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History of bainite classification

Six different kinds 
of bainite

BI (carbide free)
BII (carbides between BF) 
BIII (carbides within BF)

B1, B2, B3
considering other phases, 
i.e. martensite-austenite (M/A)

1990s Ohmori et al. 

Aaronson

1960s

1930

-Upper bainite
-Lower bainite

1991 H. I. Aaronson et al. 

1990  B. L. Bramfitt, et al.

1971,  Y. Ohmori, et al. 

1940s-1960s

Discovery of bainite in 1930
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“Bainite chart” in IEHK 

2nd phase _Austenite

ε-carbide

2nd phase_Fe3C 2nd phase _Martensite 5



3 Dimensional Atom Probe approach
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Local field Electrode Atom 
Probe (LEAP) system



Characterization of bainitic transformation

• Research material: 100Cr6

• Heat treatment processes:

Element C Mn Si Cr Ni Mo Cu Al S P

wt.% 0,967 0,232 0,303 1,380 0,0724 0,0172 0,0471 0,0263 <0,0010 0,0027

Chemical composition of 100Cr6
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2500 s



Introduction 

3 Dimensional Atom Probe analysis

Summary and outlook

Outline

Acknowledgement

� 3DAP detection of cementite within bainitic ferrite

� 3DAP detection ofε-carbide within bainitic ferrite 

� Comparison with Para equilibrium calculations 

HRTEM characterization of bainite

8



Bainite morphology_HRTEM

(Fe, Cr)3C
Bainite
Subunits

a)

b)

c)

Fig1. Bright field HRTEM image showing bainite subunits and Cr contained 
cementite (Fe, Cr)3C in 100Cr6 isothermally heat treated at 260 °C for 2500 s
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* The width of a bainite subunit is around 300 nm
* The mean size of (Fe, Cr)3C is 167nm 



Bainite morphology_HRTEM

Fe3C[102]

Fig. 3 HRTEM bright field image showing the elongated Fe3C precipitation
within bainitic ferrite in 100Cr6 isothermally heat treated at 260°C for 2500 s
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* The width of Fe3C within bainitic ferrite is 10 - 30nm
* The length of Fe3C within bainitic ferrite is 50 - 100 nm



3 Dimensional Atom Probe analysis

Selected box 1

Selected box 2
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Fig. 4 Carbon atom map and 13 at% isoconcentration surface in lower bainite
in 100Cr6 isothermally heat treated at 260 °C for 2500 s



3DAP detection of cementite within BF

Fig. 5. (a) Carbon atom map and 13 at% isoconcentration surface in selected box 1 showing the
existence of cementite; Fig. 5. (b) 1D concentration profile showing the distribution of
different elements in cementite

C

MnSi

Cr
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* Substitutional elements distribute homogenously in both BF and cementite
* Cementite is found to be with a very small thickness (≈5 nm)



3DAP detection ofε-carbide within BF

Fig. 6. (a) Carbon atom map and 13 at% isoconcentration surface in selected box 2 in Fig. 4 
showing the existence of  ε-carbide; Fig. 6. (b) 1D concentration profile showing the distribution 
of different elements in ε-carbide

C

MnSi

Cr
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* Substitutional elements distribute homogenously in both BF and ε-carbide
* The thickness of ε-carbide is around 10nm
* The carbon concentration in Bainitic ferrite is 1.0-1.2 at%



αB/ε-carbide 
interface

Bainitic ferrite αB

Local field Electron Atom Probe (LEAP) analysis 
showing ε-carbide precipitation within bainitic 
ferrite in the investigated material 100Cr6

ε-carbide 

Proxigram_matrix-ε-carbide
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3DAP detection ofε-carbide within BF



Para equilibrium calculations
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Carbon concentration

Molar driving force for nucleation of bainitic ferr ite ThermoCalc calculated para-equilibrium diagram 
for the investigated material 100Cr6

19.5 at% 0.0457 at% -2247.2 J/mol
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Summary and outlook

�Atom Probe analyses indicated that the carbon concentration in the
bainitic ferrite in lower bainite was significantly higherthan that expected
from the para-equilibrium thermodynamics between austenite and ferrite.

�3 Dimensional Atom Probe (3DAP) analyses reveal the existence of ε-
carbide in lower bainite. The detection ofε-carbide in lower bainite
implies a large excess of carbon trapped in bainitic ferritewhen it first
forms.
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Outlook

� Carbon diffusion analysis, especially in the precipitation interfaces, 
to better understand bainitic transformation mechanim

� Integration of Atom Probe  data into phase-field simulation of 
bainte microstructure evolution

17
Phase-field simulated bainitic sheaves

Carbon profile of selected area 
bainite sheaf tip
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