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Abstract 
 

The mobility of self-interstitial atoms (SIAs) and their clusters in pure iron and iron-
chromium alloys was studied by atomic scale modelling techniques.  Molecular 
dynamics (MD) was used to simulate thermally activated motion, i.e. diffusion, and 
its mechanisms whereas molecular statics was used to estimate energies of 
interactions of SIA and SIA clusters with Cr-impurities.  It is shown that the 
presence of Cr atoms reduces the diffusivity of SIAs and their clusters in a non 
monotonic way with increasing Cr concentration.  The main reason for this 
reduction is the presence of a long-range attractive interaction between self-
interstitials in the crowdion configuration and Cr atoms.  The migration mechanisms 
behind this effect are discussed relying on the results obtained from the MD 
simulations.  
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1. Introduction 

 
Simulations of displacement cascades performed during the last decade using molecular dynamics 

(MD) have clearly revealed that the primary damage state is characterised in α-Fe [1-9], as well as 

in other pure metals, such as Cu [2,10-13], by the formation of clusters of both self-interstitial 

atoms (SIA) and vacancies. The presence of a high concentration of solute atoms, such as Cr 

atoms in α-Fe, does not change this result [7,14,15]. A large body of literature devoted to the study 

of the stability and mobility of SIA clusters in pure elements such as α-Fe and Cu exists already 

[16-27]. These studies globally show that SIA clusters in α-Fe are collections of 〈111〉 crowdions 

which are also describable as ½〈111〉 loops above a certain size. These clusters exhibit high 

thermal stability and move one-dimensionally (1D), at least within the timescale accessible to MD; 

only the very small ones (di- and tri-interstitials) undergo occasional changes of glide direction, 

thereby approaching an overall three-dimensional (3D) motion. The activation energy for 1D glide 

is very low, namely a few tens of meV, and this high mobility is observed even in loops containing 

as many as 91 SIA. 

In the case of concentrated Fe-Cr alloys, MD simulations of displacement cascades [7,14,15], 

supported by ab initio studies [28], have clearly shown that a strong association exists between 

single-interstitial or interstitial clusters and solute atoms. In particular, a large number of isolated 

Fe-Cr dumbbells is formed and clusters appear to contain a concentration of Cr atoms invariably 

larger than the alloy concentration [7,14,15]. The latter result is consistent with the experimental 

observation of Cr enrichment at the edge of large dislocation loops of interstitial type in electron 

irradiated Fe-10%Cr alloys [29]. The question addressed in the present work is how this situation 

will influence the mobility of interstitials and interstitial clusters in concentrated Fe-Cr alloys of 

different compositions. 

The studies so far performed on SIA cluster stability and mobility in metals do not encompass 

the effect of the presence of alloying elements, with only few exceptions in the case of diluted Fe-

Cu alloys [26]. Theoretical evaluations and kinetic Monte Carlo simulations suggest that solute 

atoms can significantly reduce and influence the diffusivity of interstitial loops [30, 31]. In 

particular, recent experiments on irradiated Fe-Cr alloys show that high concentrations (~9at%) of 

Cr atoms suppress the mobility of loops, due to trapping at Cr atoms segregated at their periphery 

[32]. Experiments also show that the addition of even small percentages (0.1at%) of Cr to ultra-

pure Fe induces more frequent nucleation of small interstitial loops than in ultra-pure Fe without 

Cr addition [33] and that the observed loop density is enhanced in electron-irradiated Fe-10wt%Cr 
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at 25°C, as compared to pure Fe [29]. All these experimental observations support the idea of the 

existence of a strong effect of Cr atoms on the interstitial cluster population produced under 

irradiation. 

Neutron-irradiation experiments on Fe-Cr alloys show also that adding Cr up to a concentration 

of 12wt% leads to a pronounced decrease in swelling compared to pure α-Fe, as well as to 

austenitic steels, with a complicated dependence on Cr concentration, dose and irradiation 

temperature [34-38]. Swelling has been theoretically rationalised, in the case of pure elements, 

within the rate theory model known as production bias model (PBM), which explicitly allows for 

the production of clusters in cascades and for the high, 1D mobility of thermally stable SIA 

clusters, in contrast with the very low mobility and relatively low thermal stability of vacancy 

clusters [39-44]. According to this model, it is the elimination of rapidly, 1D migrating SIA 

clusters at sinks that can lead to the accumulation of vacancies into voids at elevated temperature, 

thereby producing void swelling [43, 45]. In this framework, the diffusivity of interstitial clusters 

is an important parameter in determining the development of swelling, as it governs the rate of 

cluster removal from the system, as well as the formation of dislocation loop forests or their 

recombination with vacancies, due to reactions between different clusters. Interstitial cluster 

diffusivity can be reduced significantly if these defects interact with solute atoms or other lattice 

imperfections [30, 31, 46]. This may hence be a key factor for the understanding of the observed 

sensitivity of the microstructure evolution under irradiation, particularly concerning swelling, to 

material composition and deserves, therefore, close attention. 

In this work, MD tools are used to study the effect of different concentrations of Cr solute 

atoms on interstitial and interstitial cluster diffusion properties in bcc Fe-Cr alloys, in comparison 

with pure α-Fe, using an empirical many-body potential which has been shown to be able to 

adequately reproduce the interaction between Cr atoms and point-defects in these alloys [47, 48, 

15]. 
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2. Computational details and theoretical background 
 

2.1 Interatomic potential and static calculations 

 

Details about the embedded atom method interatomic potential for Fe-Cr used in this work can be 

found elsewhere [47, 48, 15]. Here we shall only recall that this potential reproduces in a 

satisfactory way the binding energy of Cr atoms to interstitial configurations, when compared to 

first principle calculations [28], as summarised in Table 1. This energy represents the energy 

released when a Cr atom far away from the interstitial is put in the interstitial configuration. To 

illustrate how the potential succeeds in reproducing the attractive interaction between a crowdion 

and a Cr atom, in Fig. 1 we present the Fe-Fe and Fe-Cr effective pair potentials, as defined in 

[49]. It can be seen that, below a critical distance of ~0.8 , the potential energy of an Fe-Cr pair 

of atoms is lower than that of an Fe-Fe pair. The interatomic separation at the centre of a crowdion 

in pure Fe, ~0.77 , is smaller than this distance, and this is the mathematical reason for the 

positive binding energy between a Cr atom and a crowdion as described by the empirical potential 

set. The main shortcoming of the potential is that it does not provide the 〈110〉 dumbbell as the 

most stable configuration for the isolated single-interstitial. Yet, while this fact limits the validity 

of the results concerning single-interstitial diffusion, it does not represent a concern for the study 

of large enough clusters, which are known to be collections of crowdions [18-27]. 

0a

0a

 
Table 1. Binding energies between Cr atoms and interstitials in an Fe matrix: comparison between 
DFT data and empirical interatomic potential results. "Fe-Cr" denotes a mixed dumbbell, "Cr-Cr" 
a dumbbell containing two Cr atoms; the direction of the dumbbell is specified. Note that, in the 
case of the Fe-Cr 〈111〉 defect, the stable configuration according to the potential is actually a Cr-
centered crowdion. 
 

Binding energies (eV) Potential USPP-54 USPP-128 PAW-54 PAW-128

Fe-Cr 〈110〉 0.27 0.00 0.05 0.11 0.12 

Fe-Cr 〈111〉 0.33 0.36 0.37 0.41 0.42 

Cr-Cr 〈110〉 0.48 -0.55 -0.44 -0.33 -0.30 

Cr-Cr 〈111〉 0.46 0.04 0.06 0.33 0.34 
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Figure 1. Fe-Fe and Fe-Cr effective pair potentials. Note the inversion of the curves above a 
critical distance, which explains the positive interstitial-Cr binding energy. 

 

 

As a preliminary study to dynamic diffusion investigations, static calculations of formation and 

binding energies (Ef and Eb) for interstitial clusters associated to variable amounts of solute atoms 

have been performed using the present potential. These quantities have been defined in pure Fe, 

for a cluster of size N, as, respectively: 

 

Ef(N) = (Nsites + N) × [EMD(with cluster of size N) - Ecoh(bcc-Fe)]     (1a) 

 

Eb(N) = Ef(N) – N×Ef(1)]          (1b) 

 

And, when NCr Cr atoms are involved: 

 

 Eb(N,NCr) = [Ef(N) + NCr×Es(Cr)]- (Nsites + N) × EMD(clus. of size N contaning NCr Cr atoms)  (2) 
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Here, Nsites is the size of the simulation box in terms of atomic sites, EMD(...) is the energy per atom 

provided by the MD code in the condition specified in parenthesis, Ecoh(bcc-Fe) is the cohesive 

energy of bcc-Fe and Es(Cr) is the substitution energy (heat of solution) of Cr in Fe. Note that 

these calculations were conducted in specimens containing only NCr atoms in an otherwise pure Fe 

matrix, i.e. alloying effects were not allowed for (results of calculations allowing for alloying 

effects were performed in [50]). 

 

2.2 Molecular dynamics simulations 

 

The general simulation scheme for atomic scale modelling of defect transport and features related 

to 1D migration have been described earlier (see i.e. [27]).  In the present work cluster motion was 

studied using classical MD in the microcanonical (NVE) ensemble.  We simulated crystals of 

parallelepipedic shape containing up to 120,000 atoms, applying standard periodic boundary 

conditions at zero pressure.  Clusters of 4 to 37 SIAs in pure Fe, Fe-7at.%Cr and Fe-12at.%Cr 

alloys were simulated over the temperature range 300-1200 K.  We also simulated single-

interstitial migration in pure Fe and Fe-Cr alloys with Cr concentrations 0.2, 3, 5, 7, 9 and 12 at.%, 

in the same range of temperatures. All Fe-Cr substitutional alloys where prepared by uniformly 

and randomly distributing solute atoms in the bcc-Fe matrix. 

In order to have equal statistical meaning for simulations at all temperatures, the migration 

process was followed for an increasing physical time (10-20 nanoseconds) with decreasing 

temperature, in such a way that a statistically sufficient amount of defect jumps (Njump=200-10000) 

was performed in all considered cases for a given type of defect. 

During the simulations interstitial atoms were identified as two atoms in the same Wigner-Seitz 

cell (for this reason, in what follows often the term dumbbell will be alternated to the term 

crowdion, in spite of the fact that, invariably, the potential used in this work predicts only the latter 

to be stable). Their positions were tracked together with the corresponding orientation of the 

interstitial configuration every few fs. The position of the cluster as a whole was defined by the 

coordinates of the centre of mass of the crowdions (CMC) forming the cluster. The trajectories of 

each crowdion, isolated or in the cluster, and of the CMCs, were thereby built and this enabled the 

corresponding diffusion coefficients, jump frequencies and correlation factors to be deduced, as 

described below (section 2.3). The jump distance was defined in all cases as equal to the first 

nearest neighbour distance in the bcc-Fe lattice, coincident with the Burgers vector: 



SCIENTIFIC REPORT -SCK•CEN-BLG-1026 
 

b = ½〈111〉 = a0√3/2 ≅ 2.48 Å (a0 = lattice parameter ≅ 2.87 Å). The chemical composition of the 

loops was also monitored. 

 

2.3 Diffusion coefficient calculations 

 

The dominant mode of the diffusion processes studied here is one dimensional glide and this 

complicates the estimation of quantitative data from atomistic modelling.  General methods of 

treatment of MD data for the estimation of defect diffusion parameters and parameterization of 

simple models, particularly for the case of 1D transport, were discussed in [27].  A short 

description of the main methods applied here follows. 

The general way to study defect diffusion by MD modelling is by monitoring the defect 

position and treating its temporal dependence within an appropriate atomistic model.  The 

diffusion coefficient can thereby be obtained in terms of mean square displacement (MSD) using 

the well-known Einstein equation [53].  A complication comes from the restriction that usually a 

single and rather short (of the order of a few nanoseconds) defect trajectory is available.  The way 

to treat this trajectory depends on the transport mechanism.  In the general case, when the 

atomistic mechanism is unknown, the whole trajectory can be divided into smaller segments, for 

example of a certain time-length or consisting of a certain number of jumps.  Einstein’s equation 

can be applied and the diffusion coefficient (MSD) is then obtained as average over all segments. 

This technique, called here independent interval method (IIM), was first applied for single SIA 

diffusion in W [54] and then tested for cases of both one- and three-dimensional diffusion [27].    

So, the diffusion coefficient of an NSIA  cluster using the IIM can be written as: 

 

∑=
K

i Kd

i
N T

n
R

K
TD

SIA
)(

2
1)(

2

τ          (3) 

 

where, for a given temperature T, Ri is the total defect displacement in segment i of time-length 

τK=tsimul /K, tsimul is the total simulation time for the specific conditions, K is the total number of 

segments and nd is the dimensionality of the diffusion (nd =1 for the 1D case considered here).  

The time-length of the segment, τK, is a parameter of the model and should be long enough to 

include all local correlations of defect motion, i.e. should correspond to long enough trajectories.  

On the other side the segment cannot be very long in practice, because the statistical accuracy of 

the treatment is ∝√K.  In the case of 1D diffusion MD simulations show that small defects at high 
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 
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temperatures can change direction of motion.  In this case two choices are possible for the 

determination of the segment time-length. Either the treatment is applied for 1D segments only, 

i.e. between directional changes, with nd =1, thereby determining the 1D diffusion coefficient; or 

the three dimensional case is considered, with nd =3, and in this case τK >> τcgd (where 1/τcgd is the 

rate of directional change).  Assuming that defect diffusion is a thermally activated process, its 

temperature dependence follows an Arrhenius law: 

 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=

Tk
EDTD

B

N
m

NN

SIA

SIASIA
exp)( ,0        (4) 

 

where, kB is the Boltzmann constant,  is the effective activation (migration) energy and 

 is the diffusion pre-exponential factor for the given defect.  

SIAN
mE

SIAND ,0

If the defect motion can be described in terms of discrete jumps between equivalent 

equilibrium positions occurring at a known average rate and the jump distance is constant, as is the 

case for single-interstitials (position associated to the defect centre) and SIA clusters (position 

associated to the centre of mass), the diffusion coefficient can be written as : 

 

d

N
N

cN n
Tv

TfTD
SIA
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SIA 2
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* ∆
=        (5) 

 

Here  is the SIA cluster jump frequency,  is the correlation factor and  is the defect 

jump length ( =⏐b⏐ in our case, with ⏐b⏐=⏐½〈111〉⏐=√3/2a0, a0 being the lattice parameter).  

Like in eq. (3), we consider the 1D case by setting nd=1 and in this instance the correlation factor 

is simply the ratio of forward to backward jumps[55]: 

)(Tv SIAN SIAN
cf ∆
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    SIA

SIA
SIA
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forN
C p
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N
N

f −
==

1
        (6) 

 

where = Nback/Ntot is the probability of reversing direction for the given cluster.  The method 

for the calculation of the 1D diffusion coefficient based on the application of eqs. (5) and (6) will 

be denoted as jump length method (JLM). The application of this method requires the evaluation, 

SIAN
rp

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 
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from the simulation, as described above, of the jump frequency, which is the quantity of practical 

use in e.g. kMC simulations [56]. If the jump process is thermally activated, which is the case 

considered here, the temperature dependence of the jump rate, or jump frequency, of the particular 

SIA cluster obeys an Arrhenius law: 

 

 ⎟
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⎞
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SIA
SIASIA exp)( 0νν        (7) 

 

where  is the cluster jump attempt frequency.  As was discussed in [58], the effective 

activation energy  for a cluster can be different for the diffusion, eq.(3), and jump, eq.(7), 

processes.  One of the reasons for this can be temperature dependence of the correlation factor, 

eq.(6).   

SIAN
0ν

SIAN
mE

Eq. (5) can be adapted also to study the case of 1D migrating defects with relatively frequent 

changes of direction of motion (1D/3D motion). It can indeed be demonstrated that, if a defect 

follows a completely isotropic random walk, i.e. in the case of a fully 3D diffusion, fc→1 and can 

hence be dropped in eq. 5. The case of 1D/3D motion can be formally reduced to a 3D motion 

problem if the single-jump frequency of the studied SIA or SIA cluster, , is substituted 

with the frequency of change of glide direction of the same defect, , and the jump distance 

∆ with the average distance between changes of glide direction, ∆cgd [51]. Eq. (5) transforms then, 

with nd=3, into: 

)(Tv SIAN
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where 
2

SIASIA N
cgd

N
fp ∆≡∆  will be denoted as defect mean free path and the related method for the 

calculation of the diffusion coefficient will be named free path method (FPM). In this approximate 

equation (the jump length is substituted by an average typical length) the analysis is switched to 

isotropic 3D macrojumps, each composed by a (variable) number of simple jumps, provided that 

the observation (simulation) time is long enough for the assumptions of isotropicity and 

randomness to hold. In this framework, an activation energy for change of direction, , can be SIAN
cgdE
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also estimated from an Arrhenius plot versus temperature of  using an equation identical to 

eq. (7). In addition, the scaling of the mean free path with temperature provides a criterion to 

assess the dimensionality of defect motion (1D versus 3D). 

SIAN
cgdν

 
2.4 Phenomenological coefficients 

 

Diffusing defects are the vehicles for solute atom transport and re-arrangement according to acting 

thermodynamic forces. Although generally solute atoms in alloys are assumed to move via a 

vacancy mechanism, under irradiation interstitials may play a role on diffusion, too. In particular, 

the existence of a binding energy between interstitials and Cr atoms suggests that these will 

actively diffuse via interstitial mechanism and it has been shown that this mechanism may in fact 

be more effective that the vacancy mechanism [57] and could participate in the phase 

transformations observed in irradiated Fe-Cr alloys [59, 60]. To understand correctly the phase 

transformations under irradiation, it is important to know, in particular, whether the diffusion 

mechanism involves fluxes with the same or opposed direction of solute atoms versus transporting 

defects. One way to extract this information is to look at the phenomenological coefficients, Lij, as 

was done for example by Barashev et al. to study the possibility of dragging of P atoms in Fe by 

vacancies using lattice Monte Carlo simulations [61]. In order to extract the phenomenological 

coefficients from atomistic studies, a very convenient expression has been deduced by Allnatt 

[62]: 
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Here, is the total displacement of the particle number m of type i during the observation 

(simulation) time t. V is the system volume, kB is the usual Boltzmann constant and the average is 

taken over a canonical ensemble of systems at equilibrium. Note that 
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r
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∆•∆ j is a scalar product 
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between two displacement vectors, which will be positive if the two displacements are in the same 

direction and negative if they are opposite. In our case, the species of interest, i and j, are Cr and 

interstitial atoms and eqs.  9 have been used to study the correlation between their diffusivities. 

 

3. Results 
 

3.1 Single-interstitial 

 

Before studying single-interstitial diffusion in Fe-Cr it is useful to apply first the present potential 

[47] to study the same problem in pure Fe, in order have the reference case and to be aware of how 

it compares with previous simulation results. In Figure  2 the diffusion coefficient of the single 

self-interstitial atom, DSIA, in Fe versus temperature is plotted as calculated by us using the IIM 

with different interatomic potentials [47, 63, 64] and compared with available results from the 

literature, where yet different potentials had been employed [4, 65, 51]. Properly commenting this 

figure in detail goes beyond the scope of the present report; further discussion of the figure can be 

found elsewhere [66]. We shall simply observe that: (i) by stabilising the easily gliding 〈111〉 

crowdion versus the 〈110〉 dumbbell, the present potential overestimates, as expected, the 

interstitial diffusivity and predicts a trajectory made of differently orientated, consecutive 〈111〉 

segments; yet, it gives results which are not completely out of scope, even when compared to 

those obtained with most available potentials featuring the correct interstitial configuration; (ii) 

only the potential recently fitted by Mendelev and co-workers succeeds in providing a migration 

energy for the single interstitial close to the commonly accepted experimental value, around 

0.25-0.3 eV [67], and a fully three-dimensional path.  

Thus, Fig. 2 tells us that, when studying the single interstitial with the present potential in Fe-Cr 

alloys, only relative changes and trends as a function of Cr concentration will have to be retained, 

without trusting the absolute values. With this caveat in mind, in Fig. 3 the diffusion coefficient of 

the single interstitial in Fe-Cr alloys of different composition is plotted versus temperature and 

compared with the case of pure Fe.  
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Figure 2. Diffusion coefficient of the single interstitial in pure Fe versus temperature calculated 
applying the IIM using different potentials. Full symbols correspond to data calculated for this 
work, other symbols denote data from the literature. The corresponding migration energies are 
indicated. 
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Figure 3. Diffusion coefficient of the single interstitial in Fe and Fe-Cr alloys calculated applying 
the IIM for different Cr concentrations. 
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The addition of 7% and 12% Cr atoms reduces the diffusion coefficient of the interstitial at all 

temperatures. Globally, by probing other concentrations, not reported on the figure, it has been 

found that the strongest reduction at all temperatures is obtained for 7% Cr. This point and its 

consequences will be further discussed in section 4. The reduction of the diffusivity can be 

expressed as increase of the migration energy although, strictly speaking, the curves of the 

logarithm of DSIA are not linear versus 1/kBT, thereby denoting a non-completely Arrhenius type 

behaviour, which limits the applicability of the concept of migration energy. This non-linear 

behaviour is the consequence of the transition between two regimes. At low temperature, effective 

trapping (binding energy of Table 1) takes place and the reduction of the diffusivity can be 

dramatic. In this regime, even very low Cr concentrations (e.g. 0.2%) can reduce by almost two 

orders of magnitude the diffusion coefficient, as compared to pure Fe. At high temperature the 

trapping effect is overcome and the diffusion coefficient approaches that of Fe. The transition 

between the two regimes, however, is clear and abrupt only for dilute alloys. In this case, the 

trapping mechanism can be easily visualised and understood by tracing the successive positions of 

the interstitial, as in Fig. 4.  

 

 

 
Figure 4. Pictorial representation of the successive positions of an interstitial in Fe when it 
encounters a Cr atom: the 1D path is deviated and the interstitial spends quite a long time around 
the impurity, as a consequence of the strong binding energy. 
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Here, light green spheres represent Fe atoms, dark blue spheres Cr atoms and small spheres (red 

ones) the vacant lattice site position associated to each dumbbell (since a Wigner-Seitz cell 

method was used to identify the interstitial, two atoms and one lattice sites are always associated 

to each possible interstitial configuration). It can be seen that the Fe-Fe interstitial configuration 

travels one-dimensionally in the material, is deviated by the presence of a Cr atom and, before 

leaving the Cr atom behind, spends some time describing a complicated trajectory around it. The 

time spent with the Cr atom will be related to the strength of the binding energy, which according 

to this potential (Table 1) corresponds to the 0.33 eV typical of the single-interstitial interacting 

with only one Cr atom in an otherwise pure Fe matrix. When the temperature is high enough to 

offset this binding energy, the interstitial remains essentially transparent to Cr atoms and the 

diffusion coefficient becomes the same as in pure Fe (Fig. 3). 

In concentrated alloys, however, the definition of trapping effect is not completely 

unambiguous. With increasing Cr concentration the interstitial will progressively approach a 

situation where it can "jump" from the sphere of influence of one Cr atom to the sphere of 

influence of another and, at some point, interact simultaneously with more than one Cr atom, 

thereby lowering the net effect of the attractive interaction and counteracting the reduction of the 

diffusivity. Thus, the transition between the two regimes (even the definition of two regimes) 

becomes less and less sharp at higher concentrations and this qualitatively explains the non-linear 

temperature dependence observed in Fig. 3. 

Fig. 4 suggests two general effects on the diffusion process of the crowdion in Fe which are 

expected to be produced by the presence of Cr: a large, temperature decreasing time spent at Cr 

atoms and more frequent changes of direction. This is quantified in Fig. 5 for the Fe-12%Cr alloy, 

where (a) the fraction of time spent as Fe-Fe, Fe-Cr and Cr-Cr configurations and (b) the mean 

free path (compared to the case of pure Fe) are plotted versus temperature. At all temperatures for 

most of the time the interstitial configuration includes at least one Cr atom and only at very high 

temperature the time spent far from a Cr atom becomes considerable. In the range of temperature 

where trapping is significant, the mean free path is strongly reduced compared to pure Fe, a sign of 

frequent changes of direction driven by the interaction with Cr atoms. Only above 800 K does its 

value become comparable with the value in pure Fe. 

 

 

 

 



SCIENTIFIC REPORT -SCK•CEN-BLG-1026 
 

 

 

200 400 600 800 1000 1200
0

10

20

30

40

50

60

70

fre
qu

en
cy

 o
f c

on
fig

ur
at

io
ns

 (%
)

T (K)

 Fe-Fe
 Fe-Cr
 Cr-Cr

 
Figure 5 (a). Frequency of interstitial configurations in Fe-12%Cr versus temperature. 
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Figure 5 (b). The mean free path compared to the case of pure Fe in Fe-12%Cr versus 
temperature. 
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Figure 6. Ratio between phenomenological coefficients versus temperature for different Cr 
concentrations. 

 

The interstitial diffusion through crowdion mechanism does not provide any means for the 

mixed configuration to effectively transport solute atoms without disappearing: the moment the 

crowdion glides, it leaves behind the atom that was at its centre. For the same reason, the moment 

the crowdion becomes centered at a Cr atom and subsequently leaves it behind, the net 

displacement of the atom will be in the same direction as the displacement of the interstitial. Thus, 

crowdions can contribute to solute atom diffusion, though not very effectively, and the fluxes of 

the two species (Cr atoms and interstitials) will be along the same direction, even in the absence of 

solute dragging. This is reflected by the phenomenological coefficient ratio, LSIA/Cr/LCr/Cr, plotted 

in Fig. 6 versus temperature for different Cr concentrations. This ratio provides at the same time 

two pieces of information. Its sign informs on whether interstitials and Cr atoms move in the same 

direction or not. Its value is a measure of how much faster interstitials move as compared to Cr 

atoms. The figure shows that this ratio in the present case is always largely positive, a sign that Cr 

and interstitial fluxes share the same direction, but that interstitials move much faster than Cr 

atoms, as expected from the above reasoning on the crowdion mechanism. The lowest value is 

found for low temperature and relatively low Cr concentration, when effective trapping occurs 

(interstitials spend a long time around Cr atoms and globally both species move more or less at the 

same speed). 
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3.2 SIA Clusters 

 

3.2.1  Static calculations 

 

The existence of a binding energy between a single crowdion and a Cr atom explains, as outlined 

above, the slowing-down of single interstitial diffusion versus Cr concentration compared to pure 

Fe. It is therefore to be expected that it can have a role in the case of clusters, too. In order to have 

an idea of the potential importance of this effect, before entering the actual study of the effect of 

Cr on cluster motion, a set of static calculations has been performed for clusters of 3, 5, 7 and 19 

crowdions, checking the influence of position and number of Cr atoms in the cluster on the 

magnitude of the binding energy (in an otherwise pure Fe matrix). Fig. 7 shows the results for 

clusters of size 5 and 7. The binding energy appears to be broadly a linear function of the number 

of solute atoms in the cluster. However, for the same size, slightly different values are found, 

depending on how the Cr atoms were distributed inside the cluster, with stronger interaction for 

atoms at the periphery (recalling in this the experimental observation by Yoshida et al. [29]). 
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Figure 7. Binding energy of a growing number of Cr atoms to clusters of 5 and 7 interstitials.  
 

 

It is interesting to observe that the partial binding energy per Cr-crowdion in cluster depends only 

on the cluster size, N, of which it is a decreasing function.  
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Figure 8. Binding energy per Cr-crowdion as a function of cluster size (number of interstitials). 
 

 

Fig. 8 displays the points corresponding to this quantity, which can be interpolated by the function: 

35.0−⋅= NE
N
E cd

b

cl
b

 (Eb
cl is the binding energy of the cluster, Eb

cd=0.33 eV is the binding energy of 

the single crowdion, see Table 1). The decrease, however, is weak enough to keep the value of the 

binding energy per crowdion very close to Eb
cd, at least for small to intermediate sizes. So, 

mobility reduction is indeed expected in this case, too. 

 

3.2.2  Dynamic calculations 

 

Fig. 9 shows the jump frequency versus temperature and size for loops in (a) pure Fe, (b) Fe-7%Cr 

and (c) Fe-12%Cr (data in (a) are plotted versus Tm/T, instead of 1/kBT, where Tm is the melting 

point of Fe, in order to be immediately comparable with those reported in [27]). To read the figure 

it should be recalled that clusters move strictly one-dimensionally along 〈111〉 directions within 

the MD timeframe, that a jump corresponds to a displacement of the centre-of-mass of the cluster 

equal to one Burgers vector, b=½〈111〉, and that the slope of the Arrhenius plot associated to the 

jump frequency versus 1/kBT provides by definition the migration energy, according to eq. 7. 
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Figure 9 (a). Jump frequency versus temperature for interstitial clusters of size from 4 to 37 in 
pure Fe. 
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Figure 9 (a). Jump frequency versus temperature for interstitial clusters of size from 4 to 37 in Fe-
7%Cr. 
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Figure 9 (a). Jump frequency versus temperature for interstitial clusters of size from 4 to 37 in Fe-
12%Cr. 

 

 

In pure Fe (Fig. 9a) the migration energy is found to be very low, ~0.02 eV, and size-

independent; however, the pre-factor decreases with size. These results fully agree with those 

obtained for pure Fe by Osetsky and co-workers using other interatomic potentials [27, 51, 52]. 

In Fe-7%Cr (Fig. 9b) the migration energy becomes size-dependent and this is certainly a 

consequence of the fact that, in this range of concentrations, each interstitial in the cluster still 

interacts on average with only one Cr atom at a time and the larger the cluster, the larger the 

probability that an interstitial in the cluster interacts with a Cr atom, thereby increasing the overall 

binding energy. It is hence understandable that the migration energy should increase with size. The 

fact that the slope of the curves varies with size, on the other hand, causes the pre-factor to remain 

essentially constant.  

Finally, in Fe-12%Cr (Fig. 9c) the migration energy becomes again size-independent, with 

a pre-factor that decreases with increasing size, like in pure Fe. The reason for this can be 

qualitatively understood because at high enough concentration each interstitial in the cluster will in 

any case be interacting with Cr atoms, possibly more than one at a time. Thus, on the one hand, the 

overall attractive effect will be lower (each interstitial will be able to "jump from a Cr atom to 

another") and, on the other, the local atomic environment around each interstitial in the cluster will 
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be essentially invariant and increasing the size will not increase the probability that interstitials in 

the cluster interact with Cr atoms. These mechanisms will be further discussed in section 4. 

The overall picture concerning migration energies and pre-factors is summarised in 

Fig. 10, where these two quantities are plotted as functions of cluster size for the three cases 

illustrated in Fig. 9.  

0 5 10 15 20 25 30 35 40
0,00

0,05

0,10

0,15

0,20

~0.07*N0.22

M
ig

ra
tio

n 
en

er
gy

 (e
V

)

Cluster size

 Pure Fe
 7%'Cr
 12%'Cr

 
Figure 10 (a). Migration energy versus interstitial cluster size in pure Fe, Fe-7%Cr and 
Fe-12%Cr. 
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Figure 10 (b). Diffusion coefficient prefactors versus interstitial cluster size in pure Fe, Fe-7%Cr 
and Fe-12%Cr. 
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Although the migration energy is size-independent in both pure Fe and Fe-12%Cr, in the 

latter it is about 6 times larger (~0.12 eV versus ~0.02 eV). In Fe-7%Cr a moderate increase with 

size is visible and clearly for larger sizes 7%Cr provides the largest migration energy (~0.16 eV 

for size 37).  

Conversely, the prefactor is essentially size-independent in this alloy, while in the case of 

pure Fe and Fe-12%Cr the empirical law proposed by Osetsky et al, ν0
N = ν0×N-s, can be applied. 

Here, ν0 is the jump frequency of the single interstitial, N is the cluster size and s is an adjustable 

parameter which is ~0.5 for pure Fe and ~0.25 for Fe-12%Cr. 

According to eq. 5 the diffusion coefficient of the clusters is readily obtained from the jump 

frequency provided that the one-dimensional correlation factor, fc
1D, is known (since ∆2=b2). The 

latter, in turn, can be expressed as a simple function of the probability of reversing direction of 

motion, pr, using eq. 6. This probability has been measured from the simulation and, as an 

example, it is plotted in Fig. 11a for a cluster of size 7 in pure Fe, Fe-7%Cr and Fe-12%Cr. It is 

interesting to see that pr is strongly enhanced by the presence of Cr. As a consequence of this, the 

distance covered by the cluster before reversing direction becomes shorter in the alloys, as 

illustrated in Fig. 11b, where it is shown that at 1200 K this distance is reduced on average by 

about 50% in Fe-12%Cr. Note that, while pr tends to increase with temperature in pure Fe, it 

decreases with temperature in the alloys. Thus, at lower temperature the difference between the 

distance covered in pure Fe and in Fe-Cr alloys can only become larger. These data provide 

therefore additional insight into the mechanisms whereby Cr slows down clusters: not only the 

migration energy increases as a consequence of the binding to Cr atoms observed statically as 

well, but the slowing-down is also brought about by dynamically observed frequent changes of 

direction, which reduce the net displacement of the cluster. The opposite temperature behaviour of 

pr compared to Fe is at any rate consistent with the fact that this effect is also related to the 

existence of a binding energy. 

The presence of Cr not only enhances the probability of reversing direction, but also increases 

the probability of change of glide direction in small clusters. Fig. 12 shows the comparison 

between the trajectories of a 4-interstitial cluster in Fe and Fe-12%Cr at 1200 K, within the same 

timeframe. While in the pure element the cluster exhibits a relatively long mean free path and 

never changes its glide direction, in the alloy the mean free path is about an order of magnitude 

shorter and a change of glide direction occurs. 
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Figure 11(a). Probability of reversing direction for a 1D migrating cluster of size 7 in pure Fe, 
Fe-7%Cr and Fe-12%Cr versus temperature. 
 
 
 

0 2 4 6 8 10 12 14 16 18
0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

P
ro

b.
 o

f r
ev

er
si

ng
 d

ire
ct

io
n

Distance (1/2<111>=b=1nn)

Size 37 cluster, 1200 K
 Pure Fe
 7

 
Figure 11 (b). Integral probability of reversing direction before covering a certain distance for a 
cluster of size 37 in pure Fe, Fe-7%Cr and Fe-12%Cr at 1200 K. 
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Figure 12. Comparison between the trajectory of an interstitial cluster of size 4 in pure Fe (left) 
and Fe-12%Cr (right) during the same amount of time at 1200 K. In Fe-Cr the cluster not only 
reverses its direction many times, but also succeeds in changing 〈111〉 glide direction. 

 

 

Given the jump frequencies, shown in Fig. 9, and obtained the correlation factor via the 

probability of reversing direction, plotted in one specific case in Fig. 11a, all ingredients are 

available to obtain the diffusion coefficient of the clusters using the JLM (eq. 5). An example is 

given in Fig. 13, for the case of a cluster of size 37, where it appears that the migration energy is 

the highest in the case of 7%Cr. 
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Figure 13. Diffusion coefficient versus temperature for a cluster of size 37 in Fe, Fe-7%Cr and 
Fe-12%Cr. 
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To conclude this section, we observe that a proof of the fact that the slowing down originates 

from the affinity between interstitials and Cr atoms comes from the measured average Cr 

concentration inside the clusters. As shown in Fig. 14, in both 7% and 12%Cr alloys, the 

percentage of Cr atoms in the clusters is always larger than the average alloy concentration, 

although, as is reasonable to expect, it approaches the nominal concentration for growing size.  
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Figure 14. Average Cr concentration in interstitial clusters versus size during motion at 600 K. 

 

 

The reason for this higher-than-average Cr concentration is two-fold: on the one hand, clusters 

will spend more time in regions of locally higher Cr concentration, because in those regions they 

become trapped; on the other, the shape of the clusters itself is distorted by the presence of Cr 

atoms, as the crowdions forming the clusters "look" for the closest Cr atom along their glide line, 

thereby maximising the number of Cr atoms involved. This is pictorially illustrated in Fig. 15 in 

the case of a large cluster of size 91 (static simulation), where it can be seen that clusters in Fe-Cr 

take a substantially different and more three-dimensional shape than in Fe, even at 0 K. 
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Figure 15. Pictorial representation of a cluster of 91 interstitials in pure Fe, Fe-7%Cr and 
Fe-12%Cr (same colour meaning as in Fig. 4).  

 

 

4. Discussion 
 

The results presented in this work suggest the following considerations: 

i. The simulation confirms the large experimental evidence for the existence of a strong 

interaction between Cr atoms and interstitials in Fe-Cr alloys, which produces a significant 

reduction of the mobility of both single-interstitial and interstitial clusters in the alloy, 

compared to pure Fe. 

ii. The slowing down is, however, a non-monotonic and certainly non-linear function of Cr 

concentration: it is most effective for intermediate concentrations (~7%Cr according to the 

present study in the case of the single interstitial and possibly not far from such concentration 

for clusters of large enough size) and becomes increasingly less effective for higher 

concentrations, although for 12%Cr the effect remains still sensible. 

These results need now to be rationalised by both elaborating a comprehensive theoretical 

framework and looking more in detail into the intimate physical reasons of this behaviour. 

The data so far accumulated already provide good hints: the key to the problem clearly resides 

in the binding energy between crowdions and Cr atoms and the non-monotonic behaviour must be 

related to the change of the average local atomic environment of the crowdions inside the cluster 

with increasing Cr concentration. At low and intermediate concentrations each interstitial in the 

cluster, on average, will have the chance of interacting with one Cr atom at a time only. In this 

situation, increasing the size of the cluster will enhance the chances of a larger number of 

crowdions to actually interact with Cr atoms. Figs. 7 and 8 suggest that in these conditions a 

binding energy to Cr atom per crowdion on the order of ~0.1 eV can be defined and that the total 
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binding energy of the cluster is roughly additive, i.e. ~0.1×NCr eV. Thus, in this regime increasing 

the size will increase the number of involved Cr atoms and the corresponding binding energy, 

thereby making the slowing-down more effective. This is why at 7%Cr the migration energy of 

clusters is size-dependent. By increasing the concentration, there will be a moment when all 

interstitials in the cluster, on average, will interact with one Cr atom: this will be a critical 

concentration, because in correspondence with this point the slowing down should be the most 

effective and starting from this point the dependence on size should disappear. In addition, for 

concentrations higher than the critical one each interstitial will have the chance of interacting with 

more than one Cr atom at a time. This will allow each crowdion in the cluster to "jump from one 

Cr atom to another", thereby reducing the overall attractive effect. Starting from the critical 

concentration, therefore, a less effective slowing down should be expected and this is what is 

found for 12%Cr. These ideas have been used to develop an analytical model capable of 

rationalising in a quantitative way the findings herein reported, in order to show the direct 

connection with swelling behaviour under irradiation as a function of Cr concentration [50]. 

From the point of view of the insight into the detailed physical mechanisms, the present Fe-Cr 

potential has the shortcoming of not being realistic enough when applied to the study of single 

interstitials. According to this potential the single-interstitial behaves in a very similar manner to 

clusters and this is known not to be the case. In addition, as already discussed in [15], the potential 

used in this work cannot reproduce the change of sign in the mixing enthalpy undergone by Fe-Cr 

alloys in the 0-15% Cr range [68], which is the thermodynamic reason for the non-monotonic 

behaviour of the short-range order parameter in the same concentration interval that has been 

measured in Fe-Cr alloys [69] and for the formation of Cr-rich α' phase formation at high enough 

Cr concentrations [60,61,70,71]. Thus, in order for a fully physical understanding of the detailed 

mechanisms of interstitial-Cr interaction to be gained, not only at the level of cluster slowing 

down, but also in the case of single interstitials, allowing as well for thermally and radiation-

driven phase transformations in Fe-Cr alloys (α' phase formation, ordering, ...), more reliable 

potentials are needed. The recently proposed, advanced Fe-Cr potentials based on the two-band 

model approach, capable of reproducing not only the main features of point-defect interaction with 

Cr atoms, but also the thermodynamic behaviour of the Fe-Cr system versus concentration [72, 

28], is expected to provide the possibility of going more in depth in the understanding of the 

behaviour of Fe-Cr alloys under irradiation. 
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5. Summary, conclusions and outlook 
 

The diffusion characteristics of single interstitials and interstitial clusters in Fe-Cr alloys have been 

studied by molecular dynamics as functions of Cr concentration using an interatomic potential 

capable of adequately reproducing the interaction between point-defects and Cr atoms in Fe. In 

particular, this potential predicts fairly correctly the existence of an attractive interaction between 

interstitials in the crowdion configuration and Cr atoms, in agreement with ab initio calculations. 

The existence of this Cr-interstitial interaction provides a key to the interpretation of a large 

number of experimental facts, among them the reduction of the mobility and enhanced density 

under irradiation of interstitial clusters in Fe-Cr alloys. The present computational study has 

confirmed that this reduction of the mobility exists and is due to both reduced migration energy 

and increased probability of change of direction of motion. In addition, the present study has 

shown that the reduction of the interstitial cluster mobility is a non-monotonic function of Cr 

concentration, with a minimum around ~7%Cr (at least in the case of the single interstitial with the 

present potential). This non-monotonic behaviour in this concentration range is frequent in Fe-Cr 

alloys and has been observed e.g. in the case of swelling behaviour under irradiation. In a broad 

production bias model framework, it is legitimate to see a correlation between the non-monotonic 

reduction of interstitial cluster mobility and swelling behaviour. These ideas have motivated the 

development of an analytical model capable of rationalising the findings and considerations 

presented in the present paper, showing the correlation between swelling behaviour and interstitial 

cluster mobility in Fe-Cr alloys [50].  
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