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A B S T R A C T

This study explores the effect of fast heating annealing (FHA) on the microstructure and mechanical properties of 
V-microalloyed high-Mn TWIP steel. Cold-rolled sheets were subjected to FA cycles at a heating rate of 200 ◦C/s 
over a temperature range of 700–900 ◦C for 30 s. The microstructures achieved through FHA were characterized 
using electron backscatter diffraction (EBSD), while mechanical performance was evaluated through uniaxial 
tensile testing and physically based modeling.

FHA at lower temperatures (700–800 ◦C) promoted partially recrystallized structures, while fully recrystal
lized ultrafine-grained microstructures were obtained at 850–900 ◦C. The optimized structure achieved at 850 ◦C 
showcased an exceptional strength–ductility balance, with a yield strength of 415 MPa, tensile strength of 850 
MPa, and elongation of 60 %, resulting in a high UTS × TE product of 50700 MPa⋅%. Fractographic analysis 
revealed ductile failure dominated by dimple formation, with voids nucleated at non-metallic inclusions.

Inclusion classification and statistical analysis further identified Al2O3–Mn(S,Se) as the most dominant in
clusion type, with complex multiphase clusters also observed, indicating their role in damage initiation. The 
applied mechanistic modeling and strain-hardening analysis confirmed that dynamic Hall–Petch strengthening, 
driven by mechanical twinning and grain refinement, significantly enhanced strain hardening and delayed 
plastic deformation instability.

These findings demonstrate that FHA offers a viable, time-efficient processing strategy for tailoring micro
structure and optimizing the mechanical performance of high-Mn TWIP steels through controlled recrystalliza
tion, twin activation, and precipitation strengthening.

1. Introduction

Austenitic High-Manganese Twinning-Induced Plasticity (high-Mn 
TWIP) steels exhibit exceptional combinations of ultimate tensile 
strength (UTS) and ductility. This unique class of steel has garnered 
substantial attention for its potential in diverse applications, ranging 
from automotive components to structural elements [1–4]. The intricate 
interplay between microstructural features, precisely the grain size and 
the mechanical properties in these steels, serves as a pivotal area of 
exploration [5,6]. The performance and deformation mechanisms under 

tensile loading have been studied in numerous works, e.g., Refs. [7–11].
This investigation employed the fast heating annealing (FHA) pro

cessing after heavy cold rolling of the studied TWIP steel. FHA is a novel 
technology that involves high heating rates exceeding 100 ◦C/s and 
short annealing times to achieve a variety of grain sizes ranging from 
nano to ultrafine sizes. This technology allows for the precise control of 
the recrystallization fraction in cold-deformed steel, facilitating the use 
of recovery and partial annealing [12–15].

A uniform temperature exists throughout the material during equi
librium heating of the steel. As a result, the equilibrium transformation 
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of ferrite and cementite into austenite occurs when heating the entire 
material. Moreover, the austenite phase displays a consistent distribu
tion of carbon and other alloying elements. However, the FHA of the 
steel at the aforementioned rates leads to a non-uniform distribution of 
chemical elements and even phases composition. The heating rate also 
affects the recrystallization of the new austenite phase. Recrystallization 
occurs completely in the initial ferritic regions when the cold-worked 
steel is heated slowly (conventional processing). Thus, austenite grains 
predominantly form at the prior grain boundaries during heating. 
However, at high heating rates, a greater number of austenite nuclei can 
form even in the recovered or partially recrystallized regions [16]. These 
refined austenitic grains may lead to a refined final microstructure upon 
cooling after the annealing process [17].

In the existing literature, FHA processing has predominantly found 
applications for carbon steels, dual-phase steels, and quenching & par
titioning steels, contributing to refined grain structures and subsequent 
improvements in mechanical properties [12,18–21]. Matlock et al. [22] 
have also reviewed the influence of so-called fast thermal processing, i. 
e., processes involving FH or cooling, on advanced high-strength steels 
(AHSSs). Notably, there are scarce FHA studies specifically focused on 
high-Mn TWIP steels. In our previous investigation, we implemented 
FHA on a cold-rolled Fe-0.01C-21.3Mn–3Al–3Si steel heated to a tem
perature range of 650–1200 ◦C for short durations (2–180 s) [23]. A 
significant grain refinement at low temperatures of FHA was achieved. 
In a similar context, the double-reversion annealing, a two-stage cold 
rolling process, and subsequent FA by fast induction heating to create a 
bulk nano-grained structure in austenitic stainless steel (Type 301LN) 
were employed [24,25]. Recently, ultra-flash heating cycles have been 
applied to S900 steel, achieving an exceptionally FH rate of 1000 ◦C/s to 
reach temperatures of 550 and 650 ◦C, which have led to the predom
inant promotion of nano-scale precipitates along the block and packet 
boundaries of the martensite [26].

In AHSSs, FHA promotes the segregation of alloying elements, most 
notably Mn, within the intercritical austenite. This phenomenon is pri
marily attributed to the inherently slow diffusion kinetics of Mn in these 
steels [27]. Chemical heterogeneity is generally undesirable in the 
metallurgy of steels. However, the partitioning of alloying elements, 
especially that of Mn, has been recently used in controlling the micro
structure of AHSSs to achieve improved mechanical properties [28,29]. 
It has been shown that the heterogeneity of Mn in the intercritical 
austenite strongly affects the stability of this phase and the subsequent 
formation of ferrite during cooling [27].

As highlighted in the literature above, despite the well-documented 
advantages of FHA in conventional carbon and dual-phase steels, its 
application to high-Mn TWIP steels remains largely unexplored. FHA is a 
fast thermal processing technique that utilizes exceptionally high heat
ing rates (typically HR > 100 ◦C/s) and short dwell times to enable fine 

control over recrystallization behavior and grain size evolution. This 
approach sharply contrasts with conventional annealing, as shown in 
Fig. 1, which often requires longer durations and slower heating rates of 
less than 10 ◦C/s, resulting in coarser microstructures and limited flex
ibility in tuning mechanical properties. In high-Mn TWIP steels, where 
mechanical twinning governs deformation behavior, the ability to tailor 
grain structure via FHA offers a promising pathway to overcome the 
traditional strength–ductility trade-off. This study pioneers the use of 
FHA in V-microalloyed high-Mn TWIP steels. It demonstrates that 
optimizing the annealing temperature and leveraging fast thermal cycles 
can produce ultrafine and partially recrystallized structures that deliver 
enhanced yield strength (YS), ductility, and strain-hardening response. 
This work provides critical insights into the potential of FHA as a 
transformative processing route for next-generation high-strength 
austenitic steels.

The FHA technique has emerged as a novel thermal processing 
method in steel metallurgy, offering significant advantages over con
ventional annealing, particularly in terms of time efficiency, energy 
savings, and control of microstructural characteristics. FHA typically 
employs heating rates exceeding 100 ◦C/s and extremely short dwell 
times, facilitating fast microstructural transformation under nonequi
librium conditions. In contrast, conventional annealing methods involve 
slow heating rates and prolonged holding times, as schematically illus
trated in Fig. 1, often resulting in coarse grains and limited flexibility in 
tuning mechanical properties. While FHA has been explored for carbon, 
dual-phase, and quenching-and-partitioning steels, its application in 
high-Mn TWIP steels is still limited, especially with microalloying ele
ments like V. This study addresses that gap by applying FHA to a V- 
microalloyed high-Mn TWIP steel and systematically investigating its 
effects on recrystallization behavior, grain refinement, and mechanical 
performance. This work aims to clarify how FHA can serve as a trans
formative, industrially viable alternative to conventional processing 
routes in TWIP steels, particularly for enhancing the strength–ductility 
synergy without prolonged thermal cycles.

2. Experimental procedures

2.1. Material

The high-Mn TWIP steel used in this study was produced at the pilot 
plant of ThyssenKrupp Steel Europe AG (TKSE), located in Germany. The 
steel was manufactured through a controlled melting process conducted 
in an induction furnace operated under an argon atmosphere. The 
melting temperature was set at 1600 ◦C. The raw materials employed in 
the steel production consisted of the following components: iron, elec
trolytic Mn, commercially pure Al, ferro-vanadium, and ferrocarbon. 
These materials were carefully selected to achieve the desired compo
sition for the high-Mn TWIP steel. Subsequently, the molten steel was 
cast into 15 kg ingots using a steel mold with 3600 mm × 200 mm × 30 
mm dimensions. The chemical composition of the investigated steel is 
presented in Table 1.

2.2. Material processing and mechanical properties

To investigate the mechanical properties, the steel ingots underwent 
a homogenization treatment at 1200 ◦C for 1 h. The ingots were then 
hot-rolled using a pilot rolling mill to produce sheets with a final 
thickness of 4 mm. These sheets were further cold rolled with a 70 % 
reduction, ultimately reaching a final thickness of 1.2 mm. This cold 
rolling process induced a true strain of approximately 1.2.

Fig. 1. The schematic illustration depicts the time-temperature cycles for FHA, 
which features FH and a short duration compared to conventional annealing. 
HR: heating rate.

Table 1 
Chemical composition of the investigated high-Mn TWIP steel.

element Mn Al C V N Fe

wt.% 20.0 1.5 0.61 0.3 0.003 Bal.
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The cold-rolled sheets were subjected to FHA treatments at temper
atures ranging from 700 ◦C to 900 ◦C for 30 s. The FHA treatments were 
conducted using a Gleeble 3800 thermomechanical simulator, which 
enables precise thermal control through a closed-loop feedback system. 
A K-type thermocouple was spot-welded at the center of the gauge 
section on one side of each tensile specimen to provide accurate, real- 
time temperature monitoring. The thermal profiles were pre-calibrated 
using dummy samples of identical dimensions to ensure temperature 
uniformity and reduce overshooting. The heating rate was maintained at 
200 ◦C/s through resistance heating, and the system’s feedback mech
anism actively adjusted the current input to keep the target annealing 
temperature within ±5 ◦C. This setup ensured consistent heating and 
minimized thermal gradients across the gauge length during the short 
30 s dwell time.

Fig. 2 provides a schematic illustration of the applied thermo
mechanical cycle experienced by the steel. Through controlled static 
recrystallization (SRX), the resulting grain structures are identified by 
codes corresponding to their respective temperatures: T700, T750, 
T800, T850, and T900. The quasi-static mechanical properties at room 
temperature were determined through uniaxial tensile tests conducted 
at a strain rate of 10− 3 s− 1, utilizing a Zwick Z 100 tensile machine 
(Zwick Roell, GmbH). Tensile testing specimens were prepared 
following ASTM E 646–98, featuring a parallel length of 15 mm, a gauge 
length of 10 mm, a width of 6 mm, and a total length of 180 mm.

2.3. Microstructure characterization

The detailed microstructures of the FHA were analyzed via electron 
backscatter diffraction (EBSD) utilizing a field-emission scanning elec
tron microscope (FE-SEM, Zeiss Ultra Plus). EBSD mapping was per
formed at an accelerating voltage of 15 kV with a step size of 0.01 μm. To 
obtain comprehensive statistical information on the distribution of grain 
sizes, the EBSD data were processed using HKL CHANNEL 5 software 
(Oxford Instruments). Grain reconstruction was performed with a min
imum grain size of 5 pixels and a critical misorientation threshold of 15◦

to define grain boundaries. Grain size was determined using the equiv
alent circle diameter (ECD) based on individual grain areas. To evaluate 
recrystallization behavior, the grain orientation spread (GOS) method 
was used: grains with GOS <2◦ were considered recrystallized, 2◦–5◦ as 
substructured, and >5◦ as deformed. These criteria allowed quantitative 
analysis of recrystallization fractions across different FHA temperatures. 
This approach allowed for a detailed examination of the microstructural 
characteristics of the annealed specimens.

EBSD data were collected from at least three distinct regions across 
the central gauge length of each annealed specimen to ensure statistical 
representativeness. Each scan covered an area of approximately 50 × 50 
μm2, and care was taken to avoid areas near the specimen edges or those 

with visible surface artifacts. The selected regions consistently displayed 
similar microstructural features, confirming that the analyzed areas 
represented the overall microstructure induced by each annealing con
dition. This approach enabled reliable quantification of grain size dis
tributions and recrystallization fractions.

2.4. Non-metallic inclusions extraction and characterization

The presence and characterization of non-metallic inclusions (NMIs) 
in the TWIP steel were studied by applying a controlled electrolytic 
extraction method. A steel sample was cut into a rectangular piece 
measuring approximately 10 mm × 10 mm × 5 mm. Its surface was 
carefully ground using an MD Piano 600 disc to create a smooth, clean, 
and oxide-free surface, which is essential for effective electrochemical 
dissolution.

The extraction was performed in a specially prepared electrolyte of 
10 vol% acetylacetone, 1 wt.% tetramethylammonium chloride, and 
methanol as the solvent. The process was carried out under potentio
static control at 0.15 V versus a standard calomel electrode, utilizing a 
BioLogic SP-150 potentiostat. During the 3-h extraction period, a stable 
current of about 25 mA was maintained, leading to the dissolution of 
roughly 0.1 g of the steel matrix. This enabled the NMIs to be selectively 
retained in the electrolyte.

The electrolyte was filtered through a membrane with a pore size of 
0.8 μm to isolate the inclusions. The collected inclusions were subse
quently examined using a Zeiss Ultra Plus field-emission scanning 
electron microscope (FE-SEM) equipped with an energy-dispersive X-ray 
spectroscopy (EDS) system. This enabled detailed compositional and 
morphological characterization of the extracted NMIs.

2.5. Modelling the flow behavior of different grain structures of TWIP 
steel

A phenomenological model considering the formation of mechanical 
twins and their influence on the dislocation motion is evaluated here to 
model the stress-strain curves obtained for different grain sizes. In other 
words, mechanical twinning introduces a so-called dynamic Hall-Petch 
effect in the austenite grains by reducing the mean free path of the 
dislocations during deformation. This is considered via a physically 
based model developed by Bouaziz et al. [30]. The flow stress of the 
material comprises three terms as follows: 

σ=Y + σf + σb (1) 

where Y is the initial YS and depends on the lattice friction stress, σf, and 
σb are the isotropic and kinematic hardening, respectively. Isotropic 
hardening is related to the square root of dislocation density and can be 
calculated by the following equation: 

σf = α⋅M⋅G⋅b⋅
̅̅̅ρ√

(2) 

α is a constant, M is the Taylor factor, which relates the macroscopic 
strain of the specimen to the dislocations shearing, G is the shear 
modulus, b is the magnitude of Burgers’ vector, and ρ is the density of 
dislocations. On the other hand, kinematic hardening in TWIP steels is 
mainly caused by the reduction of dislocations’ free path, which itself is 
due to the formation of mechanical twins during the deformation. 
Therefore, this part of the flow stress is modeled using Eq. (3): 

σb =M
G⋅b
L

⋅n (3) 

where L is the mean free path of the dislocations and n is the average 
number of dislocation loops in grains. The two parameters ρ and n are 
calculated versus strain according to the following equations: 

dρ
dε =M⋅

(
1

b⋅L
+H ⋅

̅̅̅ρ√
− R ⋅ ρ

)

(4) 

Fig. 2. Schematic illustration of the thermomechanical cycles applied to the 
steel, involving FA treatments at 700–900 ◦C for 30 s. The cycle includes the 
following stages: HG: homogenization, HR: hot rolling, FH: fast heating, Q: 
water quenching, and FHA: fast heating annealing.
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dn
dε =

W
b

(

1 −
n
n0

)

(5) 

where H and R are the hardening (dislocation accumulation) and re
covery (dislocation annihilation) constants, respectively, W is the mean 
spacing between slip bands and n0 is the maximum number of disloca
tion loops. Values as high as 8.0 has been given to n0 in similar work 
[31], but here a value of 4.0 is used for this parameter due to the 
fine-grained SRX structures.

A MATLAB code is developed to solve the differential eqs. (4) and (5)
where the former is solved numerically considering an initial value of 
1012/m2 for the dislocation density. Finally, the mean free path of dis
locations (L) is calculated by considering the simultaneous effect of 
grain and twin boundaries: 

1
L
=

1
d
+

1
λ

(6) 

In this equation, d is the average grain size which is here obtained 
from the microstructural analyses (EBSD) and λ is the mean twin 
spacing. The latter is calculated according to Fullman’s stereological 
analysis [32]: 

1
λ
=

1
2t

F
1 − F

(7) 

where t and F are twin width and volume fraction, respectively. The 
latter is equated to an exponential function of the form: F =

F0(1 − exp ( − β(ε − εi)))
m in which F0, β and m are constants and εi is 

the twinning initiation strain. The values of the latter are extracted from 
Ref. [30]. The model parameters obtained for samples which were 
annealed at different temperatures are presented in Table 2.

3. Results and discussion

3.1. Microstructural evolution

As previously detailed in the experimental section, the cast steel was 
subjected to hot and cold rolling to produce cold-rolled sheets with a 70 
% reduction. Subsequently, these sheets underwent FA treatment at 
different temperatures. This section illustrates the microstructural 
changes induced by FA at 700–900 ◦C for 30 s.

In Fig. 3, the microstructural evolution of the high-Mn steel 
following FA at 700 ◦C for 30 s is depicted. The image quality (IQ) map 
in Fig. 3(a) reveals insufficient pattern indexing in deformed areas, 
primarily caused by the highly strained regions that are characteristic of 
high dislocation density. Prominent black lines and inadequately 
indexed regions, correlating with slip bands and highly strained zones, 
highlight a lack of SRX in these areas under these conditions. This 
observation aligns with findings in previous studies on high-Mn steels 
with varying alloying elements, where numerous slip bands and high 
dislocation densities were reported to impede the indexing of back
scattered patterns in the grain structure [33]. Fig. 3(b) presents a cor
responding map, categorizing the grain structure into deformed, 

substructured (recovered), and recrystallized fractions. It is observed 
that the majority of the grain structure is highlighted in red, indicating 
deformed grains. The black regions in Fig. 3(a) correspond to mixed 
areas of varying colors on the map. Notably, a few fine grains appear in 
blue, signifying recrystallized grains predominantly located along grain 
boundaries of the deformed grains. Additionally, a small fraction of 
grains in yellow indicates recovery softening, promoting sub
structure/subgrains with low-angle grain boundaries (LAGBs, misori
entation <15◦).

Fig. 3(c) shows a magnified view of a colony with fine recrystallized 
grains. An important observation is the presence of recrystallized grains 
inside certain grains. The extent of recrystallization varies among grains, 
with grains labeled A and B showing no signs of recrystallization. This 
indicates that local differences in stored energy or crystallographic 
orientation may affect the observed recrystallization levels in adjacent 
grains. However, additional analysis is necessary to clarify the specific 
impact of grain orientation on the kinetics of SRX.

Fig. 3(d) illustrates the proportions of the promoted substructure 
attributed to recovery and newly recrystallized grains from SRX in 
comparison to deformed grains. At 700 ◦C for 30 s, the grain structure 
predominantly comprises 60 % deformed grains, while the fraction of 
recrystallized grains is comparatively low at 18 %.

In this context, some researchers have applied conventional SRX 
annealing to high-Mn TWIP steels at the relatively low temperature of 
700 ◦C to promote an ultrafine-grained structure. However, it is essential 
to note that our comparison of the current SRXed microstructure ach
ieved by FH to the literature is qualitative in nature, as the SRXed 
microstructure can be significantly influenced by variations in the 
composition of TWIP steels and differences in the extent of rolling 
deformation. Therefore, we aim to highlight general trends and phe
nomena observed at 700 ◦C rather than drawing definitive conclusions. 
Brack et al. [34] observed the promotion of a fully recrystallized 
microstructure in cold-rolled Fe–22Mn-0.6C (wt.%) steel during 
annealing at 700 ◦C for 100 s, yielding an average grain size of 3.5 μm. 
However, Liu et al. [35] observed that the complete recrystallization of 
Fe–24Mn–0.7Si–1.0Al TWIP steel required an extended duration of 5 
min at 700 ◦C. It is well established that the alloying chemistry, pri
marily related to stacking fault energy, along with the degree of cold 
reduction and grain size, significantly influences the SRX kinetics of 
high-Mn steels [36–38].

Furthermore, the present steel is a V-microalloyed with a 0.3 wt.% V. 
Scott et al. [39] observed that at temperatures below 900 ◦C, highly 
dense and evenly distributed VC precipitates formed during annealing 
after cold rolling in high-Mn TWIP steel. Consequently, the recrystalli
zation kinetics are expected to be influenced by the precipitation of VC 
in this instance. Zhang et al. [40] found that incorporating V into 
Fe–27Mn–8Al–1.0C lightweight austenitic steel promotes the formation 
of VC particles after a brief annealing at 900 ◦C following 60 % cold 
rolling. These particles significantly refined the grain structure, reducing 
it from 9.9 μm to 4.9 μm. In the same context, Yue et al. [41] reported 
the precipitation of a higher density of V4C3 carbides within the 
austenite matrix of TWIP steel sheets annealed at 700 and 800 ◦C after 
cold rolling. This finding suggests that these intermediate temperatures 
favor VC formation and contribute to recrystallization retardation and 
grain boundary pinning. Allam et al. [42] reported the formation of 
nanoscale VC-type precipitates in V-microalloyed MnCr TWIP stainless 
steel during a short annealing cycle at 1000 ◦C applied to cold-rolled 
sheets. The small size of the VC precipitates, approximately 20 nm, 
along with their high density, indicates a significant level of coherency 
with the austenite matrix.

The potential role of VC precipitates in retarding recrystallization 
kinetics is hypothesized based on prior studies on V-microalloyed TWIP 
steels. In particular, the observed partial recrystallization at 700–800 ◦C 
aligns with literature reports that VC carbides can form during annealing 
and serve as effective Zener pinning particles, impeding grain boundary 
migration. Our results are consistent with this mechanism.

Table 2 
Parameters of the physically based model at various annealing temperatures.

Annealing temperature (◦C) d (μm) εi β m F0 Y (MPa)

700 2 0.03 2 1.8 0.06 770
750 2.8 0.03 3 0.8 0.06 510
800 3.8 0.03 3.5 1 0.07 470
850 3.6 0.03 5 1 0.07 380
900 4.5 0.04 5 0.9 0.07 350

Parameters constant for all samples

n0 α G (GPa) b (nm) w/b R H t (nm) M

4 0.4 65 0.25 126 80 1 × 107 30 3.06
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Fig. 3. EBSD mapping of microstructure evolution at 700 ◦C for 30 s: (a) IQ map, (b) REX map for the grain structure in (a), (c) high-magnification IQ map, and (d) 
recrystallized, substructured, and deformed grain fractions.

Fig. 4. EBSD mapping of microstructure evolution at 750 ◦C for 30 s: (a) IQ map superimposed with misorientation map, (b) REX map for the grain structure in (a), 
(c) high-magnification IQ map, and (d) recrystallized, substructured, and deformed grain fraction.
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The FHA process preserves a high fraction (80 %) of deformed and 
substructured grains in the present study. These grains possess a high 
dislocation density, providing a large number of nucleation sites for VC 
precipitates. The precipitation effectively retards SRX. In a study related 
to the present work, Jo et al. [43] examined the impact of Al additions 
on the recrystallization kinetics of cold-rolled high-Mn steel containing 
V (Fe–15Mn–1Si-(0,0.5,1)Al-0.4C-0.3Mo-0.5V (wt.%)) and observed 
that the conventional annealing at 700 ◦C for 10 min still lead to 
partially recrystallized microstructures. The maximum volume fraction 
of recrystallized austenite reached 68.6 % in the steel with the highest Al 
content (1 %). The influence of Al was attributed to the increase of the 
stacking fault energy (SFE). However, the retarding influence of VC 
precipitation can be the reason for slow SRX kinetics. Upon increasing 
the FA temperature to 750 ◦C, the recrystallization rate is enhanced, as 
evidenced by Fig. 4. New ultrafine grains, alongside large grains shown 
in green, are present, as displayed in Fig. 4(a). Fig. 4(b) presents the 
corresponding REX map. The grains appearing in red signify deformed 
grains, where slip and deformation bands are evident. These slip bands 
serve as favorable sites for the nucleation of recrystallized grains, as 
indicated by the arrows. However, most of the SRX has occurred at the 
grain boundary regions (blue color). Fig. 4(c) provides a detailed view of 
the recrystallized grains, highlighting enhanced structural refinement 
by SRX. Moreover, the grain size within this region appears to be 
non-uniform, with an average size of 1.3 μm. This variation in grain size 
may be attributed to local differences in the degree of cold rolling, 
resulting in the heterogeneous nucleation of new grains during SRX. The 
corresponding REX map, depicted in Fig. 4(d), shows the microstruc
tural changes after FHA at 750 ◦C. It reveals a substantial fraction of 
grains that have undergone SRX, accounting for approximately 50 % of 
the microstructure. This high percentage indicates the effectiveness of 
the annealing treatment at 750 ◦C in promoting the formation of new 
recrystallized grains within the material. Lan and Zhang [44] applied 
conventional slow heating and annealing treatments at various 

temperatures and durations to a high-Mn TWIP steel following a 60 % 
reduction in cold rolling. According to their findings, slow heating to 
750 ◦C for 5 min promoted the formation of relatively large grains, 
averaging 10 μm in size. The significant disparity in grain size observed 
between the current study employing FHA and conventional annealing, 
as reported in the literature, highlights the benefits of employing FHA 
for enhancing microstructural grain refinement.

As the FA temperature is raised to 800 ◦C, SRX becomes more pro
nounced, leading to the promotion of a significant fraction of ultrafine 
grains, as depicted in Fig. 5(a). However, still, a few large deformed 
grains, labeled as A and B, persist. The corresponding REX map in Fig. 5
(b) illustrates these large grains in red, while the predominant blue re
gions signify recrystallized grains. Fig. 5(c) further demonstrates the 
substantial decrease in the fraction of deformed grains, from 60 % at 
700 ◦C (Fig. 3(d)) to 16 % at 800 ◦C. Fig. 5(d) presents the grain size 
distribution of the SRXed structure achieved at 800◦C. Approximately 
28 % of the grains in the structure are less than 2 μm, and 60 % of the 
newly recrystallized grains are smaller than 5 μm. The estimated 
average grain size is 3 μm, reflecting the refined microstructure achieved 
in FHA processing. Nevertheless, a fully recrystallized microstructure 
was achieved at 800 ◦C for 100 s in a cold-rolled TWIP steel containing 
Nb microalloying (Fe–17Mn-0.6C-1.5Al-0.1Nb wt.%) [45]. This can be 
attributed to the longer annealing duration of 100 s. In the current study, 
the annealing duration was limited to 30 s to restrain the growth of 
newly recrystallized grains, which aligned with the primary objective of 
the FHA technology.

Upon increasing the annealing temperature to 900 ◦C, the micro
structure exhibits a homogeneous distribution of fine equiaxed austenite 
grains without deformed grains, as shown in Fig. 6(a). According to the 
REX map in Fig. 6(b), most grains have experienced SRX, indicated in 
blue. Notably, no deformed grains are present; only a few small grains 
appear in yellow, suggesting subgrains, with a fraction of about 9 %, as 
depicted in Fig. 6(c).

Fig. 5. EBSD mapping of microstructure evolution at 800 ◦C for 30 s: (a) IQ map, (b) REX map for the grain structure in (a), (c) recrystallized, substructured, and 
deformed grain fraction, and (d) grain size distribution of the grain structure in (a).
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Fig. 6(d) examines the grain size distribution of the structure ach
ieved after annealing at 900 ◦C. The new structure consists of 26 % 
grains that are less than 2 μm in size. A small fraction, approximately 10 
%, displays sizes around 5 μm. Consequently, the average grain size of 
the SRXed structure at 900 ◦C is 4 μm, slightly larger than at 800 ◦C. 
Consistent with the findings of the present study, Kang et al. [46] 
observed complete recrystallization accompanied by grain growth up to 
10 μm in cold-rolled Fe–18Mn–0.6C-1.5Al TWIP steel when conven
tionally annealed at temperatures above 850 ◦C, specifically at 900 ◦C. 
Similarly, Santos et al. [47] reported comparable recrystallization 
behavior and grain coarsening in Fe–24Mn–3Al–2Si–1Ni-0.06C steel.

The Hall–Petch relationship was applied to evaluate the contribution 
of grain boundary strengthening under various annealing conditions, 
offering a quantitative assessment of the effect of grain size on YS. The 
Hall–Petch equation is expressed as: 

σy = σ0 + kyd− 1/2 (8) 

where σy is YS, σ0 is the lattice friction stress, ky is the Hall–Petch slope, 
and d is the average grain diameter. Based on literature data for high-Mn 
TWIP steels, a Hall–Petch coefficient ky ≈ 0.445 MPa⋅ m1/2 and σ0 ≈ 158 
MPa were used [48]. For the T850 and T900 specimens, which exhibited 
fully recrystallized microstructures with average grain sizes of approx
imately 2.5 μm and 3.8 μm, respectively, the estimated YSs due to 
Hall–Petch strengthening were 439 MPa (T850) and 386 MPa (T900). 
These values are consistent with the experimentally measured YS, sug
gesting that grain refinement through FHA substantially enhances the 
YS. The difference in grain size between partially and fully recrystallized 
states also accounts for the gradual variation in strength across 
annealing conditions.

This quantitative analysis confirms that Hall–Petch strengthening is 
a dominant mechanism in FHA-treated TWIP steel and underscores the 
effectiveness of FHA in producing refined microstructures with 

enhanced strength.

3.2. Mechanical properties

To comprehensively understand the effect of FA, represented by a 
high heating rate of 200 ◦C and a short duration of 30 s, on the me
chanical behavior of high-Mn steel, the tensile properties of the struc
tures after FHA at temperatures ranging from 700 to 900 ◦C for 30 s were 
determined at room temperature.

In Fig. 7(a), the engineering stress-strain curves illustrate the flow 
stress behavior of various grain structures under tensile loading. An 
intriguing observation in the tensile stress-strain curves is the absence of 
serrations, which are typically observed in high-Mn TWIP steels due to 
dynamic strain aging during tensile testing [49–51]. A distinct 
enhancement in tensile properties is evident in the T700 structure, as 
depicted in Fig. 7(a). In V-microalloyed high-Mn TWIP steel, it is 
observed that a low annealing temperature (700 ◦C) promotes a partially 
recrystallized microstructure, which contributes to achieving a high YS, 
typically around 1 GPa [43]. Controlling the fraction of retained 
deformed grains, or hard regions, in the FHA-treated TWIP steel allows 
for achieving high YS and a satisfactory combination of tensile 
strength-elongation. Furthermore, the effect of V microalloying, pri
marily through the VC precipitation strengthening mechanism, com
plements the impact of partial recrystallization, resulting in an enhanced 
combination of mechanical strength and ductility in the steel. This is 
consistent with the literature that stated that the presence of unrec
rystallized grains with high dislocation density and nano-scale me
chanical twins in the low-temperature annealing of the cold-rolled 
high-Mn TWIP steel significantly contributes to strengthening [45]. 
When the FHA temperature rises to 750 ◦C, a noticeable decline in the 
flow stress curve occurs, accompanied by a marked improvement in 
ductility (see Fig. 7(a)). This phenomenon is attributed to a reduction in 

Fig. 6. EBSD mapping of microstructure evolution at 900 ◦C for 30 s: (a) IQ map, (b) REX map for the grain structure in (a), (c) recrystallized, substructured, and 
deformed grain fractions, and (d) grain size distribution of the structure in (a).
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the fraction of deformed grains, or hard regions, within the partially 
recrystallized microstructures, which decreases from 60 % at T700 to 38 
% at T750 (see Figs. 3–4). Additionally, the degree of recovery at T750 is 
approximately double that at T700. Consequently, the level of softening 
in the microstructure at T750 is higher.

Similarly, increasing the FHA temperatures beyond 750 ◦C, reaching 
up to 900 ◦C, leads to a greater degree of softening, accompanied by a 
gradual decrease in the flow stress curves, as illustrated in Fig. 7(a). 
Fig. 7(b) displays the tensile properties values extracted from the stress- 
strain curves as a function of FA temperature.

Notably, the comparison reveals intriguing findings, especially in the 
case of the T700 structure annealed at 700 ◦C. This structure exhibits a 
noteworthy YS and UTS of 770 and 1030 MPa, respectively, accompa
nied by a moderate elongation of 30 %. In contrast, the T750 structure 
displays lower mechanical properties; however, the YS and UTS values 
remain relatively high at 510 and 900 MPa, respectively, with a sub
stantial elongation of 50 %. For the structures promoted at T800 and 
T850, the YS values are still high, about 480 and 415 MPa, respectively, 
displaying a high elongation of 55–60 %. It seems that the FHA pro
cessing of high-Mn TWIP steel is beneficial in enhancing partial 
recrystallization, which enhances the strength and precipitation 
strengthening of VC. It is noteworthy that fully recrystallized coarse- 
grained high-Mn TWIP steels generally demonstrate a low YS of less 
than 300 MPa [10,52]. This corresponds to the fully recrystallized 
structure indicated in T900, with a low YS of 360 MPa and an elongation 
of 53 %.

The distinct processing conditions of FHA treatments, characterized 
by a FH rate of 200 ◦C/s and a short dwell time of 30 s, significantly 
impact the resulting microstructure and, consequently, the mechanical 
properties of the studied high-Mn TWIP steel. This technique markedly 
differs from conventional annealing methods by utilizing non- 
equilibrium thermal conditions to create refined and metastable 
microstructures.

At lower FA temperatures (700–800 ◦C), the thermal energy is suf
ficient to initiate static recovery and partial recrystallization, particu
larly along previous grain boundaries and areas of significant 
deformation. However, the limited thermal exposure prevents complete 
recrystallization, resulting in heterogeneous microstructures character
ized by a high percentage of deformed grains. These deformed grains 
retain stored strain energy and elevated dislocation densities, which act 
as internal barriers to dislocation movement during deformation, 
significantly increasing YS. Simultaneously, the onset of recrystalliza
tion nucleation, along with reduced grain growth, promotes the devel
opment of ultrafine recrystallized grains (<2 μm) that enhance strength 
through grain boundary strengthening. The V-microalloying effect 
further enhances the microstructure. At these temperatures, fine VC 
precipitates form and serve as Zener pinning particles, hindering grain 
boundary migration and delaying complete recrystallization. Conse
quently, a thermally stable, partially recrystallized structure develops, 

exhibiting significant microstructural heterogeneity. This characteristic 
is advantageous for strain partitioning and mechanical twinning, both of 
which are essential to the TWIP) mechanism.

As the FHA temperature reaches 850–900 ◦C, the thermal driving 
force intensifies, encouraging bulk recrystallization and resulting in a 
fully recrystallized structure. However, the very short annealing time 
limits grain growth, preserving a fine equiaxed grain structure of 
approximately 2–4 μm. These smaller grains promote mechanical 
twinning during deformation, initiating the dynamic Hall–Petch effect, 
which causes twin boundaries to reduce the mean free path of disloca
tions, thereby enhancing work hardening. Consequently, the steel ach
ieves a balanced combination of moderate YS and high tensile ductility. 
Crucially, FHA enables microstructural engineering without lengthy 
processing times or multiple annealing steps, highlighting a distinct 
advantage over traditional methods. The observed mechanical proper
ties, which range from high strength in partially recrystallized structures 
to excellent ductility in fully recrystallized ones, result directly from 
FHA’s ability to manipulate dislocation structures, twin formation, grain 
boundary density, and precipitate distribution. Thus, FHA induces pre
cise microstructural tuning by balancing recrystallization kinetics, grain 
refinement, and precipitation effects, ultimately enhancing the synergy 
between strength and ductility.

A comparison between the product of (UTS x TE, MPa⋅%) related to 
YS of the FHAed microstructures for the studied TWIP steel in this 
research and those of TWIP steels annealed using conventional slow 
recrystallization treatment, as reported in previous studies [45,53,54], is 
depicted in Fig. 8. The star data points represent the FAed microstruc
tures in our study. It is evident that the structures attained through FA 
exhibit notably high UTS × TE values alongside low YS values. An 
intriguing observation is the increasing trend of UTS × TE values with 
FHA temperature, specifically T750, T800, and T850. Thus, the values of 

Fig. 7. Tensile mechanical properties at room temperature for various grain structures of the investigated TWIP steel, obtained at different annealing temperatures 
for 30 s duration: (a) Engineering stress-strain curves and (b) Extracted mechanical properties, encompassing yield strength (YS), ultimate tensile strength (UTS), and 
elongation across a gauge length of 10 mm (A10).

Fig. 8. Illustrates the relationship between UTS × TE and YS in FA structures of 
the current TWIP steel and partially recrystallized TWIP steels annealed by 
conventional slow annealing, data quoted from previous studies [45,53,54]. 
The figure, originally from Ref. [45], has been adopted to include the results of 
the present study.
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UTS × TE demonstrate an increase as YS decreases. This suggests that 
the combined influence of FHA-treated microstructures and V micro
alloying can effectively overcome the trade-off between UTS × TE and 
YS.

3.3. Fracture mechanisms

Fig. 9 presents the fracture surface of the tensile-strained T700 
structure. The fracture morphology is characterized by a mixture of a 
dimple pattern and cleavage features, with large/deep dimples of 
various shapes, outlined by yellow dotted lines in Fig. 9(a). Notably, a 
region featuring a flat surface (FS), a sign of quasi-cleavage, is observed 
in conjunction with these large dimples, as depicted in Fig. 9(a). Upon 
closer examination in Fig. 9(b) at high magnification, NMIs, indicated by 
arrows, are visible within several dimples. It is well-established that void 
nucleation typically occurs when particles detach from the ductile ma
trix due to incompatibility and peel away during the fracture of the 
material, ultimately forming a void. The formation of these induced 
voids is influenced by the size and distribution of NMIs particles. The 
statistical size and frequency analysis of NMIs are presented in Section 
3.4, Inclusion classification and statistical analysis. Furthermore, the 
volume and shape of dimples change with further straining [55,56]. 
Even in instances where NMIs do not lead to material failure, they have 
the potential to introduce voids and stress concentrations, contingent on 
the relative plasticity [57].

As plastic deformation proceeds, the matrix surrounding these voids 
remains deformable, allowing the voids to expand into large dimples. 
Consequently, the fracture surface of the T700 structure is predomi
nantly characterized by the presence of these large dimples, as shown in 
Fig. 8. Luo and Huang [58] investigated the ductile fracture modes of a 
coarse-grained structure TWIP steel (Fe-0.6C–22Mn) in comparison with 
304 stainless steel (304 ss) and interstitial-free (IF) steel. Their findings 

indicated that the tensile fracture of the TWIP steel occurs due to plastic 
instability without the occurrence of necking. This phenomenon is 
attributed to a few voids nucleating on the NMIs and growing along the 
tensile direction during uniform plastic deformation. However, the 
volume fraction of these voids is insufficient to trigger the fracture. 
Finally, the stress reaches a level high enough to induce plastic insta
bility by forming shear bands.

Similarly, the analysis of the fracture surface for the tensile-strained 
T850 structure reveals a ductile dimple fracture pattern characterized by 
numerous large dimples (voids) ranging in size from 5 to 10 μm, as 
illustrated in Fig. 10(a). A closer examination of the fracture surface in 
Fig. 10(b) confirms the presence of NMIs within these (black) deep 
dimples/voids, highlighting their role in the void formation. Notably, 
the quasi-cleavage shear areas associated with the larger dimples are 
considerably smaller than those in T700. This reduction is attributed to 
the softer matrix in T850. A substantial size difference exists between 
the dimples observed in T700 compared to T850.

SEM analysis of the fracture surfaces revealed predominantly ductile 
failure features for all FA-treated specimens. The T700 sample, charac
terized by a high fraction of deformed grains, exhibited large, deep 
dimples and some quasi-cleavage areas, indicating early plastic insta
bility and limited strain accommodation. The presence of hard regions, i. 
e., non-recrystallized regions within the matrix, reduces uniform plastic 
deformation. In contrast, the T850 structure, which exhibits a nearly 
fully recrystallized fine-grained microstructure, displays a more homo
geneous dimpled fracture surface (Fig. 10). The dimples are smaller and 
more uniformly distributed compared to those in T700, indicating 
improved ductility and strain accommodation capacity. The recrystal
lized matrix with a refined grain size (~3 μm) likely enhances strain 
hardening via the dynamic Hall–Petch effect and delays void coales
cence and necking. While NMIs are still present, their influence is less 
pronounced due to the more compliant and twinned matrix structure, 
which supports stable plastic flow and resists premature failure.

Fig. 9. SEM-images of the fracture surface of the tensile-strained T700 struc
ture: (a) Dimple fracture morphology alongside large/deep dimples of various 
shapes, highlighted in yellow, (b) a high magnification of the fracture surface 
showing the presence of NMIs within few dimples. There are dimples where 
NMIs has left off.

Fig. 10. SEM-images of the fracture surface of the tensile-strained T850 
structure: (a) numerous voids of various shapes on ductile dimple fracture 
surface, (b) high magnification of the fracture surface showing the presence of 
large NMIs inside some dimples.
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The comparison between the two conditions demonstrates a strong 
dependence of fracture behavior on FHA temperature and resulting 
microstructure. In particular, the transition from a partially recrystal
lized to a fully recrystallized structure significantly alters the crack 
propagation path, shifting from early void growth and quasi-cleavage in 
T700 to more uniform ductile tearing in T850. This transition is asso
ciated with a shift in fracture mode from a mixed (ductile + brittle) 
failure toward fully ductile failure. These findings further confirm the 
importance of microstructural control via FHA in tailoring the 
strength–ductility balance and fracture resistance of high-Mn TWIP 
steels. The enhanced strain hardening capacity in T850 also helps sup
press localized necking and prolong uniform deformation, thereby 
delaying fracture and promoting energy absorption during tensile 
loading. These mechanisms emphasize the significant role of micro
structure, shaped by FHA conditions, in determining fracture mecha
nisms and directing crack paths.

As depicted in the tensile flow curves in Fig. 7, the plastic instability 
of T700 initiates early in the plastic deformation stage, around 0.2 
strain, due to its low work-hardening capacity, as shown from the strain- 
hardening rates illustrated in Fig. 11. Therefore, void nucleation occurs 
at the initial stages of tensile straining for the T700 structure, which has 
the lowest fraction, 18 % of partially recrystallized grains, and the 
highest fraction of hard/deformed grains, 60 %, see Fig. 3.

The evolution of the strain-hardening rate (Fig. 11) reflects the 
increasing contribution of dislocation–twin interactions with rising FHA 
temperature. In the T700 structure, the high density of work-hardened 
dislocations dominates the deformation response, but limited twinning 
activity results in a relatively short-lived hardening stage. In contrast, 
specimens annealed at higher temperatures (T850 and T900) exhibit 
fully recrystallized, fine-grained microstructures that facilitate the early 
activation of mechanical twinning due to a lower critical resolved shear 
stress for twinning. These mechanical twins act as dynamic barriers to 
dislocation motion, segmenting grains and reducing dislocation mean 
free paths. As deformation proceeds, dislocations accumulate at twin 
boundaries, promoting strain hardening through kinematic backstress. 
This twin–dislocation interaction contributes to a sustained hardening 
rate over a broader strain range, consistent with the observed dynamic 
Hall–Petch effect. Thus, the more pronounced and prolonged hardening 
behavior at higher FHA temperatures can be attributed to the combined 
effects of refined grain size and increased twinning activity.

3.4. Inclusion classification and statistical analysis

Energy-dispersive X-ray spectroscopy (EDS) analysis indicated that 
the main components of NMIs in the steel included Al2O3, MnS, MnSe, 
TiN, and VN. Each inclusion was categorized based on its molar per
centage composition of four key elements: Al2O3, Mn(S,Se), TiN, and 
VN, with a threshold of 5 mol%. To simplify, MnS and MnSe were 
combined into a single category called Mn(S,Se), while TiN and VN were 
grouped under (Ti,V)N, recognizing their comparable nitride-forming 

characteristics and contributions to inclusion creation.
The inclusions displayed irregular, non-spherical shapes, suggesting 

they formed during solidification and may play a role in heterogeneous 
nucleation processes. To better understand the behavior of inclusion 
formation, a classification based on size was utilized: small inclusions 
(2–5 μm) and large inclusions (>5 μm). The statistical distribution of 
inclusion types categorized by size is shown in Fig. 12.

Across both size categories, the predominant inclusion type was the 
mixed Al2O3 + Mn(S,Se) phase, making up about 60 % of all inclusions. 
Mn(S,Se) inclusions ranked as the second most frequent, representing 
11 % of small inclusions and 36 % of large ones. These patterns align 
with findings presented by Liu et al. [59], who identified MnS(Se) and 
MnS(Se)–Al(O)N aggregates as the primary inclusions (66.7 %) in 
Fe–25Mn–3Al-2.6Si TWIP steels. Similarly, Aboutalebi et al. [60] re
ported Mn(S,Se)-based inclusions in CoCrFeMnNi high-entropy alloys. 
These inclusions featured both single-phase and mixed forms, with 
Mn–Cr–Al oxide cores, and were present even when high-purity ele
ments were used in the melting process.

Inclusions consisting of (Ti,V)N were particularly noteworthy, 
especially within the small size range, representing 10 % of all in
clusions. This suggests that (Ti,V)N formation is favored during solidi
fication due to Ti and V’s strong chemical affinity for nitrogen. 
Furthermore, complex Mn(S,Se) + (Ti,V)N inclusions accounted for 10 
% of the small inclusions and 3 % of the larger ones. Their presence 
suggests potential post-solidification clustering or co-nucleation 
behavior.

Ultimately, complex three-phase clusters composed of Al2O3, Mn(S, 
Se), and (Ti,V)N were discovered, particularly in the small inclusion 
group (8 %) and to a lesser extent in the large group (2 %). This pattern 
likely suggests a solidification sequence where Al2O3 and (Ti,V)N act as 
heterogeneous nucleation sites for MnS(Se), which typically emerges in 
the later stages of solidification. The stratified buildup of these com
plexes emphasizes the importance of chemical composition and cooling 
pathways in shaping the structure and evolution of inclusions.

3.5. Physically based model

The physical model employed in this work provides a semi- 
quantitative framework for interpreting the evolution of flow stress 
based on dislocation mechanisms. While microstructural evolution, 
mainly varying degrees of recrystallization and twinning, may introduce 
some uncertainty in parameter accuracy, the model effectively reveals 
trends in strain hardening and internal stress development. Further 
refinement of the model would require localized microstructural input 
and in situ measurements.

The physically based model is evaluated using the experimental 
stress-strain curves. The flow stresses generated by the model are 
compared with the experimental true stress-strain curves acquired at 
various FA temperatures (Fig. 13).

Using this model, we calculated the dislocation density, mean free 
path, and resulting backstress relative to true strain, which are illus
trated in Fig. 14a–c. All specimens began with an initial dislocation 
density of 1012/m2. For samples annealed at 750–900 ◦C, the density 
rose to about 1015/m2 at a true strain of roughly 0.4, after which it 
plateaued (see Fig. 14(a)). In contrast, for the specimen annealed at 
700 ◦C, the curve’s slope declines at much lower strains, below 0.15, 
reaching a maximum dislocation density of 6 × 1014/m2 at a true strain 
of 0.25. According to equation (2), this results in diminished isotropic 
hardening. Accordingly, as depicted in Fig. 11, this specimen’s strain 
hardening rate (SHR) is lower than that of the other four samples, pri
marily due to its distinct microstructure. EBSD analysis reveals that only 
about 20 % of the sample annealed at 700 ◦C is recrystallized, meaning a 
substantial portion comprises coarse (non-recrystallized) grains, which 
correlates with a lower dislocation density and consequently reduced 
strain hardening.

The dislocation mean free path in each specimen initially equals its 
Fig. 11. Strain-hardening rates of the tensile straining structures achieved 
by FA.
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grain size (Fig. 14(b)). As deformation progresses, the free path in the 
specimen annealed at 700 ◦C is only slightly reduced. However, the 
dislocation-free path decreases to approximately 20–30 % of the initial 
value for the other four samples. The mean free path in these specimens 
experiences a significant reduction at small strains. This is due to the fact 
that twinning initiation strain (εi) is very small in these recrystallized 
fine-grained specimens. As mentioned in sec. 2.5, small values in the 
range 0.03–0.04 was considered for εi based on ref. [30]. As a result, 
twinning triggers the dynamic Hall-Petch mechanism at small strains, 
leading to a reduction of the mean free path. However, the mean free 
path has soon reached a plateau condition at true strains of ~0.2. This 
seems reasonable considering the very fine-grained structures obtained 
here by annealing, as suggested in Ref. [61].

Consistently, SHR values > 2000 MPa is measured up to the same 
strain (Fig. 11), suggesting that the TWIP mechanism is dominant in this 
range.

According to equation (3), the reduced mean free path of the dislo
cations leads to kinematic hardening (backstress), as illustrated in 
Fig. 14(c). The higher backstress observed in the specimens annealed at 
750–900 ◦C, compared to those treated at 700 ◦C, can be attributed to 
their significant reduction in mean free path due to mechanical twin
ning. A similar outcome was previously reported in the comparison 
between fine and coarse-grained high-Mn twinning-induced plasticity 
steels treated by FA [23]. According to Fig. 14 (c), for the specimens 
annealed at 850 and 900 ◦C, kinematic hardening has reached approx
imately 30 % of the total flow stress. Experimental evidence for this 
contribution from the backstress in high-Mn TWIP steel has been 

previously provided by Ref. [30].
The increased backstress observed in specimens annealed at 

750–900 ◦C is attributed to strain partitioning between recrystallized 
and deformed grains in partially recrystallized structures (750–800 ◦C), 
as well as enhanced mechanical twinning in fine-grained, fully recrys
tallized structures (850–900 ◦C). Both mechanisms promote the accu
mulation of geometrically necessary dislocations and internal stresses, 
manifesting as kinematic hardening. In contrast, the 700 ◦C sample, 
characterized by a predominantly deformed structure and limited 
twinning, exhibits lower strain incompatibility and, consequently, lower 
backstress.

The dynamic Hall–Petch effect is essential for enhancing strain 
hardening in FA-treated TWIP steels by refining the mean free path of 
dislocations via mechanical twinning. Mechanical twins quickly form 
during plastic deformation in fine-grained, fully recrystallized austenitic 
structures, especially those produced at elevated FHA temperatures (e. 
g., 850–900 ◦C). These twins act as effective barriers to dislocation 
movement, akin to grain boundaries, which subdivide grains into 
smaller subdomains and significantly decrease the mean free path of 
dislocations. The microstructural refinement caused by twins results in 
an increase in dislocation density, which, in turn, improves kinematic 
hardening (backstress). Our strain-hardening rate curves and modeling 
results indicate that this effect sustains high work-hardening rates across 
a broad strain range, delaying necking and enhancing the overall syn
ergy of strength and ductility balance. The early onset of twinning in fine 
grains, coupled with restricted grain growth during the brief FA dura
tion, emphasizes the vital role of twinning in both activating and sus
taining the dynamic Hall–Petch effect during tensile deformation.

The Hall-Petch equation (σ = σ0 + KH− P . d− 1/2) was fitted to the 
flow stress-strain data of each sample to calculate the Hall-Petch con
stant (KH− P) versus true strain, as presented in Fig. 14(d). The values of 
dislocations mean free path (Fig. 14(b)) were used as the instantaneous 
grain size (d), and the initial YS values, as mentioned in Table 2, were 
implemented for σ0. The slope of H–P relationship is initially high and 
diminishes with the progress of deformation for all specimens. This is 
due to the saturation of the twinned microstructure at high strains, as 
also predicted by the mean free path of dislocations (Fig. 14(b)).

In TWIP steels, the enhanced strain hardening behavior is signifi
cantly influenced by the interplay between dislocation movement and 
deformation twinning. According to De Cooman et al. [62], dislocation 
glide remains the primary mechanism of plastic deformation, while the 
formation of deformation twins notably alters dislocation dynamics by 
reducing the effective mean free path of dislocations. This results in the 

Fig. 12. Distribution of inclusion types in different size categories in the high-Mn TWIP steel.

Fig. 13. Comparison between the modeled flow stresses with the experimental 
data obtained for various annealing temperatures.

A. Hamada et al.                                                                                                                                                                                                                               Journal of Materials Research and Technology 37 (2025) 2449–2462 

2459 



“dynamic Hall–Petch effect,” where the continuous formation of twins 
simulates grain refinement, thereby increasing flow stress and strain 
hardening. Additionally, twin boundaries are formidable obstacles to 
dislocation movement, prompting dislocation pile-ups and substantial 
internal back stresses. This process, coupled with the formation of dense 
twin structures that interact with the existing dislocation substructure, 
promotes ongoing strain hardening during plastic deformation. The 
interaction of reduced mean free path, kinematic hardening, and stress 
distribution between twin and matrix regions underscores the vital role 
of twin–dislocation interactions in maintaining the strength–ductility 
synergy characteristic of TWIP steels. According to Bouaziz et al. [63], 
understanding the unique work-hardening characteristics of TWIP 
(Twinning-Induced Plasticity) steels hinges on the dynamic Hall–Petch 
effect and dislocation–twin interactions. The authors indicate that me
chanical twins serve as dynamic obstacles to dislocation movement, thus 
refining the microstructure during plastic deformation. This interaction 
reduces the mean free path of dislocations, thereby enhancing strain 
hardening in a manner akin to how grain refinement strengthens ma
terials within the context of the classical Hall–Petch relationship. The 
interplay between dislocation–twin interactions and the evolving 
microstructure is crucial to the distinctive mechanical response of TWIP 
steels, confirming the dynamic Hall–Petch effect as a solid framework 
for elucidating their behavior.

4. Conclusions

This study investigates the effects of fast heating annealing (FHA) on 
the microstructural evolution and mechanical properties of V-micro
alloyed high-Mn TWIP steel. Applying FH (200 ◦C/s) and short 
annealing durations (30 s) across a temperature range of 700 ◦C–900 ◦C 
revealed significant enhancements in microstructure and mechanical 
performance. The following findings underscore the potential of FHA as 
an effective processing technique to optimize the properties of TWIP 
steels for advanced structural and industrial applications. 

1. Partial recrystallization is observed at 700◦C-800 ◦C, while fully 
recrystallized fine-grained structures are achieved at higher tem
peratures (850◦C-900 ◦C), resulting in grain refinement and 
enhanced mechanical properties.

2. Optimal mechanical properties were achieved at FHA 850 ◦C, dis
playing high elongation (60 %), yield strength (415 MPa), and tensile 
strength (850 MPa). This combination demonstrated the highest 
product of strength and ductility (TS × TE = 50,700 MPa⋅%) 
compared to other conditions and literature data.

3. Although this study did not directly compare fast and slow heating, it 
emphasizes significant microstructural and mechanical responses 
associated with FHA, referencing existing literature on conventional 
annealing. The findings indicate that FHA promotes the formation of 
ultrafine grain structures and optimized recrystallization states, 
leading to a better balance of strength and ductility in TWIP steel.

4. The physically based model of the tensile flow curves indicates that 
the activation of the mechanical twinning mechanism during 
deformation induces a dynamic Hall-Petch effect, which shortens 
dislocation mean free paths. This process substantially increases 
strain hardening rates, thereby enhancing the strength of the steel.

5. Fracture surface analysis reveals a predominantly ductile fracture 
mechanism, characterized by dimples with NMIs as void nucleation 
sites. The enhanced mechanical properties reduce the detrimental 
effects of NMIs by promoting mechanical twinning, delaying necking 
and failure.
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support in conducting the rolling processes and thermal cycles using the 
Gleeble simulator.
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[23] Khosravifard A, Hamada A, Järvenpää A, Karjalainen P. Enhancement of grain 
structure and mechanical properties of a high-Mn twinning-induced plasticity steel 
bearing Al–Si by fast-heating annealing. Mater. Sci. Eng. A. 2020;795:139949. 
https://doi.org/10.1016/J.MSEA.2020.139949.
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