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Medium Mn steel: 4-12 wt% Mn

SFE calculation from: B. Sun, F. Fazeli, C. Scott, N. Brodusch, R. Gauvin, S. Yue, Acta Mater. 148 (2018) 249–262. 
Bouaziz, O. & Guelton, N. Mater. Sci. Eng. A 319–321, 246–249 (2001).

Variation of stacking fault energy with Mn content in the austenite phase in a medMn steel.

EBSD IPF-X (right) + IQ map of a TWIP steel with a 10% cold rolling reduction demonstrating fine twins.

50 µm

Stress strain curve of 409 and 304 stainless steels, and 
Fe-Mn-C TWIP steel. 
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Medium Mn steel: 4-12 wt% Mn

EBSD phase maps of two different medium Mn steels with different microstructure types. Black lines indicate HAGBs and 
white lines indicate austenite Σ3 boundaries.

SFE calculation from: B. Sun, F. Fazeli, C. Scott, N. Brodusch, R. Gauvin, S. Yue, Acta Mater. 148 (2018) 249–262. 
SFE and Md30 comparison from: T.W.J. Kwok, P. Gong, X. Xu, J. Nutter, W.M. Rainforth, D. Dye, Metall. Mater. Trans. A Phys. Metall. Mater. Sci. 53 (2022) 597–609.
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Variation of stacking fault energy with Mn content in the austenite phase in a medMn steel.
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Medium Mn steel: 4-12 wt% Mn

EBSD phase maps of two different medium Mn steels with different microstructure types. Black lines indicate HAGBs and 
white lines indicate austenite Σ3 boundaries.

SFE data from: A. Saeed-Akbari, J. Imlau, U. Prahl, W. Bleck, Metall. Mater. Trans. A Phys. Metall. Mater. Sci. 40 (2009) 3076–3090. 
SFE and Md30 comparison from: T.W.J. Kwok, P. Gong, X. Xu, J. Nutter, W.M. Rainforth, D. Dye, Metall. Mater. Trans. A Phys. Metall. Mater. Sci. 53 (2022) 597–609.
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Comparison 
between austenite 
SFE and stability 
(Md30) in medium 
Mn steels and high 
Mn TWIP steels   

Variation of stacking fault energy with Mn content in the austenite phase in a medMn steel.
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The TWIP+TRIP mechanism

S. Lee, B.C. De Cooman, Metall. Mater. Trans. A. 45A (2014) 709–716.
S.S. Sohn, K. Choi, J.-H. Kwak, N.J. Kim, S. Lee, Acta Mater. 78 (2014) 181–189.

Successive
TWIP+TRIP
Lee et al.

Simultaneous
TWIP+TRIP
Sohn et al.

Increasing strain

Activation of 1st twinning system Activation of 2nd twinning system Nucleation of Strain Induced Martensite

Activation of 1st twinning system Nucleation of martensite Nucleation and growth of martensite

stacking fault

twins
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The TWIP+TRIP mechanism

S. Lee, B.C. De Cooman, Metall. Mater. Trans. A. 45A (2014) 709–716.
S.S. Sohn, K. Choi, J.-H. Kwak, N.J. Kim, S. Lee, Acta Mater. 78 (2014) 181–189.

Successive
TWIP+TRIP
Lee et al.

Simultaneous
TWIP+TRIP
Sohn et al.
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Tensile properties
publication in progress
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Stage I: zero strain → first peak

(a-h) STEM-BF
• Stacking faults in FC and also in equiaxed austenite grains in WQ.
• No stacking faults in lamellar austenite grains in WQ.
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Stage II: first peak → saddle point

FC
2

 (
eq

u
ia

xe
d

)
W

Q
2

 (
 m

ix
ed

)
(a)

(h)

(b) (c) (d)

(e) (f ) (g)

2  m 500 nm

SFs

Twins

[110] γ

Twin 1 Twin 2

100 nm 100 nm 10 nm

2 nm-1 [110] γ
[111] α’

α’

200 nm

2 nm-1

500 nm

Twins

Su
cc

es
si

ve
 

TW
IP

+T
R

IP
Le

e 
et

 a
l.

Si
m

u
lt

an
eo

u
s

TW
IP

+T
R

IP
So

h
n

 e
t 

a
l. ɑ’

ɑ’

(a-b, e-g) TEM-BF, (c, h) TEM-DP, (d) HR-TEM
• Extensive twinning in FC, but no martensite at twin intersections.
• Limited twinning in WQ, but martensite observed to nucleate in the form of laths
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Stage III: saddle point → second peak
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BF HAADF

(a, d, e, f) TEM-BF, (b-c) HR-TEM, (g-h) STEM-BF
• Increased twinning in FC, but still no martensite.
• Twinning finally observed in WQ, two twinning systems activated at lamella tips.
• Martensite observed in WQ growing across austenite lamella. 
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Stage III: saddle point → second peak
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(a-f) Transmission Kikuchi Diffraction (TKD)
• Martensite growing from austenite grain boundary in FC.
• WQ-Area 1: martensite laths
• WQ-Areas 2,3 and 4: martensite growing from austenite grain boundary.
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Summary of mechanisms

Activation of two 
twinning systems

Further twinning and nucleation 
of grain boundary α’

Continued nucleation 
and growth of α’ 

stacking fault

Stage IIStage I Stage III (early) Stage III (late)

Formation of 
stacking faults
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zero strain → WQ1 WQ1 → WQ2 WQ2 → WQ3 WQ2 → WQ3

No stacking faults Nothing yet, lath 
martensite in certain grains

Activation of twins and 
nucleation of grain boundary α’  

Activation of two twinning 
systems at the lamella tips and 

continued nucleation and 
growth of α’
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Constitutive modelling

FC (equiaxed) WQ (mixed)

S. Lee, B.C. De Cooman, Annealing Temperature Dependence of the Tensile Behavior of 10 pct Mn Multi-phase TWIP-TRIP Steel, Metall. Mater. Trans. A Phys. Metall. Mater. Sci. 45 (2014) 6039–6052.
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Conclusions

• Microstructure, particularly grain morphology, plays a large part in affecting the 
TWIP+TRIP effect in medium Mn steels.

• Twinning is delayed in lamellar austenite grains compared to equiaxed grains due 
to the significantly shorter lamellar width and therefore higher twinning stress.

• Transformation was promoted in lamellar austenite due to the significantly 
higher grain boundary to volume ratio and therefore higher nucleation sites.

• Constitutive modelling suggests that the TWIP effect does not play a significant 
role in the simultaneous TWIP+TRIP mechanism. 
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Austenite stability in equiaxed vs lath 𝜸

SFE
(mJ m-2)

grain size
(µm)

Ms
(˚C)

Md30

(˚C)

FC (equiaxed) 33.4 1.5 -181 -16

WQ (mixed) 30.7 1.2/0.3 -135/-150 3/-1

H.W. Yen, S.W. Ooi, M. Eizadjou, A. Breen, C.Y. Huang, H.K.D.H. Bhadeshia, S.P. Ringer, Role of stress-assisted martensite in the design of strong ultrafine-grained duplex steels, Acta Mater. 82 (2015) 100–114. 

• Austenite in FC and WQ have same composition (>1 wt% C)
• Chemical stability >> mechanical stability

• High stress at interphase grain boundaries provide a driving 
force for Stress-Assisted Martensite but martensite does not 
grow past the stress field at the grain boundaries.
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