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Figure 7.6. Summary of TEM observations of the morphologies of the plastic zone surrounding the 

indentation after indentation experiments with various strain rates for 6Al steel. (a) 0.01 s-1, (b) 0.1s-1, (c) 

1 s-1. (M3-strain-induced martensite, D-dislocations, T-twin). 
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7.6b3). They were confirmed to be deformation twins from the typical feature of austenite twins 

in the SAED pattern of Fig. 7.6a3, 7.6b3 and 7.6c3. Meanwhile, the high density of dislocations 

surrounding the deformation twins, result from twinning. To further describe the microstructural 

evolution, the martensite/austenite ratio (RM), twin/austenite ratio (RT) and dislocation density 

(Dd) were statistically analyzed where RM is the ratio of original austenite (Fig. 7.7) transformed 

to strain-induced martensite to RT is the ratio of deformatipn twin to the original austenite (Fig. 

7.7), and Dd is defined by the total area of dislocation zone in a unit volume. To enhance the 

reliability, at least 20 micrographs were assessed for determining RM, RT and Dd, respectively 

and the summary of the data is presented in Fig. 7.7. At constant strain rate, with increase in Al-

content, there was a gradual increase in dislocation density (Dd). Similar behavior was observed 

for martensite/austenite ratio (RM), except for 6Al-steels. This is because deformation twins were 

present in 6Al-steel, which led to decrease of RM, when Al-content was increased from 4 to 6 

wt%. 

Furthermore, irrespective of the strain rate, as the Al-content was increased, the strain-

induced lath martensite became wider with increased density of dislocations. When the Al-

content increased to 6 wt%, besides wide strain-induced martensite lath (M3) and dislocations, 

deformation twin were also present in 6Al steel at all the three strain rates. Hence, there are three 

aspects of microstructural evolution that directly influenced the behavior of TRIP steels, i.e., 

strain-induced martensite, dislocations and deformation twins. It is known that dislocation slip 

can effectively improve ductility [297], and excellent elongation can be obtained through the 

contribution of TRIP effect [298] and is further enhanced via twinning-induced plasticity (TWIP) 

[271,276]. In 2Al-steel, there was strain-induced martensite and some dislocations (Figure 7.4). 
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Thus, the strain-induced martensite caused by TRIP effect contributed to the total elongation of 

32%.  

In 4Al-steel, the transformation of austenite to martensite changed from diffusional 

transformation to diffusionless shear transformation, and relatively more transformed martensite 

and high density of dislocations was obtained during transformation of austenite to martensite. 

This suggested that significant dislocation slip must have occurred during deformation. We 

therefore infer that the high elongation of 40% in 4Al-steel was associated with TRIP effect and 

Figure 7.7. The evolution of strain-induced martensite, twins and dislocations at different Al 

contents and strain rates. 
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cooperative dislocation slip. While in 6Al-steel, besides the contribution of TRIP effect and 

dislocation slip, a high density of deformation twins was also observed (Fig. 7.6). Deformation 

twins effectively inhibit deformation and delay the onset of necking, resulting in high total 

elongation (TWIP effect). Moreover, the martensitic transformation leads to volume expansion, 

which results in plastic deformation of δ-ferrite (Figure 7.2c), which invokes relaxation and 

transfer of local stress, and contributes to additional strain [306]. Thus, the deformation 

mechanisms in 6Al-steel was a combination of dislocation slip, TRIP effect, and TWIP effect, 

influenced by the Al-content. The Al-content is also a critical factor, besides strain rate that 

influenced microstructural evolution in the three steels at different strain rates.  

Two kinds of austenite-to-martensite transformation modes (M1, M2 and M3), further 

demonstrate that the Al-content influenced the austenite stability through change in γ→α 

transformation Gibbs free energy. On the other hand, Al content also influences stacking fault 

energy (SFE), which results in twinning [307]. The effect of Al-content on austenite stability and 

SFE is relevant in influencing deformation mechanisms in transformation-induced plasticity 

steels. 

From Figs. 7.4-7.6, it can be seen that the microstructural evolution is closely related to 

strain rate. At identical Al-content, with increase in strain rate from 0.01 s-1 to 1 s-1, the strain-

induced martensite was increased together with increase in the width of martensite lath. The RM 

and Dd were increased both in 2Al- and 4Al-steels with increased strain rate (Fig. 7.7). In 6Al-

steel, the number of deformation twins increased with strain rate (Fig. 7.6), in conjunction with 

increase in RT (Fig. 7.7). This indicated that high strain rate promoted deformation twinning. 

Furthermore, RM and Dd were more dependent on strain rate with increase in Al-content (Fig. 

7.7). This may be because at low Al-content, the high γ→α transformation Gibbs free energy 
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made transformation difficult. Thus, at low Al-content (2Al), the 2Al-steel was more strain rate 

sensitive than 4Al-and 6Al-steels, consistent with the discussion in section 3.1. While at identical 

Al-content, the dislocation density, strain-induced martensite and/or deformation twins gradually 

increased with increase in strain rate from 0.01 s-1 to 1 s-1, which indicated that strain energy at 

different strain rates is another critical factor influencing the deformation mechanisms. 

7.5  The Relationship between TRIP/TWIP Effect and the Three Factors Influencing 

γ→α Transformation Gibbs Free Energy, Strain Energy and Stacking Fault Energy in 

Impacting Deformation Mechanisms in Transformation-induced Plasticity Steels 

We have provided here the evidence that in medium-Mn TRIP steels based on the Al-

content, TRIP or TRIP/TWIP effects are the deformation mechanisms, besides dislocation slip. 

This can be described in terms of the interplay between TRIP/TWIP effect and three factors, 

namely γ→α transformation Gibbs free energy, strain energy and stacking fault energy via the 

effect of Al-content and strain rate. 

It is known that austenite stability governs TRIP effect, and the γ→α transformation Gibbs 

free energy is an important factor for austenite stability. In Fe-Mn-C-Al alloy system, the change 

in γ→α transformation Gibbs free energy (△Gγ→α) can be computed by the following equation 

[307-309]: 

e ( )= F Fe i i Fe i Fe iG X G X G X X       → → → →  +  +                   (5) 

where i is the alloying element, which in our study includes C, Mn, and Al, Xi is the atomic 

fraction of alloying element i. 
iG →  is the Gibbs free energy change of alloying element i for 

γ→α transformation and 
( )Fe i

 →  is the interaction energy parameter for iron-based solid solution 

model, which can be calculated by [308,309]: 
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0 0

i i iG G G   → = −                                （6） 

0 0

( ) ( ) ( )Fe i Fe i Fe i

   → =  −                           （7） 

From equations (5-7), it can be seen that 
iG → and 

( )Fe i

 →  are negative, such that as the Al-

content increases (i.e., XAl increases), the γ→α transformation Gibbs free energy (△Gγ→α) 

decreases. This indicates that austenite is less stable, which is beneficial to the TRIP effect. 

Besides γ→α transformation Gibbs free energy, strain energy is another significant factor that 

influences austenite stability, and can be estimated by [310]: 

△Ev =(1/2)E(𝜀̇dt)2                           (8) 

where △Ev is the strain energy, E is the Young’s modulus and 𝜀̇ is the strain rate. The degree of 

austenite stability (SA) can be expressed by: 

SA= m△Gγ→α - n△Ev=m△Gγ→α - n(1/2)E(𝜀̇dt)2                       (9) 

where m and n are two positive coefficients. Thus, at identical Al-content, austenite stability 

decreases with increase in strain rate from 0.01 s-1 to 1 s-1, which is advantageous to the TRIP 

effect. 

Similarly, TWIP effect depends on the propensity of twinning transformation (PT). It is 

influenced by the strain energy (△Ev) and stacking fault energy ( SFE ), which can be evaluated 

by: 

PT = x SFE + y△Ev=x SFE  + y(1/2)E(𝜀̇dt)2                       (10) 

where x and y are two positive coefficients. Previous studies on the effect of Al [307,308,312] 

indicated that stacking fault energy increases linearly with Al-content. In Fe-22Mn-XAl-0.6C 

alloy system, SFE increased 5 mJ/m2 for each 1 wt% addition of Al (0-6 wt%) [307] and in Fe-

18Mn-XAl-0.6C alloy system, SFE increased 8.72 mJ/m2 for 1 wt% of Al content (0-4 wt%) 
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[311]. We can calculate the SFE for the three experimental steels based on the previously 

proposed thermodynamic model [309] and is given by: 

/( ) 2str

SFE n G E     →=  + +                    (11) 

where n is a negative coefficient, ρ is the planar atomic density of {111} fcc for pure Fe (2.95 

×105 mol/m2), △Gγ→α is calculated by equation (5), Estr is the strain energy associated with the 

transformation and σγ/α is the interfacial energy between γ-austenite and α-martensite, which 

varies from 5-15 mJ/m2 for Fe-Mn-X alloy system, accordingly we consider an average value of 

10 mJ/m2. Using the commonly accepted thermodynamic data CALPHAD (Table 4) [312], we 

obtain SFE for the experimental steels. The SFE is 18 mJ/m2 for 2Al-steel, 32 mJ/m2 for 4Al-

steel and 51 mJ/m2 for 6Al-steel. 

Table 7.4: Free energy differences and interaction parameter differences between austenite and 

martensite phases. 

Free Energy Difference (△G−) Interaction Parameter (△Ω−) 

Fe -822+1.7t+2.2E-3T2 Fe(Fe) -10836+22886XMn 

Mn 3970-1.666T Fe(Mn) 1780 

Al 5481.04-1.799T Fe(Al) 3323 

C -24595.12 Fe(C) 42500 

 

It is reported that TRIP effect and dislocation slip are dominant mechanisms, when the SFE 

is less than 40 mJ/m2, which is approximately two times of austenite/martensite interfacial 

energy [307, 313] and when the SFE is greater than 40 mJ/m2, mechanical twinning (TWIP 

effect) is the dominant deformation process. When the SFE is more than twice of austenite-

martensite interfacial energy, glide of Shockley partial dislocations occurs on different {111} 

glide planes, which makes extrinsic stacking fault formation as the origin of the mechanical 

twinning and suppresses TRIP effect. Therefore, in our study, TRIP effect along with dislocation 

slip is the dominant mechanism in 2Al- and 4Al-steels because SFE is lower than the critical 
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value, while with increased SFE, the propensity of twinning transformation (PT) increases, and 

deformation twinning occurs. The austenite/martensite transformation (TRIP effect) is gradually 

suppressed and TWIP effect dominates. This is the underlying reason for lower 

martensite/austenite ratio (RM) in 6Al-steel as compared to 4Al-steel (Fig. 7). When the SFE is 

same, according to the equation (10), the propensity of mechanical twinning (PT) becomes 

greater with increase in strain rate. Thus, deformation twins increased with strain rate from 0.01 

s-1 to 1 s-1 in 6Al-steel. 

7.6 Conclusions 

a) The microstructural evolution during nanoscale deformation was studied in three 

transformation-induced plasticity steels with varying Al-content by combining nanoscale 

deformation experiments at different strain rates and transmission electron microscopy. 

The starting microstructure comprised of different fraction of δ-ferrite, α-ferrite and 

austenite. The strain rate sensitivity decreased with Al-content. According to the strain 

rate sensitivity data, the activation volume of 2Al-steel was about a half (6 b3) of 6Al-

steel (11 b3). 

b) Based on nanscale deformation experiments and post-mortem analysis of deformed zone 

in TEM in terms of the microstructural evolution at different strain rates, there was a 

distinct and fundamental transition in the microstructure and deformation behavior of the 

three steels. In 2Al and 4Al-steels, strain-induced martensite (TRIP effect) and 

dislocation slip contributed ductility, while “deformation twinning” (TWIP effect) and 

reduced “TRIP effect” contributed to the excellent ductility of 6Al-steel. 
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c) Transmission electron microscopy observations as a function of strain rate indicated that 

strain rate is a significant factor influencing strain-induced martensite (TRIP effect), 

dislocation slip and deformation twins (TWIP effect). At identical Al-content, the density 

of dislocations, strain-induced martensite and deformation twins (in 6Al steel) increased 

gradually with increased strain rate from 0.01 s-1 to 1 s-1. This demonstrated that the 

strain energy at different strain rates is of importance in governing the degree of 

deformation mechanisms.  

d) The strain rate sensitivity decreased with increased Al-content in steels such that the 

activation volume of 2Al-steel was approximately half of 6Al-steel. 

e) The interplay between TRIP/TWIP effect and internal energy changes in three steels 

elucidated that the transition in the deformation mechanism from strain-induced 

martensite in 2Al steel to deformation twinning in 6Al-steel is related to decreased 

stability of austenite and increased propensity of mechanical twinning, which were 

influenced by the γ→α transformation Gibbs free energy, strain energy and stacking fault 

energy. The increase in Al-content is envisaged to decrease γ→α transformation Gibbs 

free energy and increase stacking fault energy, while the increase of strain rate increases 

the strain energy. 
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Chapter 8 

Future work 

As the phase-reversion concept has turned out to be a successful process to obtain wide 

range of grain size materials from NG to CG from a single materials 301LN austenite stainless 

steel just by change the set of processing parameters, this concept can be explored on other 

grades of stainless steels such as 304, 316LN. As different materials behave different to different 

conditions, it would be interesting to see how they respond to the cold rolling, annealing, tensile 

deformation, etc. But to begin with, the parameters must be optimized such as % cold 

deformation, time-temperature sequence to successfully achieve the vivid grain size materials 

and understand their effect on microstructural evolution and deformation behavior.  

Since isn’t much literature regarding their microstructural and deformation behavior, 

there is large prospect of research on superplasticity on steels. Further investigation can be done 

on the low temperature microalloyed superplastic steel (as there) based on strain rate at constant 

temperature and understand the microstructural evolution. As the strain rate changes even, the 

mechanical properties also differ, so this would be an interesting scope of research to reveal 

more of their behavior. Another set of investigation could be by maintaining the strain rate 

constant and varying temperatures.     

Quenching and tempering (Q&T) heat treatment technique which provides better 

mechanical properties for experiments medium-Mn microalloyed TRIP steels compared to 

austenite reverted transformation (ART) heat treatment, which has been explored extensively 

before can be modified such as hot rolling or cold rolling or other parameters to understand the 

austenite stability, deformation behavior and the evolution of microstructure. Exploring the strain 
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rates and the nanoscale deformation can be analyze as well to better understand the properties of 

the steels.  
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