N
N

N

HAL

open science

Influence of ordering phenomena on carbon segregation

in tungsten screw dislocation

Fabienne Berthier, Bernard Legrand

» To cite this version:

Fabienne Berthier, Bernard Legrand. Influence of ordering phenomena on carbon segregation in
tungsten screw dislocation. Acta Materialia, 2023, 245, pp.118610. 10.1016/j.actamat.2022.118610 .

hal-03765006v2

HAL Id: hal-03765006
https://hal.science/hal-03765006v2
Submitted on 15 Feb 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial - NoDerivatives 4.0
International License


https://hal.science/hal-03765006v2
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://hal.archives-ouvertes.fr

Acta Materialia 245 (2023) 118610

ELSEVIER

Contents lists available at ScienceDirect
Acta Materialia

journal homepage: www.elsevier.com/locate/actamat

Check for

Influence of ordering phenomena on carbon segregation in tungsten e

screw dislocation

F. Berthier®, B. Legrand "

2 Université Paris-Saclay, CNRS, Institut de chimie moléculaire et des matériaux d’Orsay, Orsay 91405, France

® Université Paris-Saclay, CEA, Service de Métallurgie Physique, Gif-sur-Yvette 91191, France

ARTICLE INFO ABSTRACT

Keywords:
Segregation
Short-range ordering
Long-range ordering
Carbon

Screw dislocation

Concentration profiles on the different sites of tungsten screw dislocation are calculated as a function of the
nominal carbon atom concentration, temperature and dislocation density. Rigid lattice Monte Carlo simulations
and associated mean-field modelling are performed based on interaction energies from ab initio calculations. We
show that the repulsive interactions induce ordering phenomena that drastically change the concentration in the
core of the dislocation and leads to ordered structures among the octahedral sites. We detail the domains of short-

range ordering (SRO) and long-range ordering (LRO).

1. Introduction

The chemical composition at interfaces (dislocation, grain bound-
aries), surfaces, thin films and nanoparticles often differs from that of
the bulk. This so-called segregation phenomenon is of great importance
for the physical and chemical properties of materials. For dislocations,
segregation can have an important mechanical influence via the varia-
tion of their mobility according to the concentration of the segregating
element [1].

Segregation is very well documented, both from the experimental
and from the theoretical point of view. At the atomic scale, it has already
been possible to characterize surface segregation with STM [2,3], while
for dislocations HREM [4], ToF-FIM [5] and three-dimensional atomic
probe (ATP) [6-8] can lead to atomic resolution. Theoretically, inten-
sive research has been devoted for segregation at surfaces and thin films
[9-12], grain-boundaries [13-16], nanoparticles [17-21] and nano-
wires [22]. For dislocations, the segregation was modeled either using
elastic theory [23-27], or using Monte-Carlo simulations with
semi-empirical potentials [28-31], or using ab initio calculations whose
obtained interactions are used as input data in rigid-lattice MC simula-
tions or mean field models [32-34]. The goal is then to obtain the
equilibrium concentration of the segregating elements in the core of the
dislocations as a function of their bulk concentration, temperature and
dislocation density.

On the surface, the coupling between segregation and order phe-
nomena [35] has been extensively studied, this coupling being likely to
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largely modify the surface segregation [3,9,36-40]. This coupling has
also been studied for intergranular segregation [13,14,41,42] and in
thin films and nanoparticles [17,18,43-52]. It seems that the same
theoretical effort has not been carried out on this coupling for segre-
gation in the core of dislocations [33,34]. The fact that there is no phase
transition at 1D [53] can perhaps explain this relative lack of interest in
studying this coupling for dislocations.

The aim of this paper is to show that taking into account the coupling
between order and segregation phenomena in the case of dislocations is
as important as for interfaces and nanoparticles. The order phenomena
can be both long-range order (LRO) and short-range order (SRO) and
affect the bulk or the core of dislocations.

We consider the segregation of carbon in the core of 1/2 (111) screw
dislocation in tungsten. The interactions between carbon atoms are
obtained by ab initio calculations [33] and are input into Monte Carlo
simulations and into a mean-field model allowing the emergence of
order phenomena. The comparison with a previous study in which only
the disordered state was allowed in the core of the dislocation [33] al-
lows to highlight the importance of the coupling between segregation
and order phenomena in the core of dislocations.

The paper is organized as follows. After the description of the ener-
getic model in Section 2, we present the computational methods (Sec-
tion 3), including in particular the description of the mean-field model
which takes into account the possible ordering phenomena. Section 4
details results obtained with mean-field modelling and presents a com-
parison with the Monte Carlo results. Finally, we discuss the main
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features of the thermodynamics of the considered system, in particular
the ordering phenomena (Section 5), before concluding (section 6).

2. Energetic parameters

We consider the energetic model of the original work [33] which was
determined from ab initio calculations. The energy of the reconstructed
dislocation is given by an Ising Hamiltonian:

H=Hy+Y AE*’0;+ ) V,0i0;. €}
i ijAi

The Hamiltonian depends on two elements, the segregation energies
AE?®° in dilute limit on site i and the pair interaction energies V; be-
tween carbon atoms on two sites i and j. Both the prismatic P sites inside
the dislocation core and the six different O sites around the recon-
structed core are taken into account (see Fig. 1a). In the following, in
order to simplify the notations, the octahedral lines O are named 0. Hy
is a constant term, proportional to the energetic cost to transform a
dislocation segment from an easy to a hard core. o; is an occupation
number, which equals 1 if the site i is occupied by an atom, and
0 otherwise. The interactions between atoms are restricted to the nearest
neighbor sites.

The segregation energy is the energy variation in dilute limit be-
tween an initial configuration and a final configuration where a carbon
atom is respectively located in a site of the bulk and in a site on the
dislocation. The segregation energies on sites P (in the hard configura-
tion induced to the carbon segregation) and on sites O are respectively
equals to AE®® = —2.1 eV and AEZ? = —1.38 eV. The segregation
energy is twice higher (in absolute value) on P sites than on O sites. That
means that carbon segregation is strongly favored in the P line. This
difference in segregation energy may be related to steric effects. It would
be interesting to extend the analysis of the driving forces of segregation
that is performed at the surface and at grain boundaries in metal alloys
[15,54] to dislocations for metal-carbon systems.

The intra-line interaction energies, i.e. the interaction energies be-
tween two carbon atoms belonging to the same line P or O are respec-
tively Vpp = —0.08 eV and Voo = —0.27 eV (see Fig. 1b). These
interactions are attractive. The system tends to phase separation along
the P and O lines. The intra-line interaction on the P line is weak (almost
nil) and strong on the O line. Intra-line phase separation can therefore be
expected on line P and especially on line O.

All the inter-line interactions are repulsive: Vpp = 0.06 €V, V3 = 0.25
eV, Vo, =0.61 eV, V3 =0.18 eV and V4, = 0.13 eV (see Figs. 1a and 1b).
The tendency of chemical order between the P line and O lines is weak

— Vpo
= V¥
— V3, V4

d
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and strong between two neighboring O lines. Therefore, the possibility
of observing ordered inter-O-line structures cannot be excluded.

3. Computational methods

Based on the attractive intra-line and repulsive inter-line interaction
energies, the system may present ordered structures and simulations
have to allow this complexity.

3.1. Monte Carlo simulations

We perform Metropolis MC simulations in the grand canonical
ensemble, which enables the optimization of both the number and dis-
tribution of the carbon atoms on the different sites. Only one type of
event is included. Incorporation and extraction of carbon atoms are
proposed. A site is chosen randomly. If the site is empty then the
incorporation of a carbon atom is proposed, otherwise extraction is
proposed. A trial is accepted/rejected following the Metropolis algo-
rithm [55]. The probabilities of incorporation and extraction are
respectively:

N AE; —p _ Ne AE; —p
P, = exp( T ) and Py = N exp( T 2)

with N the number of sites and N the number of carbon atoms in the
cell. AE; (respectively AEg) represents the energy variation due to the
incorporation (resp. extraction) of a carbon atom. Each energy is given
by the Hamiltonian (Eq. 1) which depends on the configuration via the
site occupation numbers. y is the chemical potential which is calculated
from the mean-field formalism in dilute limit:

p = Eg + kyTln— 2% 3)
1 — Cpun

where Ej is the incorporation energy of one isolated carbon atom into a
bulk octahedral site and cp, the concentration of carbon. Interaction
between carbon atoms in the bulk are neglected which is available for
bulk concentrations lower than 1000 appm as considered here. The bulk
solubility limit should also be considered especially when T—0 K. Ac-
cording to the experimental phase diagram, the solubility limit is less
than 0.3 % (3000 appm) [56].

MC simulations allow the determination of isotherms and iso-
concentrations, i.e. the evolution of the concentration of the dislocation
sites as a function of the chemical potential (or as a function of the bulk
concentration) at a given temperature and respectively as a function of
temperature for a fixed value of the bulk concentration.

Fig. 1. Schematic representation of the alloying pair interactions between P and O sites: (a) projection on the (111) plane and (b) in projection along the Burgers
vector direction. The tungsten atoms are represented in white, black and grey (a); the reconstructed dislocation core is displayed by a grey triangle (a) and carbon
atoms are in color (a and b). The prismatic site P inside the hard core is depicted in red while the O sites, with k ranging from 1 to 6, are in orange. The interaction
terms Vpp, Vpo, Voo, V1, Va2, V3 and V4 are plotted in red, dark green, orange, blue, cyan, pink and purple, respectively. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)
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The simulation box contains the line of prismatic P sites and the six
lines of octahedral O sites. Each line is composed of l; = 100 sites. The
total number of sites is N = 700 and the number of MC macro steps is
Numc = 10°. Periodic boundary conditions are used. Hereafter we will
not present the concentrations per site but the concentrations of lines cx

1 1\l : : _ .
Mo NZE <100, with 6, the occupation number and X =P or O,
MC

withi =1,...,6.
In addition, we calculate the Warren-Cowley short-range order
parameter (SRO):

Neye
ayy =1 —ljm——-— 4)
o dZXYNCX(ld —Ney)

with X, Y =Por O;,i =1,...,6; N¢,g, the number of first neighboring
pairs with a carbon atom (C) on line X and an empty site (E) on line Y;
N¢, the number of carbon atom (C) on line X and Zxy the inter-line X —Y
coordination number.

3.2. Mean-field modelling

We also perform mean-field calculations which allow a detailed
analysis of results. The great advantage of MF modelling is to explore
exhaustively all the concentration profiles that are solutions of the sys-
tem. Given the repulsive interactions between the O lines and thus the
possibility that the system forms an ordered inter-O-line structure we
have considered the P line and two O lines (lines 1 and 2 for example, see
Fig. 1a). We have verified that the results are identical to those of a more
complete model including the P-line and the six O lines or even the with
per-site formalism.

Using the Bragg-Williams approximation, the minimization of the
free energy leads to the well-known segregation equation:

" AEYS
X Chk exp(f X>7 ®)

I —cx 1 Chulk kgT

With X = P for the Plineand X = 1, 2respectively for the O; and O,
lines. AE;® the segregation energy in the X line:

AERE = AER®° 42 Vipep + 6 Vpo(cr +¢2), (6a)
AERS = AES* +2 Vpocp +2 Voocr + Viiaca, (6b)
AERE = AES* +2 Vpgep +2 Voocs + Viacy. (60)

The total inter-O-line interaction energy Vi, =V; +2V,+ V3 +
2V, =1.91 eV is very high, which strengthens the assumption of an
inter-O-line ordering. Such order is characterized by the long-range
order parameter (LRO) = ¢; — ¢,, which implies describing the two
O-lines separately. A mean-field model with a single O-line, ie. that
assumes a homogeneous distribution on all O-lines, cannot account for
an inter O-line order.

Solving Eq. 5 gives the carbon concentration on the different lines for
an isolated dislocation. To take into account the dislocation density p,
we consider the conservation of matter that relates the bulk carbon
concentration to the nominal concentration, without taking into account
their relative position and the interactions between them, as following

N . v
Mtk ¢om = NpuieCoutk + Np ¢p + NoY_ €o, With Ny =¥, Np =4 and No
i

= Np for a volume V with a lattice parameter a and the dislocation
burgers vector b. After simplification, with the notations defined above,
this relationship becomes:

3

&
Crom = 3Cpui + 3p6_b (ep+3 (c1+¢2))- )

4. Results

If MC simulations are a very efficient method to characterize the
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segregation phenomena, the SRO and LRO, it is only a numerical
method. The mean-field modelling has the advantage to be analytical,
which permits an easy analysis of the thermodynamic driving forces.
Moreover, we can quickly test the whole range of temperature and
concentration. Therefore, we first present the mean-field results, and
complete the study by comparison with MC.

4.1. Isotherms

In Fig. 2, the segregation isotherms are shown at T = 2000 K, giving
the concentration of the three lines P, O;, O, : ¢p, ¢ and c,, as a function
of the bulk concentration cp,. As the segregation energy on the P line is
higher (in absolute value) than that on the O lines, the enrichment is
more important on the P line whatever cp, . As suspected, due to the
strong repulsive interaction between the O lines, the O lines split into
two groups (within a range of temperature and concentration): rich and
poor lines. The separation of one isotherm in two isotherms is the
signature of an order-disorder transition.

To obtain the phase diagram associated to this transition, we
calculate the isotherms at various temperatures. Fig. 3a shows the iso-
therms as a higher temperature (T = 5000 K). We can note that this
temperature is higher than the melting temperature which is about 3700
K. Above the melting temperature, the results obtained on a rigid lattice
are purely theoretical, but allow to describe the thermal decreasing of
segregation and ordering. As the temperature is increased (but still
below the order-disorder temperature), the isotherms on the different
lines are shifted to higher bulk concentrations, the slope of the isotherms
and the enrichment factor cx/cpu decrease. The transition that is
characterized by the separation of the O lines into two groups is bounded
at a given temperature in a bulk concentration range cpux € [Cp1, Cp2] and
in an O line concentration range by the solubility limits c, and c; (see
Fig. 3a). Note that in this domain, the average O isotherm (cp) is a
monotonic increasing function.

As the temperature increases, these limits decrease (see Figs. 3b and
3c). Fig. 3b displays the diagram of existence of order (cpu, T). The
diagram is asymmetric, the limit c,; varies little while ¢, varies a lot
with temperature. For a bulk concentration ¢y, between cp; and cpy the
structure is ordered with a carbon-rich O, line and a carbon-poor O, line
whose respective concentrations are given by the isotherms for the cp;
value. The phase diagram of O-lines ({(co), T) is more symmetric
(Fig. 3c). For an average concentration (co) of the O lines between c,
and c; the composition of each line is given by the isotherms at the
horizontal of (co).

As the temperature decreases, the isotherm c; of the rich O line
presents a van der Waals loop, indicating a first order intra-line transi-
tion (see Fig. 4a). This demixtion-disorder transition is due to the
attractive interaction between carbon-carbon atoms on the same O line.
We can use the rule of equal areas to obtain the solubility limits. This

0.8
< 0.6

-8 -6 -4 -2 )
log Chuik

Fig. 2. Equilibrium segregation isotherms for the prismatic P line (in red) and
for the octahedral O; (in blue) and O (in green) lines of the screw dislocation
at T = 2000 K. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 3. Equilibrium segregation isotherms for the prismatic P line (in red) and for the octahedral O; (in blue), O, (in green) lines and for the average isotherm of O
lines (in cyan) of the screw dislocation at T = 5000 K (a), domain of existence of the ordered states in cpyx (b), phase diagram of ordered state in (co) (c). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Equilibrium segregation isotherms for the prismatic P line (in red) and for the octahedral O; (in blue) and O, (in green) lines of the screw dislocation at T
= 1000 K (a) and intra-lines phase diagram P and O (b). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)

rule ensures that the two phases, one rich and the other one poor in
carbon, have the same free energy. The isotherm of line P shows the
same behavior at lower temperatures. The intra-O critical temperature
TCO, below which a first order phase transition is observed on the O line,
is slightly less than 1600 K. The same consideration for the cp curve leads
to an estimation of T? about 500 K. The demixtion-disorder critical
temperature for the O lines is higher than that for the P line. The intra-
line phase diagrams, obtained by drawing the solubility limits, present a
miscibility gap (see Fig. 4b).

The intra-line critical temperatures given by TX — —Z3x

in the

mean-field approximation are overestimated compared to the exact MC
calculation. For a one-dimensional system, the critical temperature is

expected to be 0 in the MC method. The signature of the phase transition
should be characterized by a strong local homoatomic order along these
lines.

To summarize the main thermodynamic properties of the three lines
model, note that

o there are two transitions which affect the lines O: one order-disorder
transition (related to the repulsive interactions between lines O), and
one demixtion-disorder transition (related to the attractive intra-line
interactions O) leading to the phase diagram in ¢y and T (Fig. 3b)
or, easier to draw, in ¢p and T (Fig. 4c). These transitions have almost
no effect on the P line.
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e there is a demixtion-disorder transition affecting the P-line related to
the weak attractive interactions Vpp on the P-line leading to a critical
mean field temperature close to 500 K. Phase separation on the P-line
occurs at low temperatures and at very low bulk concentration (of
about 10728).

4.2. Isoconcentrations

The evolution of the concentration profile as a function of temper-
ature is shown Fig. 5a for cpom equal to 10 and 100 appm. The P line is
fully saturated in carbon atoms at low temperatures up to about 2000 K
for these nominal concentrations. Then when the temperature increases
the concentration decreases. For O lines, we obtain a behavior very
different without the constraint imposing that all the lines O have
identical behavior, than the one observed with this constraint (as in the
original paper [33]). The strong repulsive inter-O-lines interaction leads
to an order-disorder transition at low temperatures which is character-
ized by a separation in two groups of the O lines, one rich and the other
poor in carbon. This yields more classical result with line concentrations
equal to 1 or 0 when T—0 K (Fig. 5a).

The temperature T% at which the concentration of the line X is equal
to cx = 0.5 can easily be calculated by assuming that the lines are in-
dependent. The system is thus reduced to a single equation that de-
AE;§3>

T-cx — T—Chuk T ksT

scribes the evolution of cx with temperature & = -k exp(
and Cpyx = Cnom/3. To obtain the expression of TX additional assump-

tions are required:

e ¢1 = co = 0 for the P line. We then obtain the following expression T%,
= (AE‘;eg’O + Vpp)/kgln 1?’;:"&. This formula leads to T?, = 2451 K for
Cnom = 100 appm and T?, = 2003 K for cpom = 10 appm.

e ¢o = 1 and ¢y = O for the O, line rich in carbon. Tf,i is then given by

TS = (AESE° 42 Vpo +Voo) /kpln 12— which yields T = 1720 K for

m 1—Cpuk

Cnom = 100 appm and T = 1406 K for cuem = 10 appm.

This simplified model gives values in perfect agreement with full
calculations (Fig. 5a).

Fig. 5b compares the evolution of the temperatures T2 and T2 as a
function of the nominal concentration with the critical temperatures TF
and TO. If TP > T? whatever cqom, TS, is lower than TO when cpom is lower
than 36 appm. When T9 < T? for a given value of cyom, the concentra-
tion for the O line rich in carbon c; exhibits a jump due to the intra-line
phase transition (see Fig. 5a for cpom = 10 appm).

To illustrate the influence of the ordering phenomena on the carbon

0.8

T

0.6
0.4

T

T

0.2

C2

o 1000 2000
T(K)

a

3000 4000
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segregation we compare the isoconcentrations obtained in MF when
chemical order is taken into account [Egs. (5-6)] or not, i.e. from a two-
equation model, that assums that all O lines have the same composition.
For the current model, we calculate the average composition of the two
O lines ({(co) = (c1 + c2)/2). The comparison is shown at cpem = 100
appm in Fig. 6. The isoconcentration of the P line obtained with both
approaches are identical (Fig. 6). The average curve of the O lines differs
strongly from the curve derived from the two-equation model. When T—
0 K the average concentration is therefore 2 which is quite different
from cp =~ 0.9 obtained with the two-equation model.

At low temperatures, the strong inter-O-line interaction lead to an
ordered equilibrium state with one O line rich and the other poor in
carbon. Hence the disordered state considered in the two-equation
model is unstable. This artificial convergence toward co ~ 0.9 when
T—0 K corresponds to the cancellation of the exponential argument in
the fundamental segregation equation in the disordered state:

—kyT In (c—o> + kT In <C”7’k) = AES 4 2Vpoep + Vooco  (7)
1—co 1 — Cpun

With Voo = 2Vpo + Vi + 2V + V3 + 2V, = 1.37 eV.

When T—0 K the left-hand side of Eq. (7) tends to 0 and ¢p = 1. So,
the right-hand side of Eq. (7) becomes AEzfg‘O+ 2Vpo + Voo co = 0,
which results in ¢cp = 0.92.

This result explains why, in the two-equation model, all curves of co
converge to 0.92 when T—0 K, whatever the nominal concentration.
This is a nice artifact of the two-equation model. The segregation

0.8
0.6
~ 0.4

0.2

1

4500

1
3000
T(K)

%] 1500

Fig. 6. Evolution of cp (in red), (co) = (c1 +c2)/2 (in gray) concentrations with
respect to the temperature for cpom = 10 (light) and 100 (dark) appm, com-
parison with isoconcentrations issued from the model with only two equations
for cpom = 100 appm (dashed lines, in cyan for P and blue for O). (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

3000 .
Tm
—_ 0
¥ 5o 7.1-"‘4
~ r 0
- Te
T
0 i 1 L
0 50 100
cnom (appm)
b

Fig. 5. Evolution of cp (in red), c; (in blue) and ¢, (in green) concentrations with respect to the temperature for chom = 10 (light circles) and 100 (dark crosses)
appm (a), Evolution of the temperature corresponding to cx = 0.5, with X =P : Tﬁl (darkred)and X =O: Tno1 (dark blue) as a function of the nominal concentration,
critical temperatures of the P line (in red) and O line (in blue) are recalled (b). (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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enthalpy must cancel for some value of ¢, which requires an interaction
term involving co. An interaction term means an ordered structure (or
demixing) at O K. This shows the inadequacy of a model imposing a
disordered state.

4.3. Monte Carlo results

In this section, we compare the MC isoconcentrations with the mean-
field ones. Fig. 7 shows that isoconcentrations are very similar. This
result validates the accuracy of the three-equation MF model. However,
we can note that the MC curve of the O-line rich in carbon O; is slightly
shifted toward a lower temperature when compared with the MF curve
(see Fig. 7).

With MC simulations, a concentration jump like the one in the MF
formalism is not expected because the dislocation is almost a one-
dimensional system. For a one-dimensional system, the critical tem-
perature is zero in MC, there is no phase separation [53]. However, the
alloy tendency can be characterized by the short-range order parameter
defined by Eq. (4). A random solid solution is characterized by axy =0,
for an ordered configuration axy < 0, whereas axy > 0 indicates a ten-
dency to form homoatomic bonds with axy = 1 for perfect two-block
phase separation.

Fig. 7a depicts the evolution of intra-line SRO parameter as a func-
tion of the temperature. The curves of line P and the two O lines show a
positive peak characteristic of a tendency to phase separation. The peak
of the prismatic line occurs around 2500 K. The value of ap_p is very
small because the intra-line interaction energy P is weak. For the octa-
hedral lines the value of the SRO parameter at the peak (for T about
1600 K) is higher (|Voo| > |Vpp|) showing a higher tendency to form
homoatomic bonds. The LRO parameter inter O-lines is equal to —1 at
low temperature and to O at high temperature (Fig. 7b). This is the
signature of a perfect ordered state which evolves toward a disordered
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solution when the temperature increases.

To conclude, for MC simulations, the order-disorder transition is
present but the demixtion-disorder transition disappears as expected for
one-dimensional systems.

4.4. Influence of the dislocation density

Isotherms and isoconcentrations can be easily obtained as a function
of the nominal concentration from the previous results and from the
matter conservation (Eq. 7). When the dislocation density increases the
number of segregation sites increases thus the segregation can be limited
to respect the matter conservation. The influence of the dislocation
density is shown on the isoconcentrations for cpom = 100 appm (Fig. 8a)
and cpom = 10 appm (Figs. 8b and 8c). At cpom = 100 appm, the
composition of the dislocation is identical than for the isolated dislo-
cation whatever the temperature for p = 10'* m=2 and p = 10'* m~2.
For p = 10> m~2 the segregation is limited on the octahedral lines rich
in carbon and the P-curve is slightly shifted towards the lower temper-
atures (Fig. 8a). At a lower nominal concentration, ¢,o,m = 10 appm, the
isoconcentrations are unchanged at p = 10'® m~2. At higher dislocation
density the segregation is limited (Figs. 8b and 8c). For p = 10'* m~2 the
same profile as above (for cpom = 100 appm and p = 10'®> m~2 see
Fig. 8a) is observed. As the dislocation density increases, for p = 105
m~2, the concentration of all octahedral lines is zero at any temperature
and the concentration of prismatic sites is limited to about 0.2 at low
temperatures (Fig. 8c).

The influence of dislocation density on the isoconcentrations can be
easily dealt in the disordered state by considering Eq. (7) and the iso-
concentrations of the dislocation alone. From the profile we assume that
¢y = 0 for three octahedral lines and that cp,y is negligible. Thus, Eq. 7
can be rewritten as cpom = 3/)2—137 (cp + 3c1). From this relationship we
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calculate

o the value of p from which the segregation is limited by the disloca-
tion density. For cp = c¢; = 1 the right-hand side term is about 10~'°p
. By writing cpom = 107", the dislocation density starts to restrict
segregation for p > 109", i.e. 10'® for cyom = 10~ (100 appm) and
p > 10 for cpom = 1075 (10 appm).

o the value of ¢; when the segregation is limited on the O;-line. c; is
given by ¢; = (/%’ Crom —Cp) /3 With ¢p = 1, resulting in ¢; = 0.24.
This result is very different from the one obtained with a two-
equation model.

e the value of cp when the segregation is limited on the P-line. All
O-lines are empty and cp = %3’ Crom = 0.17.

All these results are in perfect agreement with the full calculation.

5. Discussion

In this paper, we have investigated the segregation of carbon atoms
in screw dislocations of tungsten using a MF model and MC simulations.
The mean field model describes the behavior of the prismatic line and
two octahedral lines to observe a hypothetical ordered state. This MF
model predicts an intra P-line transition at low temperatures for negli-
gible bulk concentrations, so experimental evidence should not be
possible. At low temperatures the sites of the prismatic line are occupied
by carbon atoms. From about 2200 K the carbon concentration of the
prismatic line decreases with increasing temperature (for cpo,m = 100
appm). The behavior of the octahedral lines is more complex. We find, at
low temperatures, that one octahedral line is saturated in carbon atoms
and the other without any, forming an alternative sequence. The con-

centration of carbon of the rich O-line decreases from 1700 K (for cpom =
100 appm). In addition, at temperatures up to 1600 K, an intra-line
demixing/disordering transition occurs. This transition is character-
ized by a concentration jump on the isoconcentration curves when the
nominal concentration is below 36 appm.

Our mean field results are very different from those obtained with a
model that assumes that all O-lines have identical behavior. The tem-
peratures for which the P-line is predicted to be saturated with carbon
and all O-lines are empty are between 1800 K and 2300 K. At lower
temperatures three of the six O-lines are rich in carbon.

MC simulations show that order-disorder transition between O-lines
occurs while the demixtion-disorder transitions along the lines disap-
pear as the system is almost one-dimensional. The presence of attractive
interactions is only depicted by the existence of atomic and vacancy
clusters. The MC microstructures present at low temperatures the or-
dered state with rich and poor O-lines (Fig. 9a). When the temperature
increases and the concentration of carbon-rich O-lines decreases
(Fig. 7a), clusters of vacancies appear on the carbon-rich O-lines
(Fig. 9b). For higher temperatures, when the concentration of carbon
rich O-lines decreases further and the concentration of carbon-poor
O-lines increases a little (Fig. 7a), the microstructures reveal the pres-
ence of carbon clusters on the carbon-poor O-lines, these clusters are
opposite to vacancy clusters on the carbon-rich O-lines (Fig. 9¢). These
microstructures show the formation of local anti-phase boundaries
(LAPBs). Each LAPB is restricted to a given pair of O-lines. Actually, each
pair being independent of the other two, the LAPBs for a pair of O-lines
are not correlated with the LAPBs located on the other two pairs, pre-
venting us to define a global APB perpendicular to the dislocation line
and affecting the three pairs of O-lines. The presence of vacancy clusters
or carbon clusters on the O-lines is in accordance with the description of
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Fig. 9. Monte Carlo microstructures obtained for a single dislocation for chom = 100 appm at T = 1280 K (a), T = 1595 K (b), T = 1673 K (c). Circles: empty sites,
black disk: carbon atoms. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

the local order presented previously.

Segregation on dislocations leads to a wide variety of phenomena.
Many improvements in microscopy have been made and allowing the
imaging of light atoms [57], but it remains an open question whether it
is possible to see the ordering in the dislocation. Our results illustrate the
complexity when two phase transitions intertwine. This complexity
cannot always be described by the simplest mean field models. The
choice of the model depends directly on the complexity of the system.
The comparison with MC simulations allows to validate the relevance of
the chosen model.

6. Conclusion

The effect of chemical ordering phenomena on carbon segregation in
tungsten screw dislocation changes drastically the concentration of
solutes atoms in the dislocation and the microstructures. If the carbon
concentration of prismatic sites remains unchanged, the carbon con-
centration of octahedral sites presents a large athermal plateau and
phase transitions appear that induce abrupt variations of the concen-
tration. This is an important result for future studies of the mobility of
screw dislocations in W(C). For instance, in the temperature range
where carbon atoms are mobile (above 1373 K) and segregate in the
dislocations, the configuration which has to be considered is a prismatic
line saturated in carbon atoms and ordered octahedral lines of average
equiatomic composition up to 1500 K for ¢pom = 10 appm and 1700 K for
Cnom = 100 appm.
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