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INTRODUCTION

Many industrial applications involving both high structural 
performance and good component formability require 
materials with high ductility and strength. Because these 
two properties are generally antagonistic for most materials, 
improving both simultaneously is difficult. Twinning-induced 
plasticity (TWIP) steels, which combine high strength with 
better formability than conventional steels, has attracted 
much interest over the past 10 years because of their perceived 
ability to simultaneously possess these two characteristics 
(Allain et al., 2004; Hua et al., 2006; Vercammen et al., 
2004). The high performance of TWIP steels is attributed to 
the appearance of crystallographic slip and to mechanical 
twinning under an external force. 
During mechanical twinning, the parent austenite usually 
has an orientation relationship with the newly formed twin; 

a crystallographic texture of the austenite thereby strongly 
influences the texture development in the inherited twin. 
For a given orientation relationship, the inherited twin has 
several equivalent orientations, which are called variants and 
are listed in Table 1. In the idealized case, all variants can 
appear in an austenite grain with an equal probability during 
twining. Under an applied stress, however, some variants have 
greater relative probability to be selected. This phenomenon, 
which is called variant selection, is known to strongly affect 
the texture development in the inherited twin.
In present study, the variant selection in mechanical twinning 
of austenite is investigated with respect to the interaction 
between applied uniaxial stress and lattice deformation of 
the twinning. The orientations of parent austenite and newly 
formed twins under tensile deformation are measured using 
transmission electron microscopy (TEM). For an individual 
austenite grain, the orientations of 12 variants are evaluated 
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and compared with the observed twin orientation. The 
interaction energy between externally applied stress and lattice 
deformation is calculated for each of the 12 variants, and 
the probability of variant selection is assessed. The assessed 
probability is compared with the experimental results.

Interaction Energies of the Twin Systems and the 
Schmid Factor
The strength of TWIP steels can exceed 800 MPa, and 
their elongation can be as high as 70% (Frommeyer et al., 
2003); TWIP steels can also undergo structural changes 
via mechanical twins under external stress. Such behavior 
is attributable to the low stacking fault energy (SFE) of the 
austenite structure. The SFE varies according to composition 
and temperature of the material. Mechanical twinning 
occurs more easily with a smaller SFE (Hull & Bacon, 2001). 
However, the austenite structure is transformed into the 
∈-martensite structure when the SFE is too low; values in the 
range 16<SFE<25 mJ/m2 are known to give rise to a stable 
condition (Frommeyer et al., 2003; Idrissi et al., 2009). In 
general, TWIP steels contain 3 wt% Si, 3 wt% Al, and greater 
than 15 wt% of Mn, where Mn, as a stabilizing element for 
the austenite structure, also plays a role in lowering the SFE 
until the composition reaches to an optimum value. 
Interaction energy is frequently used to explain deformation 
phenomena in materials. Interaction energy is calculated as 
the sum of the product of the stress tensor (
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 and represents the energy required 
for the deformation when an external force is applied to the 
material. In this study, our objective was to determine the 
most easily produced twin system that could be generated in 
each grain through the calculation of all interaction energies 
for 12 twin systems under an applied stress (Lee et al., 2005). 
When uniaxial stress is applied to the crystal, the well-known 
Schmid factor value for each twin system is closely related to 
the interaction energy (Ahn et al., 2014).
In the present study, we confirmed that interaction energies 

and Schmid factors for each twin system result in the same 
trend under uniaxial stress. However, the interaction energy 
calculation can be applied for multi-axial loads, whereas 
Schmid factors are valid under uniaxial tension in a single 
crystal. 

MATERIALS AND METHODS

The TWIP steels used in this study contained 0.6 wt% of C, 
1.6 wt% of Al, and 18 wt% of Mn. The average grain size 
was 3.81 μm. The high-manganese TWIP steel specimens 
were austenitic at room temperature. Tensile test specimens 
25 mm in gauge length and 6.25 mm in diameter were 
machined from a bulk sample. Specimens were deformed 
into four tensile-strained states: 10% strained, 20% strained, 
30% strained, and fractured. Fig. 1 shows the stress–strain 
graphs of the specimens (red dots in the stress–strain curve 
indicate the specimen state). For TEM measurements, thin 
foils were collected from the center part of the deformed 
specimens within the gauge length and prepared in a twin-jet 
electrolytic polishing apparatus using a solution containing 
10% perchloric acid and 90% ethanol. The microstructures 
of the steel were observed by TEM 3000F (JEOL, Japan; 
operated at 300 kV). The tensile direction was marked in 
the specimen from the beginning of specimen preparation 
to track the tensile direction in an individual grain. Notably, 
the tensile direction in the specimen is the most critical 
parameter in the analysis. To determine the relation between 
the tensile direction and the twin system in each grain by 
TEM, the specimen was tilted to zone <110> and diffraction 
patterns (DPs) were obtained. The accurate tensile direction 
within each grain was obtained using rotation angles during 
TEM observations and through corresponding coordinate 
transformation matrices. 
The internal energy of the kth variant, Uk, in Table 1 is defined 
as

Table 1. The twelve mechanical twinning systems in austenite

No. Twin variant

1 (1	 1	 1)	[1	 1	 –2]

2 (1	 1	 1)	[1	 –2	 1]

3 (1	 1	 1)	[–2	 1	 1]

4 (1	 –1	 –1)	[1	 –1	 2]

5 (1	 –1	 –1)	[1	 2	 –1]

6 (1	 –1	 –1)	[–2	 –1	 –1]

7 (–1	 1	 –1)	[–1	 1	 2]

8 (–1	 1	 –1)	[–1	 –2	 –1]

9 (–1	 1	 –1)	[2	 1	 –1]

10 (–1	 –1	 1)	[–1	 –1	 –2]

11 (–1	 –1	 1)	[–1	 2	 1]

12 (–1	 –1	 1)	[2	 –1	 1]
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Fig. 1. Stress-strain curve of twinning-induced plasticity steel. 
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where σc is the stress tensor with considering reorientation of 
the austenite matrix by twinning and 
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 is the strain tensor 
due to twinning in the austenite crystal coordinate system. 
Strain tensor εk is given by
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face-centered cubic), respectively. 
Fig. 2A shows a DP from a grain of the 10% strained 
specimen and the coordinate-transformed tensile direction. 
The calculated internal energy of each 12-twin variant for the 
tensile direction is displayed in Fig. 2B, where the 12th variant 
of each red graph indicates the experimentally observed 
variant. All of the values are positive because the reverse 
twinning direction was considered in each variant. Also, the 
numbers on the red bar shown in the graph correspond to 
twin systems showing experimental results.

RESULTS AND DISCUSSION

We have determined the relation between the generated twin 
systems and the applied tensile directions in a total of 80 
grains from the four types of strained specimens. To clearly 
identify twin images, we collected both bright-field and 
dark-field TEM images. The index of the tensile direction 
obtained through the DP was determined by transforming 
the coordinate of the initial tensile direction by applying 
rotating angles of the TEM holder. One of the DPs from the 
10% strained specimen is shown in Fig. 2A, in which the 
twin direction and twin plane as well as the projected tensile 
direction are indicated. The interaction energies with the 
order of Table 1 are shown in Fig. 2B, and the experimentally 
determined variant is marked with the red color.
The results for all 80 cases are summarized in Fig. 3 by 
categorization into one of three cases: (a) exact agreement 
between the experiments and theoretical calculations; that 
is, the experimentally determined twin system has the lowest 
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Fig. 2. (A) Diffraction pattern of the 10% strained sample; the tensile 
direction, twin direction, and twin plane are indicated. (B) Graph 
representing the calculation results of internal energy with 12 twin 
variants.
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energy; (b) the difference between the lowest internal energy 
and the energy of the experimentally observed twin system 
is within a standard deviation (1-sigma) of the calculated 
energies; and (c) other cases. 
The numbers of grains with exact (a) or fair (b) agreement 
in the four strained samples are replotted in Fig. 4. Except for 
the case of fractured specimens, no distinctive characteristics 
are observed among the strained specimens. Overall, 
approximately 70% of the 80 observed grains show close 
consistency between the calculations and the experiments. 
The agreements between the experimental observations and 
theory in the 80 grains are indicated in the inverse pole figure 
map (Fig. 5). For the 10% and 20% strained specimens, the 
three types (a, b, and c) of grains are uniformly distributed. 
In the 30% strained and fractured specimens, however, grains 
with good agreements are concentrated near the [001]–[111] 
direction. This observation indicates that grains likely rotated 
toward the [001]–[111] line when the external tension was 
applied. Fig. 6 shows the overall structure of the specimen 
with no strain (pristine) and the specimen with 30% strain, 
as determined using electron backscatter diffraction (EBSD); 
these results clearly reveal that the number of grains with the 
[111] direction increased when the specimens were pulled 

in the rolling direction, in contrast to the cases of 10% and 
20% strained specimens. Notably, the generation of twins in 
materials or the rotation of the crystals has been reported to 
sometimes be suppressed depending on grain size (Godet 
et al., 2006; Hong et al., 2009; Scheriau & Pippan, 2008; Ueji 
et al., 2008; Yang et al., 2006). Although the mean grain size 
of the specimens used in the present experiment was 3.814 
μm, such effects could potentially occur because the sizes of 
individual grains were very different. Additionally, unexpected 
errors may exist because of interactions with surrounding 
grains (Barbier et al., 2009; Han et al., 2004; Karaman et al., 
2000; Pérez-Prado & Doncel, 2006; Vercammen et al., 2004).

CONCLUSIONS

In the present study, twin systems generated under various 
tensile stress strengths and directions were characterized 
using TEM and the results were compared with calculated 
interacting energies in austenite-structured, polycrystalline 
TWIP steels. Experiments were conducted for 80 different 
grains from four strain cases of 10%, 20%, 30%, and up to 
fracture to reflect real application conditions. Among the 80 
observed grains, 72% (58 grains out of 80 grains) exhibited 
perfect or fair agreement between experimental results and 
calculation results. Grains with good agreements between 
calculation results and experimental results were concentrated 
near the [111] direction in the 30% strained and fractured 
specimens. These results are consistent with our observation 
that the tension axis approached the [001]−[111] direction 
when the material was subjected to tension. EBSD results also 
showed that an increase in crystal direction toward the [111] 
direction under the progression of tension, consistent with 
the aforementioned observations. 
In the present study, we demonstrated the feasibility of 
prediction deformation through calculation of interaction 
energies for the mechanical twins and the tendency of 
deformed grains moving toward specific directions. 
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