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Abstract. Grain boundary sliding, a deformation mechanism of superplasticity, occurs only at high 
temperatures, making it difficult for superplastic steels to be practically applied due to high energy 
consumption and surface oxidation. Therefore, in the present study, we introduce a newly 
developed Si-added medium-Mn steel, which can be superplastically deformed at such a low 
temperature of 763 K. The low-temperature superplasticity of this steel was caused by grain 
boundary sliding between recrystallized α grains and dynamically reverted γ grains. The steel also 
exhibited high room-temperature tensile strength (1336 MPa) after the superplastic forming 
simulation. 
Introduction 
Superplastic materials have drawn significant attention due to high elongation prior to tensile 
failure, which makes them ideal for making complex-shaped mechanical parts without welding or 
joining. In particular, superplastic steels have been extensively studied due to low material and 
production costs, such as high-carbon steel [1-3], duplex stainless steel [4,5], high-specific-
strength steel [6], and medium-Mn steel (MMS) [7-12]. However, their practical application is 
challenging due to their high superplastic deformation temperature (Ts) [7,9]. To overcome the 
limitation, present authors reported a new Fe-10Mn-3.5Si steel [12], which exhibited 
superplasticity at 763 K with a strain rate (𝜀𝜀̇) of 1 × 10-3 s-1. The steel has a low material cost and 
can be produced using a conventional rolling process [12]. Unlike previous superplastic materials 
with a dual-phase microstructure [7-11], the steel has a single-phase microstructure before plastic 
deformation [12]. Additionally, after a superplastic forming simulation at 763 K, the steel 
possesses ultrahigh tensile strength (1336 MPa) at room temperature [12], which far exceeds the 
tensile strength of Al-added MMS (715 MPa) [9]. 
Experimental 
The ingots of Si-free and Si-added 10Mn steels were produced using an induction melting furnace 
with an Ar atmosphere. The actual chemical compositions of the steels were Fe-10.5Mn and Fe-
10.6Mn-3.5Si (wt%), respectively [12]. After homogenization at 1373 K for 12 h, the ingots were 
hot-rolled at temperatures ranging from ~1373 K to 1273 K to ~4.0-mm-thick plates, and then air-
cooled to room temperature. After surface descaling, the hot-rolled plates were cold-rolled at room 
temperature to 1.5-mm-thick sheets, which corresponded to thickness reductions of 50%. 

For high-temperature tensile testing, tensile specimens with a gauge part of 5.0 × 10.0 × 1.5 
mm³ were machined from the cold-rolled sheets. Uniaxial tensile tests were performed using 
universal testing machines (MTDI equipped with a high-temperature furnace). Before tensile tests, 
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tensile specimens were heated to various temperatures at a heating rate of 0.5 K s-1, maintained for 
5 min at a given tensile temperature, and then deformed at the initial 𝜀𝜀̇ of 1 × 10-3 s-1. A failed 
specimen was removed from the furnace, followed by air cooling to room temperature.  

For the superplastic forming simulation, high-temperature tensile specimens with the gauge part 
of 20.0 × 10.0 × 1.5 mm³ were machined. The specimens were strained by ~100% at the Ts of each 
specimen with an initial 𝜀𝜀̇ of 1 × 10-3 s-1. After that, a small-sized tensile specimen was machined 
from the gauge part of the high-temperature interrupted tensile specimen. The gauge part of the 
small-sized tensile specimen was 16.0 × 3.0 × 0.8 mm³. The small-sized tensile specimen was 
deformed using universal testing machines (Instron 3382) at room temperature with an initial 𝜀𝜀̇ of 
1 × 10-3 s-1. 

The microstructures of the specimens were examined at room temperature using an X-ray 
diffractometer (XRD; Rigaku, Smartlab) and a field-emission scanning electron microscope (FE-
SEM; JEOL, JSM-7001F) equipped with an electron backscattered diffractometer (EBSD; EDAX-
TSL, Digiview). For XRD analysis, the specimens were mechanically polished with a suspension 
of 1 μm diamond particles, and then electropolished in a mixed solution of 90% glacial acetic acid 
(CH3COOH) and 10% perchloric acid (HClO4) at 15 V for 1 min to remove the damaged layer. 
For SEM-EBSD observation, the specimens were polished with a suspension of 0.04 μm colloidal 
silica particles. The SEM-EBSD operation parameters, such as the accelerating voltage, probe 
current, working distance, and step size, were set to 20 kV, 12 nA, 15 mm, and 25 nm, respectively. 

The phase constituents of the present steels were determined using XRD with Cu-Kα1 radiation, 
with a scanning rate, step size, and range of 2° min-1, 0.02°, and 40°-100°, respectively. The 
volume fraction of γ phase was calculated using the integrated intensity method, which takes into 
account the integrated intensities of all diffracted peaks. The effect of texture on γ fraction was 
considered by dividing the integrated intensity of each peak by the pole density of each plane [13]. 
Results and discussion 
All hot-rolled plates had a full α'-martensite microstructure without γ phase due to the high 
hardenability of the steels used (Fig. 1a [12]). Accordingly, cold-rolled sheets had a single phase 
of deformed α'-martensite (Fig. 1b [12]). 

 
Fig. 1. XRD patterns of (a) hot- and (b) cold-rolled present specimens [12]. 

To evaluate the low-temperature superplasticity of the present steels, specimens were tensile-
deformed at various temperatures with a 𝜀𝜀̇ of 1 × 10-3 s-1 (Fig. 2 [12]). The steels exhibited 
superplastic elongation above 300% at temperatures below 858 K (Fig. 2a [12]). Notably, the 3.5Si 
steel exhibited the lowest Ts of 763 K, which was confirmed by deforming the 0Si steel at 763 K 
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(Fig. 2b [12]). The 0Si steel showed lower engineering strain (76%) and higher peak stress than 
the 3.5Si steel, which indicates that the addition of 3.5wt% Si was effective in lowering the Ts. 

Except for our steels, the lowest Ts of superplastic steels, above which the total elongation is 
300% or over, is 873 K at a 𝜀𝜀̇ of 1 × 10-3 s-1 [1,2,7]. The 3.5Si steel exhibited the lowest Ts (763 
K) [12], which is lower by 110 K than the lowest Ts (873 K) reported to date. 

 

 
Fig. 2. Engineering stress-strain curves of present steels measured (a) at the lowest temperature 

(Ts), where total elongation is 300% or over and (b) at 763 K [12]. 
To elucidate the deformation mechanism responsible for the excellent superplasticity of 3.5Si 

steel, EBSD phase and grain orientation spread (GOS) maps were taken from the tensile-fractured 
3.5Si specimen at 763 K (Fig. 3a). Ultrafine γ grains (~138 nm), which were absent before 
deformation, were observed on the phase map. This indicates that dynamic reverse transformation 
partially occurred during tensile deformation at 763 K. By comparing the phase map to the GOS 
map, fine recrystallized α grains with low GOS values [14] were distinguished. This confirms that 
the fine equiaxed grains shown in Fig. 3a consist of both recrystallized α and reverted γ grains.  

However, the fraction of reverted γ grains was measured using XRD patterns due to the 
limited probing area of EBSD. For comparison, the fractions of recrystallized α and reverted γ 
grains were also measured using the 0Si specimen deformed at 763 K with a 𝜀𝜀̇ of 1 × 10-3 s-1. As 
seen in Figs. 3b and c [12], the 3.5Si specimen exhibited remarkably higher fractions of 
recrystallized α grains and reverted γ grains than the 0Si specimen. In particular, the fraction of 
reverted γ grains increased linearly in 3.5Si steel during tensile deformation, reaching ~13% after 
failure. 
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Fig. 3. (a) EBSD maps of phase and GOS measured using the 303% deformed 3.5Si steel. 
Variations of the fractions of (b) recrystallized α grains [12] and (c) reverted γ grains with 

tensile strain in both 0Si and 3.5Si steel [12]. 
According to Hashimoto et al.'s study [15], the sliding rate of the α/γ phase boundaries was 

significantly higher than that of α/α and γ/γ boundaries in a shear-deformed DSS bicrystal at 1373 
K. Additionally, it is well-known that grain boundary sliding (GBS) actively occurs in superplastic 
materials with fine equiaxed grains [16]. Based on these, it can be inferred that GBS took place at 
the phase boundaries between the recrystallized α and reverted γ grains in the deformed 3.5Si steel, 
which had ultrafine recrystallized α (~307 nm) and reverted γ grains (~138 nm).  

To reconfirm the occurrence of GBS, texture analysis was performed using the 3.5Si specimen 
strained by 303% at 763 K. While the orientation of recrystallized α grains revealed a texture 
component {114}<110> with an Imax. of 5.9 (Fig. 4a), that of reverted γ grains exhibited a random 
texture with an Imax. of 3.0 (Fig. 4b) due to GBS during tensile deformation at 763 K. It is 
considered that since not all recrystallized α grains were in contact with the reverted γ grains, they 
still exhibited slightly developed texture with Imax. = 5.9 (Fig. 4a). 

 
Fig. 4. ODF maps of (a) recrystallized α and (b) reverted γ grains in the 3.5Si specimen 

deformed by 303% at 763 K with a 𝜀𝜀̇ of 1 × 10-3 s-1. 
Meanwhile, the 3.5Si steel demonstrated an exceptional room-temperature tensile strength of 

1336 MPa after undergoing superplastic forming simulation at 763 K (Fig. 5 [12]). Considering 
its numerous advantages, such as the lowest Ts, high room-temperature tensile strength, low 
material cost, and ease of fabrication, 3.5Si steel is considered an excellent option for producing 
mechanical parts that require complex shapes and high room-temperature tensile strength 
simultaneously. 
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Fig. 5. Engineering stress-strain curves measured at room temperature with a 𝜀𝜀̇ of 1 × 10-3 s-1 

after the superplastic forming simulation [9,12]. 
Summary 
In the present study, we introduce a newly developed superplastic Fe-10Mn-3.5Si steel. The steel 
exhibited the lowest Ts of 763 K, which is 110 K lower than reported to date. The deformation 
mechanism of excellent superplasticity was GBS occurring at phase boundaries between 
recrystallized α and reverted γ grains. In addition, the steel showed remarkable room-temperature 
tensile strength. We suggest that this steel may accelerate the commercialization of superplastic 
steels. 
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