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Context and challenges

General objective : Dynamic and static aging

Stress 

Strain 

Portevin - Le Chatelier effect (Lüders banding)

poorly understood (physical metallurgy challenge) !

Short term objective : static ageing

How the stress field of a dislocation affects carbon diffusion

1 far from the dislocation line (low/moderate stress),

2 and right in the dislocation core (high stress) ?
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Modelling phase transformations

From first principles to classical nucleation and growth theory

ps ns µs ms s hour month century 

µm 

nm 

mm 

Classical theorie for Nucleation and Growth 

Atomic Kinetic Monte-Carlo 

 « Coarse grained » MD 

Molecular Dynamics 

Ab-initio 

Initial state 107 jumps 109 jumps 
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Modelling phase transformations

From first principles to classical nucleation and growth theory

Molecular Dynamics 

Atomic Kinetic Monte-Carlo 

Initial state 107 jumps 109 jumps 



Effect of the
stress field of
dislocations
on carbon
diffusion

Context

AKMC-MD
Coupling

Computational
model

Results

Conclusion

Atomic Kinetic Monte-Carlo

Principle
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Γ⋅r2

Transition frequency from i → j :

w i
j = w0 exp

(
−∆Eij

kT

)
w0 ≈ 1014 Hz

Residence time i
r1 → τR = − ln r1∑

j wj

Choice of a particular transition r2

Example : precipitation from a supersaturated solid solution���� ������� ��� 	�
�	 ��� 	�
�	
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Molecular dynamics

Principle

Newton’s law mi
dv
dt = fi

Pair interaction : fi =
∑

j fij =
∑

j gradVij

Thermodynamic ensembles : NVE, NVT, NPT...

Example : Fusion and glass transition
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Taking out the best of two techniques

Atomic Kinetic Monte-Carlo

Large timescale

Fixed lattice, no stress

Molecular Dynamics

Short timescale (1 ps !)

Free lattice, Stress

How to couple both methods ?

Kinetic Monte-Carlo → kinetics (needs for ∆Eij)

Molecular Statics → ∆Eij

Molecular Dynamics → Deformation, stress

Applications

uniform stress (Snoek relaxation)

non-uniform stress (dislocation)

non-uniform stress, lattice change (precipitation)
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Taking out the best of two techniques

Atomic Kinetic Monte-Carlo

Large timescale

Fixed lattice, no stress

Molecular Dynamics

Short timescale (1 ps !)

Free lattice, Stress

How to couple both methods ?

Kinetic Monte-Carlo → kinetics (needs for ∆Eij)

Molecular Statics → ∆Eij

Molecular Dynamics → Deformation, stress

Applications

uniform stress (Snoek relaxation) [Comp. Mat. Sc. 43 (2008)]

non-uniform stress (dislocation) [Phys. Rev. B 82 (2010)]

non-uniform stress, lattice change (precipitation)
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The Molecular Dynamics/Statics software...


logo.mov
Media File (video/quicktime)



Effect of the
stress field of
dislocations
on carbon
diffusion

Context

AKMC-MD
Coupling

Computational
model

Results

Conclusion

Computational model

Molecular statics simulation box

Cylinder (radius : 150 Å)

Dislocations → anisotropic elasticity theory

Outer shell (atoms kept fixed)

PBC along dislocation line only

Octahedral and tetrahedral sites mapped
Positions in the core not included !
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An Fe-C potential [Comp. Mat. Sc. 40 (2007)]

Eam (embedded atom method) potential

Pair interaction AND electronic density

Etot =
1

2

∑
i

∑
j 6=i

Φij(rij) +
∑
i

Fi

∑
j 6=i

ρ(rij)


Validated on two configurations : C in octa and tetra site

Validation of the potential : from solid solution to carbides
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Binding energies

Example of the edge dislocation

Eb > 0 → attraction

Right in the core Eb = 0.66 eV
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Migration energies

Minimum energy path

Transition : octa (energy minimum) → tetra (saddle
point) → octa (energy minimum)

Carbon @ octa → full energy minimization

Otherwise → carbon to relax only on the plane ⊥
migration coordinate (octa–to–octa line)
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Migration energies

Minimum energy path

Transition : octa (energy minimum) → tetra (saddle
point) → octa (energy minimum)

Carbon @ octa → full energy minimization

Otherwise → carbon to relax only on the plane ⊥
migration coordinate (octa–to–octa line)

ΔEij	  
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Migration energies

Edge dislocation
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Migration energies

Screw dislocation
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AKMC simulations

From migration energies to overall kinetics

AKMC → rigid lattice → o-sites connected by t-sites

Carbon diffusion investigated within a radius of
10 nm around the dislocation line

Temperatures in the 300–600 K range

200,000 trajectories per temperature
Statistics → carbon jumps ≥ 1,000
Randomly chosen starting point



Effect of the
stress field of
dislocations
on carbon
diffusion

Context

AKMC-MD
Coupling

Computational
model

Results

Conclusion

AKMC simulations

Boundary conditions

Two end points → the “core” or the “boundary”
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Results

Segregation kinetics

According to the processing parameters, nitrogen atoms are combined in stable precipitates formed
at high temperature (e.g., AlN) and carbon atoms can be all in solid solution.
For the study of strain ageing, samples were cold worked using a hand operated rolling mill. In the

case of cold rolling in several passes, the interpass time was limited to a few seconds in order to avoid
possible strain ageing at room temperature. To characterise the state after rolling, measurements of TEP
and Vickers micro-hardness were carried out just after rolling or on samples which were stored in liquid
nitrogen to avoid any ageing.

Results and Discussion

TEP Variation According to Ageing Treatment and Free Carbon Content

Ageing kinetics at various temperatures were carried out on ULC samples rolled in 2 or 3 passes at a
reduction ratio of approximately 50%.
After cold rolling and measuring the initial TEP, the samples were put either in an oil bath (T ! 170

°C), or in a salt bath (T ! 170 °C). The treatments were cumulative on the same sample which makes
possible the plot of the kinetics at a given temperature.
The results are shown in Figure 3. For T ! 120 °C, the evolution of TEP shows sigmoı̈dal kinetics

which have the same amplitude and are characteristic of a thermally activated phenomenon. It is
important to note that sigmoı̈dal evolutions are associated with an increase in the Vickers micro-
hardness which reaches 30 Hv. For T " 120 °C, the sigmoı̈dal evolution is followed by a TEP increase
which seems to be linear according to log(t). No evolution of the micro-hardness is detected during this
stage. This observation allows us to assume that there are two different stages during the ageing of
strained ULC steel.
For T " 170 °C, only the last TEP increase appears, the first stage is already finished, and a slight

decrease of hardness can be detected for long time.

TABLE 1
Chemical Compositions of LLC and ELC Steels in 10#3 wt.%

C N Mn Al P S

ULC 4 7 225 22 11 9
ELC 6 4 280 21 9 10

Figure 3. Strain ageing kinetics of ULC steel after cold rolling (50% of reduction) for different temperatures.

STUDY OF AGEING BY THERMOELECTRIC POWER556 Vol. 44, No. 4

[Lavaire	  et	  al,	  Scripta	  Mater	  44	  (2001)]	  
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Bias on carbon diffusion

Mean displacement vector

−→ε =
N∑
j=1

Pi→j
−→
δ i→j

where

Pi→j = exp

(
−∆Ei→j

kBT

)
→ transition probability

δi→j → jump vector from i to j

~ε = ~0→ simple random walk
For all transitions :

Same probability
Same jump distance

~ε 6= ~0→ biased random walk
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Bias on carbon diffusion

|~ε| ≥ 0.01 Å, for T=300 K
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Comparison with elasticity theory

What is elasticity theory ?

BCC → Anisotropic !

Carbon : “elastic dipole”

Associated force moment tensor Pij

Stress :

σij = − 1

V
Pij

Dislocation : elastic deformation εdij
Binding energy in octahedral sites AND tetrahedral sites :

E
o/t
b = P

o/t
ij · ε

d
ij

Energy barrier :
∆E = E t

b − E o
b
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Comparison with elasticity theory

Bias on carbon diffusion
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Comparison with elasticity theory

Energy barrriers

 0

 5

 10

 15

 20

 0  1  2  3  4  5

|
Eeb

| (
m

eV
)

R (nm)

(A)

 0

 5

 10

 15

 20

 0  1  2  3  4  5

|
Eeb

| (
m

eV
)

R (nm)

(B)

 0

 5

 10

 15

 20

 0  1  2  3  4  5

|
Eeb

| (
m

eV
)

R (nm)

(A)

 0

 5

 10

 15

 20

 0  1  2  3  4  5

|
Eeb

| (
m

eV
)

R (nm)

(B)



Effect of the
stress field of
dislocations
on carbon
diffusion

Context

AKMC-MD
Coupling

Computational
model

Results

Conclusion

Comparison with elasticity theory

Residence time (s)
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Comparison with elasticity theory

Segregation kinetics
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So far...

Summarizing...

Carbon diffusion in the vicinity of a dislocation → biased
random walk

Carbon jumps faster as it gets close to the dislocation line

This effect decreases quickly with increasing temperature

Attractive effect (compared to the bulk case)

Edge effect more important than screw
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Work in progress

MS+AKMC : carbon diffusion in the dislocation core

Mapping energy minima in the core of dislocations (MS)

Energy barriers → Nudged elastic band (MS)

Carbon diffusion in the pipe (AKMC)
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Towards A`EMI : a few ideas

MS+AKMC : solute migration to α/γ interface

Fe-C-X potential from Fe-C and Fe-X ?

diffusion across the interface ?

MS : towards a better understanding of X ∗X

effect of the interface “roughness” ?

MD+MC/KMC :interface migration

Interface migration with MC

Solute diffusion with KMC

Thanks for your attention !
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