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Recyclable polymers ?

Elastomers vs thermoplastics

Elastomers

Liquid solids!
amazing elastic properties (thanks to entropy)

Thermoplastics

soften when heated
reversible (→ recyclable !)
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Copolymers

Many structures...

... but, always

a hard phase (T < Tg )

a soft phase (T > Tg )
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Strange coupling between phases

σ
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Method: Molecular Dynamics

Principle

Newtons 2nd law mi
dv
dt = fi

Interactions de paires: fi =
∑

j fij =
∑

j gradVij

“Coarse grained” MD

Tri-block generation: Radical-like Polymerization (lammps fix)
[Mahaud, Comp. Soft. 24 (2018)]
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Method: Molecular Dynamics

Principle

Newtons 2nd law mi
dv
dt = fi

Interactions de paires: fi =
∑

j fij =
∑

j gradVij

“Coarse grained” MD

Tri-block generation: Radical-like Polymerization (lammps fix)
[Mahaud, Comp. Soft. 24 (2018)]896 M. Mahaud et al. / Commun. Comput. Phys., 24 (2018), pp. 885-898
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Figure 4: Benchmark of initialization and propagation stages. Simulation time as a function of the processors
number. The dotted line represent an ideally parallelized algorithm.
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Problem solved !

Experiment vs simulations

Buckling phenomena reproduced

Due to mechanical coupling between hard and soft phases
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Topics

Ageing in steels
Introduction
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Figure 1: (a): Increase in the yield stress over the course of aging with various temper-
ature, figure reproduced from [De et al., 2000]. (b): Typical stress behavior during the
tensile test before and after aging. (c) Portevin-Le Chatelier e↵ect and deformation map
showing a Lüders band, figure reproduced from [Renard et al., 2010]. (d) Atom probe
tomography (APT) reconstructed 3D atom distribution, figure reproduced from [Liu
and Zhao, 2012].

Le Chatelier, 1923; Kubin et al., 1992; Belotteau et al., 2009] (cf. fig. 1 (b), (c)).

The apparition of Lüders band is due to the dislocation piling, which occurs when

the unpinning of dislocations takes place when a material undergoes a certain

amount of deformation. The PLC e↵ect can be observed when the material is

deformed su�ciently slowly for the C atoms to catch up with the movement of

dislocation, so that a chain of dislocation unpinnings can be observed.

The aging process of steel can be classified into several distinct phenomena,

depending on timescale, solute content, and initial structure. In the case of ultra

low carbon (ULC) steels, the prestraining process nucleates dislocations and re-

leases the solute atoms into the matrix, in which C atoms are ill-placed due to the

2

[De et al, Scripta Mater. 41 (1999)]

Higher yield stress

Higher brittle/ductile transition temperature

Lüddering
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A Fe-C interatomic potential

From ab-Initio modelling

Goal: Fe-C interaction potential for Molecular Dynamics

Two reference configurations:

C in octahedral and tetrahedral sites

Correct energy barrier for diffusion: 0.815 eV

Test on many configurations (C, Fe, Va)
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A Fe-C interatomic potential

From ab-Initio modelling

Goal: Fe-C interaction potential for Molecular Dynamics

Two reference configurations:

C in octahedral and tetrahedral sites

Correct energy barrier for diffusion: 0.815 eV

Test on many configurations (C, Fe, Va)
Tabulated potential for Mol. Dyn. and Monte-Carlo

[Becquart el al, Comp. Mat. Sc. 40 (2007)]
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C diffusion in pure Fe

MD resultsModelling Simul. Mater. Sci. Eng. 22 (2014) 065003 B Lawrence et al

Figure 1. Diffusivity of a single carbon atom in a box containing 2000 iron atoms as
obtained from MD simulations using the Raulot–Becquart potential [19] (red symbols)
plotted alongside experimental data for carbon diffusion in ferrite [28–32]. The inset
highlights the deviation of the simulated diffusivity away from the Arrhenius behaviour
at higher temperatures. The reason for this deviation is explained in the appendix.

example, the potential predicts c/a = 1.006 for 1 at% C which is lower than both recent DFT
calculations (c/a = 1.011 [22]) and experiments (c/a = 1.008 [23], 1.01 [24], 1.009 [25]) at
the same carbon content.

As a classical embedded atom potential, the Raulot–Becquart potential does not account
for the magnetic contributions to the energy of the system. This results in ferrite being the
stable phase from 0 K to the melting point. As will be noted later, disregard for the magnetic
contribution to the energy of the system means that variations in physical properties of the
system, such as the diffusivity of carbon, do not match experimental results at temperatures
approaching the Curie temperature [26]. As the aim here is to describe the behaviour at low
temperatures, this is not considered a significant limitation in comparing Hillert’s mean-field
model to the fully atomistic simulations performed here.

The simulation box. To measure the diffusion of carbon, a periodic simulation box was defined
containing 10 × 10 × 10 ferrite unit cells, containing 2000 iron atoms. In the dilute limit, a
single carbon atom was placed within a randomly selected octahedral site at the start of the
simulation. Higher carbon concentrations were achieved by placing 174 and 250 carbon atoms
at randomly selected positions corresponding to xC = 8 and 11.11 at% C, respectively. The
simulation box was first equilibrated using a Metropolis Monte Carlo scheme where carbon
atoms were moved from one octahedral site to another and the change in energy calculated ‘on-
the-fly’ using molecular statics. In this scheme, molecular statics simulations were performed
after moving a carbon atom so as to allow for elastic relaxation of the system; this relaxation
was performed while also targeting zero pressure on the simulation box. At least a million
exchanges were performed in each case, sufficient to allow the energy and volume of the

3

Not following experiments...

... but we understand MD non linearity!
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Fe, C and dislocations

Binding energy of C around dislocation core
[Veiga, PhD INSA-Lyon (2011)]

Introduction

of atmosphere formation kinetics and atmosphere structure that involved a high

number of C atoms simultaneously.

(a) Calculation of �

(b) LinCoSS

(c) KMC

(b’) Chemical correction

(d) C segregation

�i

xi

New configuration

Figure 4: AKMC scheme. From the stress field calculated by LAMMPS (a), the
activation energies are calculated by LinCoSS (b) and depending on whether there are
neighboring atoms or not, chemical corrections are added (b’). These activation energies
are incorporated into AKMC to displace C atoms. Over the course of the Cottrell atmo-
sphere formation, the dislocation core is changed to the one that is prepared beforehand
by MMC (d).

The main goal of this thesis is to understand the formation structure and

kinetics of Cottrell atmospheres around edge and screw dislocations combining

AKMC, MMC and other methods (cf. fig. 4 for the full on-the-fly scheme). Using

the algorithm that is developed to create the Cottrell atmospheres, also a special

case of Fe-C phase, namely ↵0-Fe is investigated. Furthermore, the same MMC

technique is employed for the study of thermal stability of nanocrystalline Ni, in

which solute atoms are inserted. For this, the chapters are constructed as follows:

1. In the first chapter, the computational methods, namely MD, Energy min-

imization methods, MMC, AKMC, CI-NEB, LinCoSS and the interatomic

6

Effect of the stress field of dislocations on carbon diffusion

Figure 2.8: Mapping of carbon-dislocation binding energies obtained by atomistic
simulations for carbon positions around a straight edge dislocation (in the center)
which is aligned parallel to the [121] direction (perpendicular to the page). The
gray circle in the center (diameter equals to 8b) refers to the region defined as
the dislocation core.
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Metropolis Monte-Carlo

Equilibrium Cottrell atmospheres (from different C levels)

Formation of carbon Cottrell atmospheres in bcc iron and their e↵ect on the
stress field around edge and screw dislocations

throughout the MMC zone). For the screw dislocation, 440 C atoms were found

within a distance of 8 nm of dislocation line for a box containing 600 C atoms.

This number rose to 463 for a box with 800 C atoms. With the same logic, we

can safely say that the saturation of Cottrell atmospheres for a screw dislocation

arrived well below 800 C atoms in the simulation box.

[111]

[1̄01]

Figure 3.7: Averaged carbon density around an edge dislocation for 100, 500 and
1,000 C atoms (with the carbon concentrations of 0.059, 0.29 and 0.59 at.%) at the
temperatures of 300 K and 600 K.

We measured a concentration of 8.84 at%C within a radius of 1 nm for the

simulation box containing 1,000 C atoms at 300 K around an edge dislocation.

Around a screw dislocation, this value was found to be 9.02 at.%C for the sim-

ulation box containing 800 C atoms (which is higher in concentration than the

simulation with an edge dislocation with 1,000 C) at 300 K. In ref. [Sherman et

al., 2007], a peak carbon concentration of the atmosphere was found to be of the

order of 8 at.%C at room temperature with the atom probe tomography. More

recently, Veiga and co-workers estimated the carbon saturation concentration in

Fe-C martensite as 10 at.% [Veiga et al., 2012] using a rudimentary Monte Carlo

method. Furthermore, atom probe tomography experiments [Wilde et al., 2000]

indicate the atmosphere radius to be 7±1 nm, which is also in agreement with

figs. 3.7 and 3.8. The analytical calculation carried out in ref. [Cochardt et al.,

1955] predicted the C concentration at saturation to be inversely proportional to

the distance from the edge dislocation line and a concentration of 7 at.%C at a

distance of one Burgers vector from the dislocation line. A C concentration of

51

[Waseda et al, Scripta Mater. 129 (2016)]

≈150 C atoms per nm (same as measured with TAP)

Max. C concentration: 8.8% (TAP: 8%)
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Kinetic Monte-Carlo

Principle
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Choice of a particular transition r2
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Brute force

Migration energy of C around dislocation core
[Veiga et al, Acta Mater. 59 (2011)]
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error of only 5 meV in the activation energies. This implies a
minimum carbon–dislocation separation of about 1.5 nm
for the screw dislocation and of about 2 nm for the edge dis-
location (up to 4 nm in its glide plane).

3.2.2. Dislocation-induced bias on carbon diffusion
The stress field of an edge dislocation has been seen to

induce a location-dependent bias on carbon diffusion [20]
and this is expected also to be the case for a screw disloca-
tion. Such a bias is quantified by the mean displacement
vector h~di [32], obtained as follows:

h~di ¼
XN

j¼1

P i!j
~di!j ð8Þ

where~di!j is the vector that connects i to j and Pi!j is the
normalized probability to take the system from state i to j,
which is given by:

P i!j ¼
exp $ Eeb

i!j

kT

! "

PN
k¼1 exp $ Eeb

i!k
kT

! " ð9Þ

In our model, N = 4, as a carbon atom in an O-site can
jump to one of its four neighboring O-sites. The vector
h~di points to the direction which a carbon atom passing

in that specific location will take on average (after a
large number of passages). The effect of the bias is there-
fore a drift on carbon trajectories, which do not spread
isotropically in the strained iron lattice. In fact, if the
bias is very strong, the carbon trajectory is less a random
walk than an oriented one. It is also clear that the bias is
stronger when the temperature is lower, tending to a sim-
ple (unbiased) random walk in the high temperature
limit.

Figs. 9 and 10 allow the comparison of h~diatom and
h~dielast around an edge and a screw dislocation, respec-
tively, for T = 300 K (only vectors with a magnitude
greater than 10$3 nm are shown). For the edge dislocation,
both methods predict that a carbon atom above the glide
plane tends to go to the dislocation core, underlining the
attractive interaction between the defects in the part of
the crystal under tension. On the other hand, below the
glide plane (region under compression), the carbon atom
tends to move obliquely with respect to the dislocation core
towards the glide plane. For the screw dislocation, one can
see that the bias is much less pronounced than in the edge
case. Both methods reflect the effect of the threefold
symmetry of the screw dislocation stress field on carbon
diffusion, with attractive (repulsive) zones separated by
120!.

Fig. 4. Mapping of the energy barriers obtained by atomistic simulations for carbon migration in the vicinity of a straight edge dislocation (in the center)
which is aligned parallel to the ½1!21& direction (perpendicular to the page).
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h~di points to the direction which a carbon atom passing

in that specific location will take on average (after a
large number of passages). The effect of the bias is there-
fore a drift on carbon trajectories, which do not spread
isotropically in the strained iron lattice. In fact, if the
bias is very strong, the carbon trajectory is less a random
walk than an oriented one. It is also clear that the bias is
stronger when the temperature is lower, tending to a sim-
ple (unbiased) random walk in the high temperature
limit.

Figs. 9 and 10 allow the comparison of h~diatom and
h~dielast around an edge and a screw dislocation, respec-
tively, for T = 300 K (only vectors with a magnitude
greater than 10$3 nm are shown). For the edge dislocation,
both methods predict that a carbon atom above the glide
plane tends to go to the dislocation core, underlining the
attractive interaction between the defects in the part of
the crystal under tension. On the other hand, below the
glide plane (region under compression), the carbon atom
tends to move obliquely with respect to the dislocation core
towards the glide plane. For the screw dislocation, one can
see that the bias is much less pronounced than in the edge
case. Both methods reflect the effect of the threefold
symmetry of the screw dislocation stress field on carbon
diffusion, with attractive (repulsive) zones separated by
120!.

Fig. 4. Mapping of the energy barriers obtained by atomistic simulations for carbon migration in the vicinity of a straight edge dislocation (in the center)
which is aligned parallel to the ½1!21& direction (perpendicular to the page).

6968 R.G.A. Veiga et al. / Acta Materialia 59 (2011) 6963–6974

All saddle point energy for all possible transition around a
dislocation !
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Kinetic Monte-Carlo

Formation kinetics: AKMC vs ThermoElectric Power

Formation kinetics of carbon Cottrell atmospheres

atoms in the pre-atmosphere list, on the other hand, may interact with the atoms

in the AKMC list, but regardless of where the atoms in the pre-atmosphere list

are, they are not included in the AKMC list and therefore do not move.

The final scheme is given in tab. 4.3.

4.7 Results

The AKMC simulations are launched for an edge dislocation with the thermody-

namic parameters (temperatures, C contents, dislocation densities) that are found

in the work of Lavaire et al. [Lavaire et al., 2001] on thermoelectric power, and

the work of De et al. [De et al., 2000] on yield stress increase. The parameters

are given in tab. 4.4. For each measurement, 16 simulations are launched and the

average is taken.
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Figure 4.14: Evolution of number of C atoms that arrived in the core zone (left axis)
and the evolution of thermoelectric power [Lavaire et al., 2001] (right axis) as a function
of time.

Fig. 4.14 shows the evolution of number of C atoms that arrived in the core

region via AKMC and the evolution of thermoelectric power (cf. Lavaire et

al. [Lavaire et al., 2001]). Since the total number of C atoms in this simulations

was 89 (among the atmospheres prepared in advance, the one with the smallest

number of C atoms in the simulation box for an edge dislocation was 80), the

81

Same kinetics without any adjustable parameter
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And now... carbides !

Needs for stronger C-C interactions

to be continued...
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Silica Aerogel

Amazing thermal properties

But poor (and not understood) mechanical properties
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Molecular dynamics on large volume

Need for a new potential

7 million atoms !

[Goncalves et al, J. Non. Cryst. Sol. (2016)]
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Molecular dynamics on large volume

Tensile test

Capillarity effects

[Goncalves et al, Acta Mater. (2018)]
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Conclusions

Take home messages

LAMMPS is great !

Strong need to develop new potentials

LAMMPS as a library is convenient (but not fast !)

Need for a place to publish/share new fixes
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Conclusions

Take home messages

LAMMPS is great !

Strong need to develop new potentials

LAMMPS as a library is convenient (but not fast !)

Need for a place to publish/share new fixes
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