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Abstract: Ultra-high twinning-induced plasticity (TWIP) steel is receiving increasing attention in the
automobile industry. Self-designed Fe–19Mn–0.6C TWIP steel was subjected to reveal the relationship
between microstructures, which were related to recrystallization starting/ending temperature and
cold rolling. The results indicated that initial deformation twins, secondary deformation twins,
and nano-twins were successively generated in rolled TWIP steel with the increase of cold rolling,
deformation twins, and dislocations, as well as with the elongation of grains. The elements remained
uniformly dispersed rather than agglomerated in the twin crystals and grain boundaries. The re-
crystallization starting temperature changes of TWIP steel were 500–525, 400–425, 400–415, and
400–410 ◦C at cold rolling deformations of 25%, 50%, 75%, and 88%, respectively. Furthermore,
the obtained corresponding recrystallization ending temperature changes were 580–600, 530–550,
520–540, and 500–520 ◦C, respectively. The linear relationship between cold deformation and hard-
ness suggests that cold rolling can increase dislocation density and thus facilitate improving the
hardness of TWIP steel.

Keywords: Fe–19Mn–0.6C TWIP steel; cold rolling; deformation twins; annealing treatment;
microstructural evolution

1. Introduction

The development of lightweight body materials is geared toward saving energy, reduc-
ing emissions, and improving the safety of the modern automobile [1–3]. Twinning-induced
plasticity (TWIP) steel, with high strength and good plasticity, has attracted growing at-
tention in the automotive manufacturing industry [4]. Historically, the research of TWIP
steels has been focused on mechanical property characterizations [5–7], deformation mi-
crostructure evolution, and microstructure transformation during cold rolling and tensile
testing [8–11].

For instance, Dai et al. [12] proved the microstructure characteristics of Fe–Mn–C
TWIP steel at various deformations. The deformed microstructure exhibits a typical plane
slip, dislocations accumulation, and mechanical twins. The microstructure evolution and
strengthening mechanism of Fe–23Mn–0.3C–1.5Al steel during cold rolling were studied
by Kusakin et al. [13]. The results showed that as the cold rolling increased, the mechanical
twins were gradually divided into nano-twin chips. Moreover, the strain-hardening and
twin formation of Fe–22Mn–0.6C and Fe–22Mn–0.6C–1.5Al TWIP steels during tensile
were compared by Zhang et al. [14]. Deformation twins, especially secondary deformation
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twins, play a key role in preventing the dislocation slip in Fe–22Mn–0.6C steel rather than
that in Fe–22Mn–0.6C–1.5Al steel.

However, to gather deep insight into TWIP steels, research about the deformation
mechanism [15–18] and recrystallization behavior [19,20] of different kinds of TWIP steels
has emerged in response. For example, the study of Hamada et al. [21] showed that the op-
timal microstructure of hot working and ductility was obtained at a heating temperature of
1150–1200 ◦C and a rolling temperature of 1100–1150 ◦C for TWIP steel. Their results were
later used as the research basis of cold rolling. Thus, it can be reasonably concluded that
combining cold rolling with annealing is a potential strategy to optimize TWIP steels and
other automotive steels. Mi et al. [22] reported that TWIP steel exhibits good comprehen-
sive mechanical properties at a reduction of 65% and a subsequent annealing temperature
of 1000 ◦C.

To date, numerous investigations of TWIP steels have been centered on structure evo-
lution, mechanical properties, and annealing temperature [23–33]. However, research on
TWIP steels regarding the determination of recrystallization temperature at different cold
rolling levels is still scarce. Hence, this article took Fe–19Mn–0.6C TWIP steel as an example
to reveal the relationship between cold rolling and the recrystallization starting/ending
temperature. The results indicated that as the cold rolling increased, deformation twins
occurred transformation, dislocations were generated, and grains were elongated. The
recrystallization starting/ending temperature (RST/RET) gradually declined as the cold
rolling increased. This investigation could provide great fundamental significance in
designing the deformation process and confirming the recrystallization temperature of
deformed TWIP steels.

2. Materials and Methods
2.1. Materials

The Fe–19Mn–0.6C TWIP steel, with its chemical composition listed in Table 1, was
melted in a 50 kg vacuum induction furnace and refined via electromagnetic stirring. First,
a rod shape with a weight of 20 kg and a diameter of 100 mm was forged. The ingot was
then annealed at 1200 ◦C for 1 h and hot-forged into a 20 mm thick sheet.

Table 1. Chemical compositions (wt.%) of Fe–19Mn–0.6C TWIP steel.

C Mn Si S Cu Cr Ni Fe

0.590 19.120 0.124 0.012 0.025 0.019 0.006 Bal.

2.2. Mechanical Testing

The cold-rolling specimens, with a size of 120 × 30 × 20 mm3, were machined from
the obtained steel sheet. Cold rolling was performed at a constant strain rate of 0.4 m s−1 at
ambient temperature using a two-high mill (200-type). According to a previous report on
Fe–22Mn–0.6C–(1.5Al) TWIP steel [14], the initial amount of twins can no longer increase
once the cold-rolled (CR) deformation exceeds 50%, at which point the secondary twins
start to form. Hence, we wondered whether the tested Fe–19Mn–0.6C TWIP steel with
25%, 50%, and 75% CR deformation would exhibit the same change trend. Moreover, a
small CR deformation of 5% and a larger CR deformation of 88% were also selected to
study the evolution of the microstructure and recrystallization temperature. Therefore, the
reductions of the tested samples were designed to be CR deformations of 5%, 25%, 50%,
75%, and 88%, respectively. The CR samples were isothermally annealed in a vacuum tube
furnace for 1 h at temperatures of 400, 425, 450, 475, 500, and 550 ◦C, respectively.

2.3. Characterizations

The microstructural evolution was measured from the center section in the longi-
tudinal plane, which was parallel to the CR direction. To reveal the effect of annealing
temperature on the microstructural evolution, longitudinal and cross-sections were selected
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to present non-recrystallized and recrystallized states, respectively. Electropolishing, which
used a mixture of 90% acetic acid and 10% perchloric acid, was conducted to eliminate the
remaining deformation layer before characterizations. Electropolishing was performed
at room temperature and 20 V for 15 s (optical and electron microscopy) or 1 min (phase
analysis and hardness).

Optical microscopy (OM; Zeiss Axiovert 200-MAT, Jena, Germany) was conducted
to access microstructural evolution, and the specimens were etched with 4 vol% alcohol
nitrate solution after being polished using standard metallographic procedures. Hitachi
FEM–SEM (S-3400 N) equipped with an OIM EBSD system from EDAX (7.0, Hitachi,
Tokyo, Japan) was used for electron backscatter diffraction (EBSD) analysis, microstructure
analysis, and elemental analysis. The morphology of the tested TWIP steel at 5% and 75%
CR deformation were investigated via TEM. The thin-film samples for TEM were twin-jet
electropolished with a polishing solution of 10% HClO4 and 90% CH3COOH at a voltage
of 17 V. XRD (D/max-2500/PC), with a Cu target Kα line at a voltage of 40 kV with a
current of 200 mA, was used to qualitatively and quantitatively determine the dislocation
density for the CR and annealed TWIP steel. XRD patterns in 20◦–100◦ were tested at a
constant step of 2◦ min−1 using a graphite monochromatic filter and Si powder as the
internal standard. FM-ARS9000, with 0.5 kg loading and a duration of 10 s, was carried
out to test the hardness of the CR and annealed specimens. To acquire a relatively accurate
value, 16 points (4 × 4) on the sample’s surface were monitored to calculate the average
hardness. The average grain size of at least 300 grains was measured via Image-Pro Plus
software 6.0.

3. Results
3.1. The Microstructure of Non-CR Fe–19Mn–0.6C TWIP Steel

Figure 1 shows the original microstructure of the non-CR Fe–19Mn–0.6C TWIP steel.
The austenite grains present a single irregular shape in Figure 1a and a uniform grain size
of 50–60 µm. Additionally, numerous end-type and trans-granular type annealing twins,
parallel to the adjacent grain-boundaries, can be observed. Furthermore, the presence of
annealing twins in austenite grains can be also verified by the EBSD in Figure 1b. Moreover,
the end-type and trans-granular type annealing twins are parallel to the adjacent grain
boundaries. However, no obvious orientation relationship between grains can be observed
in Figure 1b, implying the irregularity of austenite grain distribution.

Figure 1. The microstructures of non-CR TWIP steel: (a) optical image and (b) EBSD.
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3.2. Microstructural Evolution of CR Fe–19Mn–0.6C TWIP Steel

In Figure 2, the XRD patterns of Fe–19Mn–0.6C TWIP steel at 0%, 5%, 25%, 50%, 75%,
and 88% CR deformation are used to reveal the phase transformation. The patterns at
various CR deformations just represent the presence of austenite, while the absence of
martensite peaks suggests that the austenite transformation had not occurred. For the
original TWIP steel, the peaks could be well-indexed to austenite, and the corresponding
crystal planes were (111), (200), (220), (311), and (222). Moreover, the crystal planes of
(200) and (311) for austenite disappeared as the CR deformation exceeded 25%. As the
CR deformation further increased to 88%, the (220) and (222) crystal planes tended to die
away. As a result, the larger the CR deformation, the wider the peaks. Furthermore, the
exposed crystal became more simplified as the CR deformation increased, suggesting that
the deformation can tune the orientation of grains. This changing trend can be ascribed to
the refinement of grains and the increase of micro-stress. It can be considered that during
cold rolling, grains were refined and became finer as the CR deformation increased.
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Figure 2. XRD patterns of TWIP steel at 0%, 5%, 25%, 50%, 75%, and 88% CR deformation.

The microstructural evolution for Fe–19Mn–0.6C TWIP steel at various CR deforma-
tion levels (such as 5%, 25%, 50%, 75%, and 88%) can be deduced from Figure 3a–e. As
shown in Figure 3a, numerous carbide precipitates and plenty of deformation twins rose
in austenite grains, while the early annealing twins disappeared at 5% CR deformation.
However, deformation twins with different directions emerged in certain austenite grains,
suggesting that two or more systems of twins were initiated. The austenitic grains were
separated by different orientational deformation twins, prone to occur in the larger grains,
which ran from the boundaries through to the interior.

After reaching 25% CR deformation, the gap of deformation twins further reduced
(Figure 3b). The deformation twin boundaries segmented the majority of the austenite
grains into various regions, eventually resulting in grain refinement while significantly
hindering dislocation motion. However, vast deformation twin boundaries, which are
detrimental to dislocation movement, were gradually formed. Thus, larger resistance
is needed to overcome plastic deformation from external stress and then improving the
strength of TWIP steel. In general, larger grains have dense twins and small grains do not
have any twins, suggesting that the formation and growth of twins are closely related to
grain orientations. As previously reported [5,14,34], deformation twins tend to generate
along the γ<111> orientation. Specifically, deformation twins were generated in the grains
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with optimal orientations, because the adjacent grains gradually rotated to the preferential
orientations as deformation was enhanced, thus promoting deformation twin formation.
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As shown in Figure 3c,d (50% and 75% CR deformation, respectively), the original
austenite grains that emerged were elongated with varying degrees as the deformation
further increased. The results of grain elongation can also be seen in the SEM of Figure 4.
The grains were elongated to a strip type, which is similar to a fibrous structure, as the
deformation reached up to 75% CR (Figures 3d and 4c,d); following that, the grains were
crushed at 88% CR deformation (Figure 3e). At 75% CR deformation (Figure 4c,d), the
firstly formed deformation twins tended to continuously split into tinier twins while
numerous secondary deformation twins appeared in some wider twins. The secondary
deformation twins were much thinner than the initial deformation twins, and the thickness
of the secondary deformation twins could be lower than 100 nm (Figure 4d). Nano twin
crystals even occurred at 88% CR deformation (Figure 3e), and the resulting twins were
divided via twin and grain refinement, thus improving the strength of the tested steel. As a
result, the lamellar twin orientations rotated to parallel with the rolling orientation, and the
grains’ elongation tendency became much clear as CR deformation increased. Furthermore,
EDS at 75% indicated the uniform distribution of Fe, Mn, and C in the region of numerous
twins and twin boundaries (Figure 4e,f). The absence of element segregation could also be
observed at 75% CR deformation.
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EDS line profiles of 75% CR deformation for TWIP steel: (e,f).

3.3. Recrystallization Temperature Determination of CR Fe–19Mn–0.6C TWIP Steel
3.3.1. Recrystallization Starting Temperature at Various CR Deformation Levels

To estimate the RST/RET, we tested the hardness–temperature curves and related
microstructures at 25%, 50%, 75%, and 88% CR deformation. Here, we screened 50%
and 75% CR deformation to investigate the RST, which is based on the principle that
deformation twins occur refine at 50–60% deformation [13,24]. The hardness–temperature
curves and corresponding optical microstructures are presented in Figure 5. It can be
seen in Figure 5b that at 50% CR deformation, hardness slightly changed before 400 ◦C,
suggesting that several defects and dislocations arose at these annealing temperatures. The
microstructure still retained the CR state after annealing for 1 h at 400 ◦C. The absence
of recrystallized refinement grains indicated that recovery, rather than recrystallization,
occurred at an annealing temperature equal to or lower to 400 ◦C.
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As the annealing temperature increased to 425 ◦C, recrystallized refinement grains
appeared at the grain boundaries and hardness dropped. With the increase of annealing
temperature, the fraction of recrystallization grains gradually increased while hardness
quickly decreased. This result may have been caused by the high-density dislocations and
the newly formed tiny grains offsetting the strain-hardening effect during recrystallization.
Hence, it can be deduced that the RST ranged from 400 to 425 ◦C at 50% CR deformation for
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the tested Fe–19Mn–0.6C TWIP steel. As the CR deformation increased to 75% (Figure 5c),
however, recrystallized refinement grains at 400 ◦C were present at the grain boundaries,
implying the occurrence of recrystallization. The corresponding hardness curve shows a
drop, so it can be surmised the RST was 400–415 ◦C at 75% CR deformation. Similarly, RST
values of 500–525 and 400–410 ◦C were obtained at 25% (Figure 5a) and 88% (Figure 5d)
CR deformation, respectively, and the results are summarized in Table 2.

Table 2. The obtained RST and RET values at different CR deformation levels.

CR Deformation (%) RST (◦C) RET (◦C)

25 500–525 580–600
50 400–425 530–550
75 400–415 520–540
88 400–410 500–520

3.3.2. Recrystallization Ending Temperature at Various CR Deformation Levels

Figure 5b shows that at 50% CR deformation, the hardness rapidly decreased as the
annealing temperature increased from 475 to 550 ◦C, suggesting the dramatic recrystal-
lization process as the occurrence of nucleation and growth of numerous recrystallization
grains. As the temperature exceeded 550 ◦C, the CR microstructure disappeared entirely
and displayed equiaxial tiny recrystallization grains. However, the hardness exhibited little
change as the temperature rose over 550 ◦C, implying that recrystallization was almost
completed. As such, a RET of 530–550 ◦C was obtained for the 50% CR Fe–19Mn–0.6C
TWIP steel at an annealing time of 1 h. The recrystallization grains gradually grew up as
the annealing temperature further increased.

For the 75% CR deformation (Figure 5c), a rapid decline of hardness also occurred at
the temperature of 475–550 ◦C, demonstrating the severity of the recrystallization process.
Moreover, the absence of a CR microstructure at above 550 ◦C suggested the completion
of recrystallization. However, there were more recrystallization grains at 550 ◦C at 75%
CR deformation than at 50% CR deformation, implying a lower RET. Hence, a RET of
520–540 ◦C can be observed from Figure 5c at 75% CR deformation. Similarly, for 25%
(Figure 5a) and 88% (Figure 5d) CR deformation, RET values of 580–600 and 500–520 ◦C,
respectively, were obtained. Finally, the RET values for TWIP steel at various CR levels are
shown in Table 2.

4. Discussion

Deep insight into the microstructural evolution of Fe–19Mn–0.6C TWIP steel during
CR deformation is revealed by the TEM images. Here, small (5%) and large (75%) CR
deformation levels were screened to study the fine grain structure. As shown in Figure 6a,
deformation twins, as well as numerous dislocations, were generated when a small CR
deformation of 5% was exerted. When the CR deformation increased to 75%, initial
deformations twins, secondary deformation twins, and nano twins could be observed, as
seen in Figure 6b. These observations suggest that the initial deformation occurred as the
CR deformation began to be gradually increased.

Based on the analysis of the above-mentioned microstructures, the microstructural
evolution of Fe–19Mn–0.6C TWIP steel during the CR process is illustrated in Figure 7. The
microstructural evolution can be categorized into two stages. At a small CR deformation,
the microstructure comprises grains with a high density of dislocations and grains, as well
as deformation twin segmentation. The twin layer becomes thinner as the CR deformation
further increases. At a large CR deformation, the grains mainly comprise partial dislocation
accumulation, secondary deformation twins, and even a few nano twins. As the CR
deformation further increases, a vast amount of nano twins start to form twin crystals [13].
For the tested Fe–19Mn–0.6C TWIP steel, therefore, it can be reasonably deduced that as
CR deformation gradually increases, the presence of microstructures follows the order of:
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dislocations→ deformation twins→ initial deformations twins→ secondary deformation
twins→ nano twins.
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Post-annealing treatment is a key way to optimize the machining performance of TWIP
steel. Hence, a deep clear relationship between recrystallization temperatures and various
CR deformation levels needs to be established in order to rationally design the annealing
process of TWIP steel. As mentioned above, the RST/RET values of Fe–19Mn–0.6C TWIP
steel at various CR deformation levels are shown in Table 2, and corresponding curves
are shown in Figure 8a; they show a greater decrease of the RST as the CR deformation
level increased from 25% to 50% and a smaller decrease of the RST as the CR deformation
level increased from 50% to 75%. However, a larger change of the RET than that from
50% to 75% could be observed as the CR deformation increased from 75% to 88%. In
detail, the RST lowered 100–125 ◦C as the CR deformation increased from 25% to 50%.
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However, a slight RST reduction of 20 ◦C was obtained as the CR deformation increased
from 50% to 75% or even 88%. Thus, it can be deduced that deformation storage energy
generates a great recrystallization driving force, resulting in a lower RST at higher levels of
CR deformation. The RST tends to be a constant as the exerted CR deformation exceeds
a certain extent because a large CR deformation leads to a local area with high storage
energy, satisfying several regions that need lower recrystallization nucleation temperatures.
However, continuously increasing the CR deformation contributes to the local area’s
storage energy and thus has almost no effect on RST.
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Furthermore, the Vickers hardness test was employed to under the reason for the
recrystallization temperature change of TWIP steel. In general, a special relationship always
exists between Vickers hardness and CR deformation, and the corresponding curve of
Fe–19Mn–0.6C TWIP steel is shown in Figure 8b. This presents an almost linear relation
and can be verified by fitting curve b, which can be described as follows:

HV = 3.482ε + 356.834 (1)

where HV represents the Vickers hardness of the CR TWIP steel and ε represents the
compression strain.

Moreover, there is a special relationship between the dislocation density and Vickers
microhardness of cold-formed metals, and the formula is shown in Equation (2) [29]:

ρ = [HV × 4π(1− υ)

βGbM
]
2

(2)

where G represents the shear modulus, M represents the dislocation distribution parame-
ters, b represents the Burgers vector, and υ represents the Poisson ratio of Fe–19Mn–0.6C
TWIP steel.

The relationship between CR deformation and dislocation density can be obtained
via substituting Equation (1) into Equation (2), as shown in Equation (3). This formula
demonstrates that the dislocation density is the square of CR deformation, which suggests
that a larger CR deformation leads to a higher dislocation density.

ρ = [
4π(1− υ)(3.482ε + 356.834)

βGbM
]
2

(3)

Deformation storage energy, the vast majority existing in the form of dislocations and
a minimal amount existing in the form of vacancy and elastic distortion (among others),
acts as the main driving force of annealing recrystallization steel. The minimal dislocation
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density can be ignored completely after recrystallization, so the recrystallization driving
force always can be calculated by Equation (4) [30].

Pd ≈
1
2

ρGb2 (4)

where Pd represents the recrystallization driving force, b represents the Burgers vector of
dislocations, and ρ represents the dislocation density.

Hence, the relationship between the recrystallization driving force and CR deformation
can be obtained by substituting Equation (3) into Equation (4), as shown in Equation (5).

Pd ≈ [
π(1− υ)(3.482ε + 356.834)

βM
]
2

(5)

This formula shows that CR deformation (ε) is a variable, while other parameters have
particular values for steels with specific compositions. As a result, the parameter f, which
represents the increased percentage of the recrystallization driving force, can be considered
to be the ratio of former deformation to later deformation, as shown in Equation (6).

f =
∆Pd
Pd1

=
Pd2 − Pd1

Pd1
=

(3.485ε2 + 356.834)− (3.485ε1 + 356.834)
(3.485ε1 + 356.834)

(6)

From Equation (6), it can be deduced that the recrystallization driving force enhances
by 56% as deformation increases from 25% to 50% CR. Enhancements of 27% and 30% in
the recrystallization driving force can be gained as the deformation increases from 50% to
75% and from 75% to 88%, respectively. The RET reduces as the CR deformation increases.
This is because CR deformation has a small effect on recrystallization temperature and the
reduction degree declines as the CR deformation increases to a certain extent. However,
the influence of CR deformation on recrystallization temperature is again slowly increased
as it further increases. Based on the above analysis of recrystallization, the corresponding
microstructural evolution during annealing treatment is illustrated in Figure 9.
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Figure 9 indicates that for CR Fe–19Mn–0.6C TWIP steel, the recrystallized refined
grains are prone to firstly form in the boundaries during the annealing process. This is
due to the greater recrystallization driving force that can be provided by grain or twin
boundaries. As the annealing temperature increases, more recrystallized refined grains tend
to form and transfer from boundaries to intragranular spaces. Then, recrystallization is fully
completed. Finally, the grains grow coarse as the annealing temperature further increases.

5. Conclusions

In this work, the microstructural evolution and recrystallization temperature change of
a self-designed, ultra-high-strength Fe–19Mn–0.6C TWIP steel at various CR deformation
levels were investigated. As the CR deformation gradually increased, initial deformation
twins, secondary deformation twins, and nano twins emerged in succession. Moreover,
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all elements exhibited a uniform distribution, rather than segregation, in the entire mi-
crostructure at 75% CR deformation. The RST/RET exhibited a sharp decrease at first and
then slowly increased as the CR deformation further increased. Finally, the results showed
a linear relationship between the CR deformation and hardness, i.e., the larger the CR
deformation, the higher hardness of the studied TWIP steel.
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