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Abstract—   This document reviews the recent 
development of one of advanced steels very used 
in the automotive industry; Steels with Twinning   
induced by plasticity named, TWIP steels. Its 
composition consists of: high manganese (Mn) 
and low carbon (C) and, some cases alloyed with 
small amounts of Si, Al or Nb, which makes them 
austenitic steels at room temperature. When 
subjected to high rates of deformation they can 
achieve a combination of high mechanical 
strength and elongation and can reach values 
even greater than 1 GPa and large elongations up 
to more than 60%, which make them attractive for 
use in the manufacture Auto body parts in the 
automotive industry. The review is divided into 
two parts. First they are studied the twinning 
mechanisms of these steels, analyzing the various 
influencing factors, emphasizing the stacking fault 
energy (SFE) and its effect on the deformation 
hardening mechanism, as well as the phases that 
occur due to the variation of the strain rate, 
showing results at optical and electron 
microscopy level. Then its tensile mechanical 
properties are presented and explained, based on 
metallurgical analysis, and the influence of the 
other factors involved are analyzed. In summary: 
From all the literature reviewed, it is concluded 
the twinning and dislocation mechanisms are 
decisive and explain why an increase in 
mechanical strength is accompanied by an 
increase at deformation.  
 
    Keywords— Austenite; Twin; Microstructure; 
high manganese steels; Stacking Fault. 
 
 

I. INTRODUCTION 

In the last decades, Investigations were directed at 
the automotive industry in order to obtain much lighter 
car bodies to reduce fuel consumption costs. Thus 
appeared light steels with the combined effect of high 
mechanical strenght and high ductility known as AHSS 
advanced steels with various combined effects of 
strength and ductility. One of the latest versions of 
these is: the twinning-induced transformation steels, 
called TWIP steels. Nowadays, more and more 
attention is paid to research related to the design of its 
composition, the improvement of the properties and 
the deformation mechanism [1], [2], [3], [4]. 

TWIP steels are austenitic manganese steels at 
room temperature, highly ductile and high-strength, 
which have the property that when deformed they 
generate strain-hardening twins, which prevent the 
movement of dislocations and nucleate and increase 
as the rate of deformation increases [5], [6], [7].  

The chemical composition of these steels is 
basically made up of Mn and C, in the range: (15% - 
30%) Mn and (0.5%-1%)C. Mn is a strong austenite 
phase former; with a content of 22% to 35%, the 
material has a stabilized austenitic phase. The Al Si or 
Nb microalloys help to obtain greater mechanical 
strenght and a high uniform elongation; a phenomenon 
that is associated with twinning. Si and Al are elements 
that help to achieve a totally stable austenitic 
microstructure.  

the plastic deformation occurs through twinning, 
which is said to improve elongation. Continuous twin 
boundary formation can impede dislocation 
movements to improve strength [8]. The twins, 
decrease the grain size and hinders the dislocation 
movement during deformation, improve the strength of 
TWIP steel [9], [10], [11], [12].  In addition, these 
twins, on the one hand, cause a high degree of strain 
hardening, preventing the movement of dislocations 
within the grain, but on the other hand, since the 
austenitic grain is ductile, the sliding mechanisms 
improve the ductility of TWIP steel [13]. 

TWIP steels have a great elongation capacity that 
can reach up to 50% for a mechanical resistance of 
1000 MPa or even 35% for 1400 MPa. It is the first 
time that a steel offers such extreme properties. This 
material is specially adapted to lighten automotive 
structure parts and thus contribute to the reduction of 
greenhouse gases. 

Contemporary TWIP steels exhibit high ultimate 
tensile stresses along with exceptionally large tensile 
elongations (60%) over a wide range of strain rates 
(10-3-103s-1). The importance of TWIP steels as 
innovative structural materials cannot be 
underestimated, as the TWIP steel concept has also 
opened up the possibility of creating new steel grades 
with a wide range of properties. These developments 
have already been addressed in the literature [14], 
[15], [16], [17]. 

         In conventional TWIP steels, the carbon 
content is normally kept below 0.3%C, to avoid carbide 
precipitation. Moreover, Mn reduces the precipitation 
temperature of cementite. [18]. Recent experiments 
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have shown that the tensile strength and elongation of 
TWIP steels could reach up to 1200 MPa and 90% 
elongation respectively [19], [20].  

    Even though these steels have remarkable 
mechanical properties due to the high rate of strain 
hardening. However, the yield stresses (YS) at TWIP 
steels with different grades  
 
are less than 400 MPa [21], [22], [23] [24] [25], [26]. 
This limits the immediate application of TWIP steels in 
the automotive industry. Various studies have tried to 
improve the YS. Methods include reducing grain size 
to a few microns [27], [28]; the precipitation of 
carbides of V, Ti, Nb [29], partial recrystallization [30]; 
and so on. It is a great challenge to improve the YS 
without compromising ductility. 
     The present study aims to carry out a review study 
based on specialized literature, to determine which 
are the mechanisms of the twinning process, that 
allow TWIP steels simultaneously present high 
mechanical resistance and high elongation. 

 

II. PRELIMINARY   REVIEW 

 

2.1. Twinning process.  

The study of dislocations and substructures of the 
twins is key to obtain a better understanding of the 
mechanisms of strain hardening and, therefore, of the 
mechanical properties. 

 Twinning is a movement of planes of atoms in the 
lattice, parallel to a specific twinning plane, so that the 
lattice is divided into two differently oriented 
symmetrical parts. The amount of movement of each 
plane of atoms in the twinned region is proportional to 
its distance from the twinning plane, so that a mirror 
image is formed across the twinning plane, as shown 
in the following figures 1 y 2 

. 

 

    Fig.1.  Diagram of a twinning plane and twinning direction 
in a body centered cubic lattice b.c.c. 
 

    Among the three most common crystalline 
structures in metals bcc, fcc and hcp, the compact 
hexagonal structure hcp is the most prone to forming 
deformation twins when the material is deformed due 
to its small number of sliding systems. 

 

 

Fig. 2. Schematic diagram of twinning in a lattice b.c.c. 

 

    In Fig.1, a centered-body cubic lattice bcc, is 
observed. Twinning plane (111) intersects plane (110) 
along line AB', which is the twinning direction. Figure 2 
shows the twinning mechanism. The plane of the 
paper is (110) and many unit cells are taken together. 
Each plane (111) in the twinning region moves 
tangentially to direction [112]. The first, CD, moves a 
third of an interatomic distance; the second, EF, 
moves two-thirds of an interatomic distance; and the 
third, GH, moves a whole space.  

     The twinning mechanism of Fig. 2 can be better 
understood with the following explanation. If a line is 
drawn from atom A' perpendicular to the twinning 
plane AB, there will be another C' atom, exactly the 
same distance from the twinned plane, on the other 
side. The same is true for all atoms in the twinned 
region, so that you actually have a mirror image in the 
twinned region that reflects the non-twinned portion of 
the crystal. As the atoms end up in interatomic 
spaces, the orientation of the atoms has been 
changed by the distance between them. The plane 
and direction of twinning are not necessarily the same 
as that of the sliding process. In b.c.c metals, the 
twinning plane is (111) and the twinning direction is 
[112] 
 
2.2. Twin formation. 

    Twins can be generated by atomic displacements 
produced by strain (mechanical twins) and also during 
post-strain annealing heat treatments (annealing 
twins). 

    Twins are formed as a result of shear stress applied 
in a direction parallel to the twinning plane and 
remaining in the twinning direction. The component of 
axial stress, normal to the twinning plane, is not 
important in the formation of the twin. Contrary to 
sliding, the shear stress required to be able to form a 
twin is not invariant with respect to the twinning plane, 
but different values may be required over a fairly wide 
range.  
      The twins are formed only in metals that have 
undergone previous deformation by sliding, and the 
necessary condition for the nucleation of twins is 
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justified: preventing the sliding process, forming 
barriers that prevent the movement of dislocations in 
certain restricted areas. 
     Twin growth is primarily a function of the stress 
required for their nucleation, it works in the following 
ways: a) If twins are nucleated at very low stresses, 
the stress required for their growth will be of the same 
order of magnitude as the nucleation stress, b) If twins 
are formed under conditions that result in very high 
stress levels prior to nucleation, the growth stress can 

be much less than nucleation. When this happens, the 
twins grow very quickly, as soon as they are 
nucleated. 
     The twins behave like grain joints gradually 
reducing the effective sliding distance of the 
dislocations, which results in a dynamic Hall-Petch 
effect as can be observed in Fig. 3, Twin joints result 
in a very high hardenability and extraordinary energy 
absorption in case of impact [31]. 
 

 

 

Fig. 3. Dynamic Hall-Petch effect due to the twin joints present in TWIP steels.  
 

 

    
 

    Fig. 4.  TEM micrograph of TWIP steel with Fe-18% Mn-0.6% C. highly deformed. Small white 
arrows indicate a twin thickness less than 50 nm. The large arrows indicate stacking faults in the matrix. 

 

    In Fig. 4 we have a TEM micrograph of TWIP steel 
with Fe-18% Mn-0.6% C highly deformed, where it is 
possible to observe a twins thickness ~ 50 nm and the 
stacking faults between twins [38]. 
 
2.3. Stacking Fault Energy (SFE) 
 

A stacking fault is a disruption of the normal stacking 
sequence of atomic planes in a compact crystal 
structure. These interrupts carry a certain so-called 
stacking fault energy (SFE). This energy plays a key 
role in the deformation mechanisms of austenitic 
steels; deformation mechanisms induced by 
transformation or twinning such as that produced in 
TWIP steels. Therefore, a brief summary will be 
dedicated to indicate how the parameters that 
determine the SFE and their relationship with 
mechanical twinning influence. 
     A stacking fault is formed by the dissociation of a 
perfect dislocation into two Shockley partials. SFE is 
determined by the distance between partial 

dislocations: a low SFE corresponds to a high 
distance between partial dislocations [32]. The width 
of the stacking fault is a consequence of the balance 
between the repulsive force between two partial 
dislocations on the one hand and the attractive force 
due to the surface tension of the stacking fault on the 
other hand. Therefore, the equilibrium width is partially 
determined by the stacking failure energy. When the 
SFE is high, dissociation of a complete dislocation into 
two partials occurs, which is energetically unfavorable 
and the material can be deformed by dislocation slip 
or cross slip. Lower SFE materials exhibit wider 
stacking faults and have a more difficult cross-sliding. 
The SFE modifies the ability of a dislocation in a 
crystal to slide on an intersecting sliding plane. When 
the SFE is low, the mobility of dislocations in a 
material decreases [33]. 
     High SFE materials deform by sliding from 
complete dislocations. Because there are no stacking 
failures, screw dislocations can slip. It was found that 
cross-slip occurs under low stress for high SFE 
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materials like aluminum. This gives the metal 
additional ductility because with cross sliding it only 
needs three other active sliding systems to undergo 
high stress. [34], [35]. This is true even when the 
lattice is not ideally oriented. Therefore, high SFE 
materials do not need to change orientation to 
accommodate large deformations due to cross slip. 
Some reorientation and texture development will 
occur as the grains move during deformation. 
Extensive transverse sliding due to large deformation 
also causes some grain rotation [36]. However, this 
reorientation of grains in materials with high SFE 
content is much less frequent than in materials with 
low SFE content. 
     The governing parameters of the microstructure of 
TWIP steels are: fault energy relatively low (SFE ≤ 20 
mJ/m

2
) which favors the transformation:  

       γ(fcc (austenite)→ɛ(hcp martensite)            (1) 

However, for SFE of 25mJ/m2 (˃20 mJ /m2) be 
causes a mechanical twinning in a stable solid 
solution of γfcc [76], [77].   

 

        After analyzing the effect of alloying agents and 
other factors that affect the deformation of TWIP 
steels; came to the following conclusion: The 
fundamental principle of the microstructural design of 
TWIP steels is as follows: The alloying elements must 
provide SFE values ranging between 20 and 40 
mJ/m

2 
[37]. However, studies on the deformation 

mechanism in TWIP steels have not yet answered two 
basic questions: (1) Why does the martensitic 
transformation for a given TWIP steel gradually 
replace the deformation twinning with a decreasing 
deformation temperature? (2) Why do TWIP steels 
with different composition exhibit different deformation 
behaviors, such as the TRIP effect and / or dislocation 
slip, which in turn change the microstructure at a 
given temperature? 

2.4. Twinning Hardening Mechanisms 

 

Twinning is a hardening process that is always 
associated with sliding, therefore it cannot be 
considered independently. This means that it must be 
considered as a secondary mechanism to sliding, and 
the hardening that it achieves must be the 
consequence of multiplying the actions of the sliding 
hardening. In this sense, it is justified that twins 
increase hardening for the following reasons: a) They 
divide the grains size into three parts, with the 
incidence that have the grain size. b) It blocks the 
dislocations that were acting on the single crystal at 
that time with the consequent inhibition of sliding. c) It 
hinders the movement of grain edges due to the 
compression resistance imposed by the twin when the 
grain tends to stretch. Consequently, twinning is a 
hardening mechanism that enhances the inhibition of 
plastic flow by sliding, by partitioning the grain and 
blocking the edges. 

 

III. TWINNING PROCESS IN TWIP STEELS 

3.1 Mechanical twins and annealing twins. 

    Twins can be generated by atomic displacements 
produced by strain (mechanical twins) and also during 
post-strain annealing heat treatments (annealing 
twins). 
    Plastic deformation occurs on a sample of TWIP 
steel, performing an analysis of the microstructure 
represented in Fig. 5, where twins are observed. The 
twins are identified within the microstructure as narrow 
sub-grains with quite rectilinear and parallel edges 
that divide the initial single crystal, presenting the 
following characteristics: 
a) The twin has the same composition and structure of 
the grain in which it is immersed, b) The twinning 
speed is very high, c) It usually happens when the 
specimen has suffered certain levels of glide, 
d) Each twin that is formed forces higher elevations of 
the applied stress in order to increase the 
deformation. 
     Twinning is a mechanism, complementary to 
sliding, by which the alloy is hardened in the same 
way as it happened with sliding. 
    In a TWIP steel there is no phase transformation 
during cooling or deformation, but the orientation of 
part of the austenite will change due to mechanical 
twinning. This different behavior of austenite is 
attributed to its stacking fault energy SFE [40]. Like all 
defects, a stacking fault causes a change in the 
structure. 
 

 

     Fig. 5. Optical micrographs of typical TWIP steel (a) 
no strain, (b) 18% strain, (c) 26% strain, (d) 34% 
strain. The red arrows indicate twins.  
 
    As the strain increases, the density of strain twin 
increases [39]. As the SFE decreases, the faults 
become wider and the transverse sliding more difficult, 
so that mechanical twinning is becoming the preferred 
deformation mode [41]. 
     The energy required for the production of twins is 
denoted as: γSFE (J./m

2
) changes with the alloy 
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composition and the strain temperature. Its magnitude 
controls the ease of cross-sliding of the dislocations 
and therefore different mechanisms can be activated 
at different energy stages, called stacking fault energy 
(SFE). 
 

 

3.2. Stacking fault energy (SFE) in TWIP steels 

The defining characteristic of TWIP steels is the 
small magnitude of the intrinsic SFE. In addition to 
limiting the rate of dynamic recovery, the low stack 
fault energy of TWIP steels results in the formation of 
isolated stack fault and deformation twins, reducing the 
mean free path of dislocations. Both effects lead to an 
increase in the strain hardening rate [42]. 

     The main objective of SFE studies for TWIP 
steels is to determine the range of SFE values in which 
austenite is susceptible to extensive mechanical 
twinning. Frommeyer et all, [71], demonstrated that for 
SFE values ≤16 mJ / m

2
, the hexagonal ɛ-martensite is 

formed, while for SFE values greater than 25 mJ / m
2
 a 

completely austenitic structure is retained after plastic 
stress intense and the appearance of the twinning after 
a little effort. Allain et al., [72] found that mechanical 
twinning becomes the dominant deformation 
mechanism in the SFE range: 12-35 mJ/m

2
. At higher 

SFE values, no mechanical twinning occurs. Strain 
induced ɛ-martensite appears with lower SFE, while in 
the SFE range: 12-18 mJ/m

2
, mechanical twinning and 

martensitic transformation occur sequentially. Strain 
twinning promotes ɛ-martensite formation. The 
thickness of ɛ- martensite plates and the deformation 
twins are almost equal and can vary from 20 to 40 nm.  

     Due to the difficulty of measurement, there are 
no experimental SFE values for most TWIP alloy 
systems, but there are a considerable number of 
theoretical calculations [73], [74], [75]. The critical 
region of stacking defects to achieve twinning-induced 
plasticity is still uncertain. 

 

3.3. Deformation micro-twins in TWIP steels 

A very important characteristic of TWIP steels is 
their deformation mode; As previously mentioned, in 
addition to the classic dislocation sliding mechanism, 
these steels are also deformed by the twinning 
mechanism, but the twins can be micrometric visible 
with optical microscopy or nanometric visible with 
transmission electron microscopy, as shown in Fig. 6, 
where the boundaries of the twin behave as obstacles 
to the movement of the dislocations, in a similar way to 
the grain boundaries [43]. The more it deforms, the 
density of the twin boundary increases. The 
instantaneous hardening coefficient n is kept at a high 
level (n> 0.45) and the structure is finer and 
consequently the neck formation of the specimen from 
a tensile test is relegated to a greater amount of 
deformation. 

     The interaction between dislocations, grain 
boundaries, stack fault, and strain twins results in 
sustained high strain hardening during the deformation 

process. However, the defining characteristic of TWIP 
steels is the small magnitude of the intrinsic stacking 
energy; since in addition to limiting the dynamic 
recovery rate, the low stack fault energy of TWIP 
steels results in the formation of isolated stacking fault 
and strain twins, which reduces the mean free path of 
dislocations. Both effects lead to an increase in the 
strain hardening rate [44]. 

    

      Fig.6. Micrograph (TEM) of a TWIP steel sample 
deformed at room temperature. Micro twins appear dark 
and two twinning systems (short dashed lines)  

 

IV. PHASES AND MICROSTRUCTURES 

 

Manganese is the main alloying element of TWIP 
steels that provides a generation of austenitic structure 
[45]. But any Mn content does not generate the 
austenitic structure that TWIP steels need.  With a low 
and medium content of Manganese, of (5% - 10%), 
two types of microstructure appear (ferrite and 
austenite). As the manganese content increases up to 
22%, the material consists of two type microstructures: 
austenite and martensite. For higher Mn contents (30-
35% Mn) the structure becomes totally austenitic [46]. 
A manganese content greater than 20%wt favors the 
formation of a compact hexagonal ε- martensite phase 
(hcp), while an intermediate of manganese content 
15% wt promotes the formation of both variants of 
hexagonal ɛ- martensite. and α´cubic martensite.  

    Fig. 7 shows the microstructure difference in high 
Manganese and medium Mn TWIP steels [47]. In both 
cases, its high ductility is achieved by activating the 
mechanical twinning mechanism that improves 
plasticity (TWIP effect) during deformation. Medium 
Mn steel has an ultra-fine grain ~  500 nm, and 
austenitic-ferritic microstructure. Its ductility is 
controlled by the activation of the deformation-induced 
transformation mechanism that increases plasticity 
(TRIP effect) or a combination of the TWIP and TRIP 
effect that occurs in succession.  

  Fig. 8 shows the microstructure of a sample 
annealed at 650 °C of the TWIP Fe-20Mn-0.045C-3Si-
3Al steel is presented at an optical level [78]. It is 
observed that the matrix presents mixed grains and 
many annealing twins. A greater number of twins can 
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be obtained with a lower annealing temperature as 
long as the time is not adequate for recovery. The 
microstructure shows equiaxed grains with numerous 
annealing twins in an austenite matrix. Diffraction 
analyzes indicate that most of the grains are austenitic 
in phase. The results suggest that the average grain 
size is ~ 8 μm, and the fraction of grain boundaries 
with a disorientation angle > 15°.  

 

 

Fig. 7. Comparison of the high and medium Mn 
TWIP steel microstructure. High Mn steel is fully 
austenitic and medium Mn steel has an ultrafine grain 
austenitic-ferritic structure. 

 

 

Fig. 8. Morphology obtained from the annealed 
20%Mn, 3%Si, 3%Al, 0.045%C steel sample before 
being deformed.   

 

Fig. 9. (TEM), shows that the number of twins/ ɛ-
martensite laths, in the samples at a strain level of 
18% (910 MPa). [78]. The laths of the cubic martensite 
α´ can be observed at the intersections of the twin and 
/ or hexagonal ɛ-martensite bundles. Twin thicknesses 
are observed at nanometric scales.   

 

Fig. 9.  TEM image of the annealed 20Mn–3Si–3Al–
0.045C steel at the strain of 18%. The microstructure 
shows twins, ɛ-martensite, and α´-martensite.  

 

Figure 10 shows at optical level the effect of 
manganese content on the microstructure can be 
observed, where the density of twins formed highlights 
according to the percentage of applied deformation 
[49].  

 

               
 
    Fig. 10. TWIP steel Microstructures at different 
manganese contents: (a) 22%, (b) 24%, (c) 26%. High twin 
densities are observed according to the high manganese 
content. 
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4.1. Effect of the Deformation Rate on the 
Microstructure of TWIP steels. 

  In TWIP steel, deformation occurs by dislocation 
and twinning movement which in turn depends on the 
rate of deformation. The TWIP effect is believed to be 
mainly due to a dynamic Hall-Petch effect. 

Table 1 shows the phases that form before and 
after subjecting the samples of the various TWIP 
steels to a uniaxial stress strain test at room 
temperature [50]. 

 

  Table 1. Chemical analyses and the constituent phases before and after tensile testing 
at 10

-4
 s

-1
 at room temperature.  

 

 

    Fig. 11. TEM images of the at room temperature deformed sample (ε=10%); (a) bright field image   
(b) dark field image (Fe-25%Mn-3%Si-3%Al). The image is the steel indicated with the red arrow. 

 

Table 1 shows the phase constitution before and 
after a stress test at room temperature of high and 
medium Mn TWIPS steels. To achieve the austenite 
phase stable at room temperature, which is 
characteristic of TWIP steels, while maintaining a 
manganese content of less than 27% by weight; it 
becomes necessary to suppress the formation; both of 
the cubic martensite α´ and of the martensite “ε”. This 
is achieved by adding carbon to the alloy. A carbon 
addition of 0.6% by weight is sufficient to obtain a 
uniform carbide-free austenite microstructure, avoiding 
the formation of martensite [48]. An alternative 
approach to acquiring a stable fully austenitic 
microstructure is to use higher manganese contents, 
avoiding the additions of carbon. In this case, silicon 
and aluminum are added instead of carbon as can be 
seen in Fig. 11. [50]     

    Since strain twinning is a phenomenon that comes 
from a dislocation mechanism, the difference in twin 
morphology and volume fraction at different strain 
rates may be due to a process based on dislocation. At 
high rates of deformation, dislocations will have less 
time to wait on obstacles to gain enough heat energy 
to overcome an obstruction. 

      

    The tension required to generate twins, known as 
"twinning stress", can be considered to be a 
combination of two separate aspects. First, a strain is 
required for twin nucleation followed by an additional 
strain for twin growth, which together define the 
twinning stress. However, to determine the stress 
required to nuclear a twin experimentally, it is 
extremely difficult [79]. Consequently, it is generally 
considered that the cores for twins already exist within 
the material, due to stacking faults, and that the 
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twinning stress that is experimentally determined is 
actually the stress required for the growth of the twins. 
This means that the nucleation or growth of the twin 
occurs when the external shear stress through the K1 
plane resolved in direction 1, reaches a critical value, 
similar to “Schmid's law” for sliding.  

          Fig. 12 shows the microstructure of TWIP steel: 
cold rolled Fe-22Mn-0.6C with a 50% reduction and 
then annealed at 500 °C for 3600 s. The 
microstructure shows a high density of deformation 
twins. The results of the uniaxial tensile tests can be 
seen in Figure 13, which shows that the tensile 
behavior is quite isotropic after annealing, and that the 
yield strength has decreased from the total hardness 
value of 1600 MPa to 1200 Mpa [14]. Uniform 
elongation increases from 2% to more than 8% due to 
increased work hardenability. Therefore, a recovery 
and recrystallization treatment at a temperature below 
625 ° C could provide an interesting combination 
between YS and work hardening. 

 

   

    Fig. 12   SEM image of microstructure in TWIP steel (Fe–

22Mn–0.6C) after 50% cold reduction and a recovery 

treatment at 500 °C for 1 h.   

 

 

     Fig. 13. Tensile behaviour of Fe–22%Mn–0.6%C after 
50% cold reduction and a recovery treatment at 500 °C for 1 
h; RD: rolling direction, TD: transverse direction.  

 

 Figure. 14 shows at optical level, the effect of 
strain rate on the microstructure of the Fe-15Mn-2Al-
2Si-0.7C, TWIP Steel.    The microstructure shows the 
presence of shear bands with a 45° inclination. The 
presence of bands increases with the higher 
deformation rates, which shows that these shear 
mechanisms at high rates of deformation are as 
important as sliding and twinning. The origin of these 
bands generally appear where there is a high density 
of dislocations. All the microstructures presented in 
this figure demonstrate that a strain twinning occurs 
within the material for all strain rates tested [51]. 

     Fig.15. shows TEM micrographs revealed that high 
density deformation twin forms during the deformation 
for different strain rate. The microstructure shows that   
width of deformation twin lath decreases as the strain 
rate increases. [52].  In Fig. 15 (a) shows Twip steel in 
the annealed state, not deformed with 1000 nm (1 µm) 
as indicated by the scale in the figure; These Twins 
are the so-called thick annealing twins. In Figs. (b, c, 
d) shows the presence of deformation twins whose 
thickness is at nanometric scale, which decrease as 
the deformation rate increases. The deformation twins 
of Fig. 15 (b) has thicknesses ~ 80 nm, and then 
follows the observed in Fig 15 (c), which is the most 
observable, with a thickness of 50 nm. Finally, in Fig. 
15 (d) the deformation twins appear in the form of fine 
little measurable traces in the figure. 
 
IV.2. Complements on deformation twins 

The sliding that stress produces along planes 
between rows of atoms within the crystal structure can 
deform them plastically. This can take the form of a 
slip. The twins thus formed were called "sliding twins" 
or "deformation twins". A non-twinned crystal exists in 
a lower energy state. Higher energy is expected if the 
material is subjected to double sliding. The energy is 
provided as part of the work of distorting the crystal. In 
contrast, crystals that develop twins during growth in 
some cases achieve a lower energy state. However, 
the sliding twins were previously at a minimum 

The high energy of the twins is confined near the 
limit of the twins. This energy is a surface or interfacial 
energy. The joints between sliding twins are flat due to 
the different sliding progression. However, these 
sliding twins can bend if the crystal lattice is twisted. 

When a crystal is generated by twin slip, it does so 
in an unusual way and the process usually shows 
different results from its manifestation. If a stress that 
has a shear component in the sliding plane is exerted 
on the glass and is strong enough to overcome the 
barriers, all parallel planes of the glass are subject to 
stress, but sliding does not occur at all planes 
simultaneously. 

A cristal plastically generated by sliding is 
characterized by numerous parallel lamellae called 
bands of parallel twins. This repetitive twinning is 
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essentially a polysynthetic twinning. Lamellar 
distribution can be regular or irregular depending on 
the diffusion and under special conditions. The widths 
of the bands depend on the extent of the deformation 
and distribution of these special conditions that cannot 
be predicted. 

Twinning significantly changes the deformation 
behavior of the parent grain. The twin creation divides 

the grain into two domains. The first domain tends to 
deform elastically under greater deformation, while the 
other undergoes a plastic deformation by prismatic 
sliding. This behavior has been observed in compact 
structures fcc and hcp not only in TWIP steels but also 
in other metals. 

 

    

 

       Fig. 14.  Optical micrographs showing the effect of strain rate on the microstructure of the. 

(Fe-15Mn-2Al-2Si-0.7C,) TWIP steel, in a tensile test up to failure. (a) 0.003s-1, (b) 0,1s-1, (c) 

233s-1, (d) 1473s-1, (e) 1600s-1, (f) 1934s-1 

 

 

     Fig. 15. TEM micrographs of Fe-23%Mn-2%Al-0.2%C steel at different strain rates: (a) un-
deformed; (b) ε˙=2.97×10−4s−1; (c) ˙ ε=2.97×10−3 s−1; (d) ˙ ε=2.97×10−2 s−1 
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V. MECHANICAL PROPERTIES OF TWIP STEELS 

    Due to the effect of plasticity induced by twinning, 
these steels achieve excellent mechanical properties, 
where high strength and ductility are required. TWIP 
steels have higher tensile strength and elongation 
values than other steels used in the automotive 
industry, as can be seen in Fig. 17 where its 
advantage is observed. The mechanical properties of 
typical TWIP steels are reviewed in Fig. 16. 

 

 

    Fig. 16. Typical mechanical properties in medium 
and high Mn TWIP steels [54]. 

 

 

         Fig. 17. Stress-strain graphs for a steel TWIP X-
IP 1000 and various AHSS steels AHSS [53]. 
 

5.1.  Yield Stress of TWIP Steels 

There are commercial TWIP steels with a tensile 
strength greater than 1000 MPa and with an 
elongation greater than 50%, which presents the best 
combination of resistance-ductility compared to a wide 
range of steels for automotive applications; but a 
limiting factor when implementing TWIP steels in the 
automotive industry is their relatively low yield stress 
YS; For example, for a Fe-22%Mn-0.6%C industrial 

TWIP steel the maximum yield strength is 450-500 
MPa [55], while a reasonable value for automobile 
components is 600-700 MPa. Various ways or 
strategies have been found to increase the elastic limit 
which we will briefly describe below. 

5.2. Effect of Grain Size on Mechanical Properties 

 One of the classic strategies to increase the yield 
stress YS is the refinement of the microstructure of the 
steel [56]. According to the data obtained by Bouaziz 
et al. [57], to achieve yield strength values of 600-700 
MPa the grain size has to be less than ~ 1μm for a 
TWIP Fe-22Mn-0.6C steel. Unfortunately, the 
limitations of the conventional cold rolling industrial 
process plus subsequent annealing steps limit the 
size, achieving grain size values slightly above this 
ideal size.In many publications, it has been shown that 
the yield strength, YS, of polycrystalline TWIP steels 
follows the Hall-Petch relationship: 

                

    Here, the parameter   includes the lattice 
frictional stress, the contribution of alloying elements 
to solid solution hardening, and the contribution to 

strain hardening of the initial dislocation density, KYS
HP 

 
 

it is a material parameter and “d” is the average grain 
size .     Fig. 18 compiles some data showing that 
TWIP steels obey the Hall-Petch relationship and 
Table 2 shows the parameters for high Mn TWIP 
steels and their respective references. 
  

 

     Fig. 18. Verification of the Hall-Petch relation for 
various TWIP steels (Fe-22%Mn-0.6% C), Fe-17%Mn 
0.45%C, Fe-25%Mn-3%Si-3%Al-0.02%C, Fe-17%Mn-
0.6%C [58], [59], [60], [61]. 

       (2) 
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Table 2. Parameters of Hall Petch Relation for TWIP Steels 
 

Alloy 𝝈𝒚𝒔   
𝟎 MPa 𝐊𝐲𝐬

𝐇𝐏 MPaμm
1/2

 Reference 

Fe-31%Mn-3%Al-3%Si 53 764 [65] 

Fe-22%Mn-0.6%C 137 449 [66] 

Fe-22%Mn-0.6C 170 428 [58] 

Fe-22%Mn-0.6C 157 357 [67] 

Fe-22% Mn-0.5%C-%0.08N 219 478 [44] 

Fe-20%Mn—0.6%C 158 485 [68] 

Fe-17%Mn—1,5Al-1%Si 208 445 [59] 

Fe-15%Mn-0.7%C- 2%Al-2%Si 305 330 [69] 

5.3. Pre-deformation by Rolling  

    Rolling pre-deformation is an interesting strategy for 
hardening TWIP steels, as it can increase the yield 
strength significantly. For example, for an Fe-22Mn-
0.6C-0.2V steel it has been found that after a reduction 
of 10%, the yield stress YS increases up to 1000 MPa 
with elongation values of 25% 

5.4 Recovery or partial recrystallization of pre-deformed 
parts 

    The pre-deformation of the microstructure, leads to 
a reduction in ductility. This property could be 
improved with a restorative or even partial 
recrystallization treatment after the pre-deformation. It 
has been observed that for an Fe-22Mn-0.6C steel, an 
annealing treatment at a temperature below 625ºC 
results in an interesting combination of yield strength 
and precipitation hardening. Chateau y col. [62] 
assumed an increase of 140 MPa in yield stress YS for 
an Fe-22Mn-0.6C steel due to the precipitation of V 
carbides. Also, Ding et al, [63] studied the effect of Nb in 

TWIP Fe- (20-22) Mn-3Al-3Si steels and concluded that 
the addition of Nb increases the yield stress of these 
steels. Similarly, Zamani et al, [64] reported an 
increase in yield stress for cold rolled and annealed 
Fe-31Mn-4Si-2Al steel due to the addition of Nb and 
Ti. 

     The Hall-Petch diagram, can be affected by 
alloying additions, as demonstrated in Figure 19 for 
the case of alloying TWIP steels with Ti, V.  It also 
depends on the pre-strain at which the measurements 
are taken for a particular material 
 
5.5. Effect of microalloying elements 
 
    In TWIP steels, the most widely used microalloying 
elements are Nb and V. An increase of 200 MPa in 
yield stress YS has been estimated for a TWIP steel 
Fe – 21.6Mn – 0.63C – 0.87V due to precipitation 
hardening of micro alloys. 

 

 

          Fig. 19. Influence of micro-alloying additions of (a) V and (b) Ti on the Hall-Petch 
diagram for TWIP steel [58],[59]. 
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    Fig. 20. Comparison of the stress-strain curves of TWIP steels with different Mn and Al compositions, 
keeping a constant carbon weight percentage (0.6% wt) [70] 

 

5.6. Effect of Mn and Al content on Mechanical 
Properties 

    All the effects are seen in the graphs in Fig. 20. 
Thus, in Fig. 20 (a) compares engineering stress-strain 
curves for Fe-18Mn-0.6C steels with an Al content of 
1.5% - 3% by weight. All curves show a yield plateau 
of 500 MPa. The addition of Al results in a decrease in 
maximum tensile strength (UTS) and overall 
elongation. This is a clear indication that Al decreases 
the work hardening rate because it increases the 
stacking failure energy SFE. In Figure 20b) the Mn 
decreases to 15% and the other alloys are almost the 
same. The curves are very similar. If all the figures are 
observed together, it is concluded for these cases; that 
the addition of Al clearly lowers the UTS and greatly 
increases the total elongation. The effect of Mn on 
UTS is not pronounced for both Al-free TWIP steels 
and Al-added steels. The Mn content results in a clear 
increase in the total elongation of steels without Al and 
with Al added. 

      In table 3, the mechanical properties of some 
TWIP steels with different Mn and Al contents can be 
observed. It can be seen that FeMn0.6C steel has YS 
= 484.3 MPa and UTS = 1105.6 MPa; while 
Fe12Mn0.6C2Al steel has YS = 4776 MPa; UTS = 
9146 MPa, the great hardening effect of aluminum is 
noted at the cost of a drop in ductility from 60.4% to 
40.7%  

 

respectively. This drop in ductility may be due to the 
decrease in Mn content, which directly influences on 
twinning. 

Table 3. Mechanical properties of the some TWIP 
steels with various Mn and Al content and SFE values 
[70] 

 

   

5.7. Effect of strain rate on the mechanical behavior 
of TWIP steels 

     Depending on the alloy system, the mechanical 
response of TWIP steel differs in strength and 
elongation and the deformation mechanism varies 
according to different ranges of strain rate. Wu et al, 
[80] studied the microstructure and mechanical 
properties of high Mn and low carbon TWIP steel: 
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Fe18.1% Mn-3.15% Si-3.12% Al-0.03% C during 
tensile tests in the speed range of deformation of 1.67 
x 10

-4
 –1 x 10

3 
s

-1
 at room temperature. The results 

indicated that the inverse effect of the strain rate on 

the strength of the steel and the strength and ductility 
of these steels occurred and it also decreased with 
increasing the strain rate in the quasi-static strain 
range of 

 

   Table 4. Ultimate tensile strength, ultimate elongation and product of strength and ductility of Fe-18.1%Mn-
3.15%Si-3.12%Al-0.03%C steel at different strain rates [80]. 

 

 

 

    For a TWIP Fe-23%Mn-2%Al-0.2%C steel, Qin et 
al. [81] investigated the effect of strain rate on 
mechanical properties. The results in Fig. 21 show 
that the strain rate in the range 2.97 x 10

−4
 – 1.49 x 

10
−1

 s
-1

 has no obvious influence on the yield stress 
YS. However, the tensile strength was slightly 
reduced and the elongation evidently decreased as 
the rate of deformation increased. 

 

 

        Fig. 21. Mechanical properties of the Fe-23Mn-
2Al-0.2C TWIP steel deformed at different strain 
rates [81] 

 
 

5.8. Influence of temperature on TWIP steels. 
 
 
    The twinning process does not necessarily play a 
key role in the strain hardening of TWIP steel. Figure 
23 compares the flow curves of TWIP Fe-18% Mn-

0.6% C-1.5% Al steel at temperatures in the range -
70 °C to + 300 °C. Even though the critical energy 
SFEγisf varies over a wide range, from 17 mJ /m

2
 at -

70°C, up to 82 mJ/m
2
, at +300 °C the plasticity of the 

material remains high, even when aging by Dynamic 
deformation is very pronounced as can be seen from 
the jagged flow curves measured in the high 
temperature range of 100 °C - 300 °C. Since strain 
twinning is suppressed when γ ˃ 45 mJ /m

2
, that is, 

at +108 °C, these flow curves suggest that strain 
twins do not necessarily play the most important role 
in determining the conditions for pronounced strain 
hardening as observed for TWIP steel. 
     
     In most metals, the contribution of twinning to 
strain increases as temperature is lowered, which 
can be explained by the fact that the critical twinning 
stress in most materials increases less rapidly with 
decreasing temperature. temperature than yield 
stress or slip stress flow. On the other hand, The 
SFE affects the twinning stress [82]; and it alters 
when the temperature is changed; therefore, a 
change in the governing deformation mechanism 
may result. An increase in the strain rate generally 
results in a greater propensity for twinning [83]. 
However, under high strain rate strain, a marked 
increase in temperature, due to adiabatic strain 
heating, can raise the SFE to or out of the optimal 
value for twinning, depending on the initial SFE 
value. The Research carried out by S. Curtze; V. and 
T. Kuokkala [84] resulted in the graphs presented in 
Fig. 22. The effect of temperature in three TWIP 
steels was observed, named: TWIP1: 28% Mn, 1.6% 
Al; 0.28% Si, 0.08% C: TWIP2: 25% Mn, 1.6% Al, 
0.24Si, 0.08% C; TWIP3: 27% Mn, 4.1% Al, 0.52% 
Si, 0.08% C.  As mentioned above, B.C. From 
Cooman, [47] studied the behavior of TWIP steels of 
medium and high Mn content, reaching a summary of 
the mechanical properties (Fig.23) 
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     Fig.22. True stress vs. logarithmic strain curves of 
TWIP steels: (a) TWIP 1 at different temperatures at 
strain rates of 10

-3
s

-1
 (b), TWIP 2 at 10

-3
s

-1
 (c) TWIP 

3 at 10
-3

s
-1

 [84] 

 

 

 

     Fig. 23 Engineering stress-strain curves of Fe-
18%Mn-0.6%C-1.5%Al TWIP steel in the 
temperature range of -70°C to +300 °C as measured 
with a strain rate of 10-3 s-1 [47]. 

 

    It can be seen; The results obtained in [84] are in 
close agreement with those obtained in [47], 
indicating that with an adequate combination of the 
deformation rate and temperature, they can provide 
optimal combinations of resistance and ductility; even 
reaching TWIP steels with a mechanical resistance 
of 1200 MPa and 60% elongation or 1000MPa with 
75% elongation; values that the modern automotive 
industry demands in its body parts. 

 

VI. CONCLUSIONS 

 

    A review of TWIP steels was made, focusing on 
the mechanisms that explain the mechanical and 
metallurgical properties of these steels, especially 
tensile and microstructure mechanical properties. 
First of all, it is found that there is no standard for the 
definition of TWIP steels with regard to chemical 
composition, except for their Mn content, which is in 
the range (15% - 35%) Mn. The combination of low 
carbon and high Mn required to suppress strain-
induced martensite is clearly defined. However, the 
border between the alloys is not entirely clear. For 
example; we have that The addition of Si, Al and Nb 
have a different influence on the sliding mechanisms 
due to plastic deformation. The nucleation and 
growth sites of dislocations   and twins are different 
depending on the type of micro alloys and their 
percentage by weight.  

    There is general agreement on the most likely 
strain hardening mechanisms operating in TWIP 
steels. These include twinning by deformation and 
the accumulation of stresses that these cause. 
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However, the magnitude of these mechanisms 
remains a matter of debate. In certain cases, the 
quantitative evaluation of the various strain 
hardening mechanisms remains uncertain. 

     At present it has become clear; that the TWIP 
effect is not governed solely by the value of the 
stacking fault energy (SFE). There are other energy 
barriers, outlining the pervasive stacking fault energy 
picture, that also play an essential role. Progress in 
this area will require a more systematic use of 
currently available methods and the development of 
techniques to calculate the SFE of multi-component 
alloys such as TWIP steels. 

     The role of carbon in TWIP steels is not entirely 
clear. Although the ambient temperature diffusion 
data for Carbon suggest that its influence should be 
very limited. It is also observed that the tensile 
mechanical properties depend on many factors such 
as: the test temperature, deformation speed, 
chemical composition, grain size and so on; but 
fundamentally the twinning mechanism is the 
governing factor. 

     In summary, this review presents some 
fundamental aspects of TWIP steels with respect to 
their alloy design, correlations of mechanical 
behavior with grain size, strain temperature, strain 
rate, SFE stacking fault energy and their strain 
mechanisms.  

    Despite the fact that numerous studies have been 
carried out during the last decades; Some efforts still 
need to be made to have a clear and deep 
understanding of the relationship between their 
chemical compositions, microstructures and 
mechanical properties. 

     Finally, it can be reported, that the physical 
metallurgy of TWIP steels is still unclear. Some 
fundamental research work on the basis of 
thermodynamic calculations and transformation 
kinetics is required to obtain a product of higher 
mechanical strength and elongation with a simple 
chemical composition system. 

. 
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