prove that the TRIP
effect can significantly improve strain-hardening ability.
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Figure 9. RA amount and engineering stress vs. engineering strain of experimental steel after IA:
(a) FV steel, (b) LV steel, and (c) HV steel.

Generally, the mechanical stability of austenite can be calculated by the following
equation [39]:
ke = —In(V,/Vsy) )

where V. is the initial RA content; V,, is the content of RA at true strain ¢; and k reflects the
mechanical stability of RA. Generally, the higher the k value, the lower the driving force
required for the transformation of RA into martensite, corresponding to a lower stability.
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Figure 10 describes the linear fitting process between ¢ and —In(V,, /V,,) to determine
the k value. It is obvious that the RA in LV steel has the highest stability (k = 8.03), and
stress-induced martensitic transformation can still occur under high strain, and more RA
can be retained after tensile testing. In fact, the film type RA was observed in LV steel after
the tensile test, as shown in Figure 11. Due to the high stability of the film type RA, the
austenite was retained after tensile testing. Furthermore, the granular area was observed
and had the Kurdjumov-Sachs orientation relationship with the austenite according to
the SAED pattern. Moreover, a high density of dislocations was found in the granular
area, providing further evidence of it being martensite. In contrast, the k values of FV
and HYV steels were comparable, suggesting that there was no significant difference in the
stability of RA between the two steels, both of which are lower than that of LV steel. The
consistency of the C concentration in RA and the k value demonstrates that the C content
in RA is a critical factor governing the mechanical stability of RA. These results reveal that
the largest amount of RA and appropriate stability result in LV steel exhibiting outstanding
UTS. However, it is worth noting that the persistent TRIP effect and grain refinement did
not effectively improve the plasticity of the experimental steel, but rather slightly decreased
the elongation. Therefore, we may infer that the above two plasticizing mechanisms cannot
offset the negative effect of precipitation hardening on plasticity. With the further increase
of V content, the TRIP effect was weakened while precipitation hardening was further
strengthened, resulting in a further decrease in the elongation of HV steel, and consequently,
the PSE was reduced.

35
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Figure 10. k value of experimental steel after IA.

(110)q

Figure 11. TEM analysis of LV steel after tensile test: (a) bright-field micrograph, (b) dark-field micro-

graph of RA, (c) dark-field micrograph of martensite, and (d) SAED pattern of RA and martensite.
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4. Conclusions

The present work conducted a detailed study on the correlation between the me-
chanical properties and microstructural characteristics of V micro alloyed low-density
medium-Mn steel. The findings are as follows:

(1) Cold-rolled medium-Mn steels with different V content were subjected to IA
treatment at 730 °C, and their microstructure was similar, consisting of a-ferrite, RA, and
d-ferrite. The outstanding integrated mechanical properties of a YS of 746 MPa, a UTS
of 1020 MPa, a TEL of 37%, and a PSE of 37.7 GPa% were obtained for LV steel. This
indicates that 0.04 wt.% of V microalloying could improve the strength-ductility balance of
medium-Mn steel to a certain extent.

(2) The C content in RA had a more significant impact on the mechanical stability of
RA than the size and orientation of RA according to the experimental measurement of the
grain size and Schmidt factor.

(3) The addition of the V element led to the precipitation of VC carbides, which not
only produced precipitation strengthening but also refined the a-ferrite and resulted in
fine grain strengthening, enhancing the strength of the experimental steel. However, the
precipitation of VC also caused a decrease in the TEL of the experimental steel, which is
not even compensated by the effective TRIP effect produced in LV steel. On the contrary,
the TRIP effect of RA had a certain contribution to improving its UTS.
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