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Outline

1. Motivation
2. The third generation of advanced high 

strength steels
3. Formation of austenite

i. Massive mechanism
4. Quench and partitioning

i. Constrained carbon equilibrium
ii. Partitioning of carbon

5. Summary

EC Bain and HW Paxton, ”Alloying elements in 
steel” 2nd ed., ASM Int. Metals Park, OH, 
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Third generation advanced high strength steels
AHSS – Designed for automotive industry demands

Source: D. K. Matlock and J. G. Speer, Third Generation of AHSS: Microstructure Design Concepts, in A. Haldar, D. Bhattacharjee, and S. Suwas (Eds) Proc. of the Int. Conference on 
Microstructure and Texture in Steels and Other Materials, Jamshedpur, India, 2008.

1st Generation AHSS

2nd Generation AHSS
High amount of alloying elements

Good strength/formability, but not sufficient



9D.K. Matlock and J.G. Speer,, Proc. of the 3rd Int. Conf. on Structural Steels, ed. by H.C. Lee, The Korean Inst. of 
Metals and Materials, Seoul, Korea, 2006, pp. 774-781.

Third Generation AHSS are not achievable
by enhanced DP steels!!!

Q&P, Medium Mn steels

Third generation advanced high strength steels
AHSS – Designed for automotive industry demands
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✓Grain refinement

✓Multiphase structure

✓ Partially recrystallized

✓ Compositional 
heterogeneities

✓Heavy alloying strategy

Combined strengthening effects:

Ultrafast heating of cold-rolled steel

Third generation advanced high strength steels

Wide range of microstructures and mechanical properties
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✓Grain refinement

✓Multiphase structure

✓ Partially recrystallized

✓ Compositional 
heterogeneities

✓Heavy alloying strategy

Combined strengthening effects:

Ultrafast heating of cold-rolled steel

E. Hernandez-Duran, et al., Metals 2021, 11, 1041.

Third generation advanced..

F.M. Castro Cerda et al., Mat. Sci. Eng. A. 672 (2016) 108–120.
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Austenite formation
Milestones

✓ Bain, 1939

✓ Mehl, 1943

✓ Gridnev & Trefilov, 1954

✓ Haworth & Parr, 1965

✓ Paxton, 1967

✓ Judd & Paxton, 1968

✓ Speich et al., 1969

✓ Hillert et al., 1971 K. J. Albut & S. Garber, Effect of heating rate on the elevation of 
the critical temperatures of low-carbon mild steel, J. Iron and 

Steel Inst., 204, 1217 (1966). 

0.1 wt. % C steel, >500 °C/s
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Austenite formation
Isothermal growth of austenite

M. Hillert, K. Nilsson, L..E. Torndahl, Effect of alloying 
elements on the formation of austenite and 
dissolution of cementite, J. Iron Steel Inst. 49–66 
(1971).

H.B. Aaron, D. Fainstein, G.R. Kotler, J. Appl. 
Phys. 41 (1970) 4404–4410.

(towards pearlite)

(towards ferrite)
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Austenite formation
Continuous growth of austenite

cementite

ferrite

ferrite

A

VI Savran et al. Metall Mater Trans A 41, 
583–591 (2010)

F.M. Castro Cerda et al,. Mater. Des. 116 (2017) 448–460

The temperature variation of the phase fraction 
shows the fast growth towards pearlite first, 
then the growth towards ferrite, yet both are 
occurring at the same time.
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Austenite formation
Rapid heating conditions

Same stages as the slow continuous 
growth of austenite

Curves are displaced to the right; the 
transformation occurs faster (increase 
of vγ→α)

The kinetic change is more significant in 
the growth of austenite towards 
proeutectoid ferrite.

RC Dykhuizen et al. Metall Mater Trans B 30, 107–117 (1999)

cementite

ferrite

ferrite

A
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Austenite formation

TP = 800 °C

TP = 851 °C
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TP = 760 °C

Growth of austenite into 
ferrite 0,2 %C

F.M. Castro Cerda et al. Mater. Des. 116 (2017) 448–460
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Austenite formation

TP = 746 °C

TP = 799 °C

TP = 847 °C

TP = 898 °C

F.M. Castro Cerda et al. Mater. Des. 116 (2017) 448–460

Growth of austenite into 
ferrite 0,2 %C
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Austenite formation

TP = 746 °C TP = 799 °C TP = 847 °C TP = 898 °C
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Austenite formation

TP = 746 °C TP = 799 °C TP = 847 °C TP = 898 °C
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Austenite formation

Rapid heating conditions
Growth of austenite into ferrite 0,2 %C
(Fe,C)α + Fe3C → (Fe,C)γ

ΔG α+θ→γ = Gγ – (Gα + Gθ)
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Rapid heating conditions
Growth of austenite into ferrite 0,2 %C
(Fe,C)α + Fe3C → (Fe,C)γ

ΔG α+θ→γ = Gγ – (Gα)
T = T2

Initial (average) 
composition

Initial (average) 
composition is meaningless
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T = T1T = T2
TP = 799 °C

Austenite formation
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Austenite formation

Rapid heating conditions
Growth of austenite into ferrite 0,2 %C
(Fe,C)α + Fe3C → (Fe,C)γ

ΔG α+θ→γ = Gγ – (Gα)

T = T2

T = T0

Initial (average) 
composition
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Xinitial

T = T2

G

T = T0
TP = 847 °C



23

Schmidt, E.D. et al., Metall Mater Trans A 38, 698–715 (2007)

T0 marks the onset of massive 
formation of austenite. 

Austenite formation

Hillert, M., Metall Mater Trans A 15A, 411–419 (1984)
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Austenite formation

Rapid heating conditions
Growth of austenite into ferrite 0,2 %C
(Fe,C)α + Fe3C → (Fe,C)γ

ΔG α+θ→γ = Gγ – (Gα)

T = T0

Initial (average) 
composition
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T = T2

Xg/a

T = T0 Local Equilibrium is 
quickly established
 at high temperatures

Austenite growth is 
controlled by carbon 
diffusion
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Austenite formation

Rapid heating conditions
Growth of austenite into ferrite 0,2 %C
(Fe,C)α + Fe3C → (Fe,C)γ

Gα> Gγ

T = Tm
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Mole fraction C

GT = T3

Ga > Gg

Transition from carbon 
control to massive

TP = 898 °C
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Austenite formation

Rapid heating conditions
Growth of austenite into ferrite 0,2 %C
(Fe,C)α + Fe3C → (Fe,C)γ

Gα> Gγ

T = Tm

T = Tm

A3 T0
Am

F.M. Castro Cerda et al. Mater. Des. 116 (2017) 448–460
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Austenite formation

Rapid heating conditions
Growth of austenite into ferrite 0,2 %C
(Fe,C)α + Fe3C → (Fe,C)γ

Gα> Gγ

T = Tm

A3 T0
Am

F.M. Castro Cerda et al. Mater. Des. 116 (2017) 448–460
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Austenite formation

Rapid heating conditions
Other proposed mechanisms

W.J. Kaluba, R. Taillard, J. Foct, The bainitic mechanismof austenite 
formation during rapid heating, Acta Mater. 46 (1998) 5917–5927.

Heating rates of 
400 – 1200 °C/s
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FM Castro Cerda et al., Metall Mater Trans A 51, 1506–1518 (2020). 

275 - 300 °C275 - 350 °C

Quenched & partitioned steels Aimed to combine martensite and 
stable austenite

The microstructure is much more complex 
than we initially predict

Fe-0.2C-1.9Mn-1.4Si

Quenching and partitioning



Bainite, as quenched and 
tempered martensite are also 
observed

30

Quenching and partitioning

FM Castro Cerda et al., Metall Mater Trans A 51, 1506–1518 (2020). 



Constrained equilibrium between 
martensite and austenite
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Constrained carbon equilibrium

J. Speer et a, Acta Mater. 51 (2003) 2611–2622

The carbon content of austenite is determined with the mass 
balance



Y. Toji, G. Miyamoto, and D. Raabe: Acta Mater., 2015, vol. 86, pp. 137–47.
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The carbon content of austenite is determined by equating the 
chemical potentials of the three phases

Constrained carbon equilibrium – Cementite



33
Castro Cerda, F.M., Goulas, C. & Kestens, L.A.I. Metall Mater Trans A 52, 2155–2157 (2021)

Constrained equilibrium 
between martensite, austenite 
and cementite incorporating 
the mass balance of C

Constrained carbon equilibrium – C balance



Fe-1.07C-2.9Mn-2.2Si
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Y. Toji, G. Miyamoto, and D. Raabe: Acta Mater., 2015, vol. 86, pp. 137–47.

CCEθ overestimates the average C content in the alloy
Best fit of BCEθ with experimental data (red crosses)

Assessment of Q&P steels

Castro Cerda, F.M., Goulas, C. & Kestens, L.A.I. Metall Mater Trans A 52, 
2155–2157 (2021)
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Fe-1.07C-2.9Mn-2.2SiAssessment of Q&P steels

CCEθ overestimates the average C content in the alloy
Best fit of BCEθ with experimental data (red crosses)

Castro Cerda, F.M., Goulas, C. & Kestens, L.A.I. Metall Mater Trans A 52, 
2155–2157 (2021)
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Fe-0.25C-1.4Mn-1.4Si-0.32Mo

Cementite in contact with martensite on 
one side and austenite on the other 
shows that carbon is depleted from 
austenite after 300 s at 275 °C

The CCEθ model displays the best fit to 
the experimental data at temperatures 
near the MS

FM Castro Cerda et al., Metall Mater Trans A 51, 1506–1518 (2020). 

Assessment of Q&P steels
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WBS limit composition shows 
somewhat close relation to the carbon 
content of austenite

Fe-0.25C-1.4Mn-1.4Si-0.32Mo

FM Castro Cerda et al., Metall Mater Trans A 51, 1506–1518 (2020). 

Cementite in contact with martensite on 
one side and austenite on the other 
shows that carbon is depleted from 
austenite after 300 s at 275 °C

Assessment of Q&P steels
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Plate martensite is observed in the 
microstructure

Bainite seems to significantly impact the 
carbon content of austenite near the MS

FM Castro Cerda et al., steel research int. 2023, 94, 2200841 

Assessment of Q&P steels
Fe-0.25C-1.4Mn-1.4Si-0.32Mo
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✓ New processing routes may still offer opportunities for 
further enhancing steel grades

✓ Computational thermodynamics is a tool to assist the design 
new steels chemistries

Summary
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