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samples from state H and HF have been performed at various temperatures. Fig. 2 shows the change in TEP, DS, as
a function of the ageing time. From these evolutions, three
diﬀerent stages can be observed:

To investigate the origin of the first step (stage A), TEM
has been performed after H + 4 h at 140 !C (Fig. 3-r).
Analysis of the diﬀraction pattern led to the positive identification of e-carbide: a hexagonal structure with six iron
atoms per cell ðae ¼ 0:4767 nm and ce ¼ 0:4354 nmÞ, space
group P63 22 and cell volume Xe ¼ 0:0857 nm3 as reported
by Hirotsu and Nagakura [22]. This carbide is a superstructure of ‘‘classical” e-carbide (space group P63/mmc,
JCPDS#36-1249). This stage is then assumed to be related
to the precipitation of e-carbide (first stage of tempering,
see Section 1).
3174 As far as the second step (stage M.
et al. / Acta Materialia
B) Perez
is concerned,
TEM
analysis has been performed after H + 2 h at 240 !C
s
(Fig. 3- ). Analysis of the diﬀraction pattern led to the
positive identification of cementite (JCPDS#85-1317 [23]): kJ
orthorhombic structure with 12 iron atoms per cell ðah ¼ ti
0:50890 nm; ah ¼ 0:67433 nm and ch ¼ 0:45235 nmÞ, space be
group Pnma and cell volume Xh ¼ 0:0236 nm3 as reported ab
by Bagaryatskii [24]. Note that no retained austenite has it
been observed in the TEM after 2 h at 240 !C. Moreover, C
if the TEP evolution of H240 and HF240 are compared of
(see Fig. 2), taking into account that the main diﬀerence 14
between both states is the initial amount of retained austenite, it can be concluded that this second step is also due to 19
the decomposition of retained austenite. Stage B is then It
assumed to be related to both the decomposition of co
retained austenite and the precipitation of cementite (sec- la
ond and third stages of tempering, see Section 1). The same
interpretations are also given in the work of Tkalcec is
[25], except that no retained austenite remained in their ti
th
steel.
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! Stage A: a sigmoidal-shaped evolution at low ageing
temperatures (e.g. 100 min at 110 !C) for which the
TEP curves from the H and HF states coincide.
! Stage B: another sigmoidal-shaped evolution for higher
temperatures (e.g. 20 min at 240 !C), for which the TEP
of the sample from the H and HF state are no longer
similar.

Experiment: ageing of martensite

Ageing monitored by thermoelectric power (i.e. resistivity)
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Fig. 2. Tempering of 100Cr6 martensite characterized by TEP. A two-step
sigmoidal evolution (labelled A and B) combined with a broader one
(labelled C) are observed. Labels r and s stand for states H + 4 h at
140 !C and H + 2 h at 240 !C, for which TEM analysis has been
performed (see Fig. 3). Uncertainties correspond to the symbol size.

Time-temperature equivalency: t = t exp

h

i

Q = 120 kJ/mol =1.25 eV 190(0.85
eV
C in iron)
H330,for
H505 treatments.
kJ mol for
"1
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see Section 1).
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Carbon diffusion: how?
From octahedral to octahedral site
Through tetrahedral site
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Dislplacement
[M. Hillerts, Acta Metall. 7 (1959)]
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Iron-carbon EAM potential
[Becquart el al, Comp. Mat. Sc. 40 (2007)]
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Simulation box for MD
2000 Fe atoms and 1, 174 or 250 C atoms (small system)!
Metropolis Monte-Carlo to relax the box
C is forced to remain ordered !

MD simulation within the NVE ensembles at zero pressure
50 ns MD runs

measurement.
was continued under these conditions and the movement of each carbonDiffusion
atom tracked
over the MD simulations we
all carbon atoms every δt = 0.01 ns, thus pro
following 50 ns.
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Diffusion measurement.
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3. Simulation of carbon diffusion by means of MD

2000 iron atoms) plotted alongside a compilati
[19], the potential reproduces the experimental
above ∼1000 ◦ C, however, the experimental
experimental data showing a decreasing diffusiv

Figure 1 shows the MD measured diffusivity for a single carbon atom (within
a box containing
4 The ‘strength’ of a barostat (or thermostat) is set throug
2000 iron atoms) plotted alongside a compilation of experimental data.over
Aswhich
previously
shown
the pressure
or temperature is relaxed. A strong
[19], the potential reproduces the experimental data well in this dilute oflimit.
At temperatures
this parameter.
◦
above ∼1000 C, however, the experimental and simulated diffusivities diverge, with the
4
experimental data showing a decreasing diffusivity (increase in apparent activation energy) and
4

The ‘strength’ of a barostat (or thermostat) is set through a parameter (in time units) which determines the period
over which the pressure or temperature is Figure
relaxed.
strong barostat
thermostat)
characterized
by iron
a short
period
1. A
Diffusivity
of a single(or
carbon
atom in aisbox
containing 2000
atoms
as
of this parameter.
obtained from MD simulations using the Raulot–Becquart potential [19] (red symbols)

Agreement
with experiments (high temperature ?).
plotted alongside experimental data for carbon diffusion in ferrite [28–32]. The inset
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Diffusivity equation
d ln D
∆E (T )
=−
d(1/T )
R
How to dertermine ∆E (T ) ?
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∆E (T ) = ∆E0 + Pijt − Pijo Iij therm
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Diffusivity:
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∆E (T )
d(1/T )
R
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Figure
1. Diffusivityexperiments...
of a single carbon atom in a box containing 2000 iron atoms as
Not
following

obtained from MD simulations using the Raulot–Becquart potential [19] (red symbols)
The inset

experimental data
for carbon
in ferrite [28–32].
...plotted
but alongside
we understand
MD
nondiffusion
linearity!
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Another bit of elasticity theory: (3) Effect of C concentration
 o

Interaction energy:
P⊗ 0
0
Einter = Pij ij with Pijo =  0 P•o 0 
0
0 P•o
Ordered C induced elastic distortion :
nC
Sijkl Pkl
nijC =
V
Hillert’s idea:
1
∆E = ∆E0 + (E unfav . − E fav . )
2

1  o,unfav .
o,fav .
= ∆E0 +
− Einter
Einter
2

1  o,unfav .
= ∆E0 +
Pij
− Pijo,fav . nijC
2

C diffusion in supersaturated Fe
C Diffusion in
supersaturated
Fe

MD results vs Elasticity theory following Hillert’s idea
-‐8	
  

Introduction

Diffusion in
pure Fe
Diffusion in
supersat. Fe
Conclusions

0.05at%	
  C	
  (MD)	
  
0.05at%	
  C	
  (Elast.	
  Hillert's	
  idea)	
  
8at%	
  C	
  (MD)	
  
8at%	
  C	
  (Elast.	
  Hillert's	
  idea)	
  
11at%	
  C	
  (MD)	
  
11at%	
  C	
  (Elast.	
  Hillert's	
  idea)	
  

-‐8.5	
  

ln	
  (Diﬀusivity	
  /	
  (m2/s)	
  )	
  

Methodology

-‐9	
  
-‐9.5	
  
-‐10	
  
-‐10.5	
  
-‐11	
  
-‐11.5	
  
-‐12	
  
0.8	
  

0.9	
  

1	
  

1.1	
  

1000	
  /	
  T	
  (K)	
  

Nice fit for low C concentration only !?!

1.2	
  

1.3	
  

C diffusion in pure Fe
C Diffusion in
supersaturated
Fe

A las bit of elasticity theory: (4) accounting for octa and tetra
Interaction energy:

Methodology
Diffusion in
pure Fe
Diffusion in
supersat. Fe
Conclusions

o,t
P⊗
= 0
0



Introduction

Einter = Pij ij with Pijo,t

C induced elastic distortion:
nC
nijC =
Sijkl Pkl
V
Energy barrier:

0
P•o,t
0


0
0 
P•o,t

C diffusion in pure Fe
C Diffusion in
supersaturated
Fe

A las bit of elasticity theory: (4) accounting for octa and tetra
Interaction energy:

Methodology
Diffusion in
pure Fe
Diffusion in
supersat. Fe
Conclusions

o,t
P⊗
= 0
0



Introduction

Einter = Pij ij with Pijo,t

0
P•o,t
0

C induced elastic distortion:
nC
nijC =
Sijkl Pkl
V
Energy barrier:
∆E

t
o
= ∆E0 + Einter
− Einter

= ∆E0 + Pijt − Pijo nijC




0
0 
P•o,t

C diffusion in supersaturated Fe
C Diffusion in
supersaturated
Fe

MD results vs Elasticity theory acounting for Tetra and Octa
-‐8	
  

Introduction

Diffusion in
pure Fe
Diffusion in
supersat. Fe
Conclusions

0.05at%	
  C	
  (MD)	
  
0.05at%	
  C	
  (NEB)	
  
8at%	
  C	
  (MD)	
  
8at%	
  C	
  (Elast.	
  Octa	
  and	
  Tetra)	
  
11at%	
  C	
  (MD)	
  
11at%	
  C	
  (Elast.	
  Octa	
  and	
  Tetra)	
  

-‐8.5	
  

ln	
  (Diﬀusivity	
  /	
  (m2/s)	
  )	
  

Methodology

-‐9	
  
-‐9.5	
  
-‐10	
  
-‐10.5	
  
-‐11	
  
-‐11.5	
  
-‐12	
  
0.8	
  

0.9	
  

1	
  

1.1	
  

1000	
  /	
  T	
  (K)	
  

Still not working for 11% !?!

1.2	
  

1.3	
  

C diffusion in supersaturated Fe
C Diffusion in
supersaturated
Fe

Introduction

What happens at 11%C?
A new phase !?!
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How can it change diffusivity?
NEB on strained simulations boxes:

Modelling Simul. Mater. Sci. Eng. 22 (2014) 065003

B Lawrence et al
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Figure 3. NEB calculated minimum energy path between two octahedral sites
as a function of the superimposed macroscopic strain and the macroscopic strain
to that expected
for energy
the indicatedbarrier
atomic fraction of carbon. The energy
Fecorresponding
higher
16 C2 exhibits
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A mixture of fully ordered Fe16 C2 and ordred 11%C?
Order parameter η
η = 1 for Fe16 C2
η = 0 for “random” ordered structure

#!
"

∆E Fe16 C2
∆E Fe11%C
∆E = kB ln η exp
+ (1 − η) exp
kb T
kb T
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Conclusion
Ordered C in solid solution modifies diffusivity of C
Hillert was (almost) right !
Better to account for octa and tetra variation with C
content
[Lawrence el al, Modelling Simul. Mater. Sci. Eng. 22 (2014)]

Outlook
Diffusion of C within a Cottrell atmosphere
see Charlotte’s talk on thursday

Formation of carbides...

