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Non-classical interstitial sites and anomalous diffusion

mechanisms in hcp-titanium

Lucia Scotti, Nils Warnken and Alessandro Mottura∗

School of Metallurgy and Materials, University of Birmingham, Edgbaston, Birmingham
B15 2TT, UK

Abstract

It is well known that Fe, Co and Ni are characterised by abnormally fast

diffusivity in the hcp phase of Ti (α-Ti). Their diffusivity values are 105

times higher than self-diffusion data, which is atypical for vacancy-mediated

diffusion yet too slow for interstitial diffusion. Also, addition of Fe, Co and

Ni appears to accelerate the solvent diffusivity, with dramatic ramifications

on a number of diffusion-controlled mechanisms. The fast diffusivity of these

elements in α-Ti seems to be the result of their ability to dissolve both in-

terstitially and substitutionally. In fact, while the majority of Fe, Co and

Ni atoms sit substitutionally within the hcp lattice, a small concentration

of these solute atoms can move very fast through interstitial sites, deter-

mining the high diffusion coefficient values. In this work, a combination of

density functional theory and Kinetic Monte Carlo simulations is used to in-

vestigate possible migration processes for both solute and solvent atoms and

their effect on the macroscopic diffusivity. We find that traditional classical

interstitial sites are unsuitable for these solute atoms, and that alternative
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interstitial sites are instead preferred. Calculations confirm that the fast

diffusivity of these solute atoms is a result of their ability to diffuse both

interstitially and by vacancy-mediated mechanisms, yielding excellent agree-

ment with experimental values. It is possible for these solute atoms to swap

position with solvent atoms without the presence of vacancies, leading to an

accelerated solvent diffusion in the presence of relatively dilute levels of these

solute elements.

Keywords: Titanium; anomalous diffusion; interstitial sites; Density

Functional Theory; Kinetic Monte Carlo

1. Introduction

The migration and diffusion behaviour of solute and solvent atoms in al-

loys is extremely important as it affects processing, microstructure evolution

and mechanical performance over a range of temperatures [1]. Tradition-

ally, diffusion is expected to happen via vacancy-mediated mechanisms or

via interstitial migration. In the earlier case, atoms located at lattice sites

can move through the crystal structure by exchanging their position with a

vacancy. In the latter case, atoms located at the classic interstitial sites can

move between different interstitial sites, squeezing through gaps in the host

lattice. Due to the fact vacancies are relatively rare occurrences in metals

and alloys, vacancy-mediated diffusion is normally much slower when com-

pared to interstitial diffusion: atoms can only move if a vacancy is present

next to them. By contrast, most interstitial sites surrounding an interstitial

solute atom are normally free, thereby resulting in a significantly lower ac-

tivation energy for diffusion [1, 2]. The intrinsic diffusivity of a solute atom
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is therefore usually attributed to its ability to diffuse via one of these two

mechanisms. Solutes with size comparable to the host are expected to sit

substitutionally within the lattice, and diffuse via vacancy-mediated mecha-

nisms. On the other hand, solutes which are considerably smaller than the

host are expected to occupy classical interstitial sites, and diffuse intersti-

tially within the host lattice [1, 2]. Possible interstitial sites are normally

dictated by classical considerations: treating the host lattice atoms as hard

spheres, any gap between these hard spheres is considered an interstitial site,

and the size of the interstitial site often determines which atoms can occupy

that site. This simple approximation, often taken for granted in metallurgy,

is rather effective and can explain, for example, why carbon is relatively sol-

uble in the austenite phase of iron (where carbon atoms occupy octahedral

interstitial sites), while it is pretty much insoluble in the ferrite phase [3].

Some solute atoms, however, do not appear to obey these simple rules.

This is the case of Fe, Co and Ni in the hcp phase of titanium (α-Ti). The

difference in behaviour becomes apparent when measuring the diffusivities of

these solute atoms in α-Ti: their diffusivity values are 105 times larger than

self-diffusivity data [4, 5, 6], and is comparable to the diffusivity of more con-

ventional interstitial solute atoms, such as C [7]. Ti, Zr and Hf are usually

referred as “open” metals because of their large ionic-to-atomic radius ratio

[8]. This allows elements with relatively small metallic radius to dissolve both

intrstitially and substitutionally. Fe, Co and Ni are indeed small relative to

Ti, with metallic radii of RFe=1.26 Å, RCo=1.25 Å, RNi=1.24 Å [9], which

suggests these solute atoms could dissolve interstitially in Ti. Yoshida and

co-workers were able to experimentally show that this is the case [10, 11].
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The ability of Fe, Co and Ni dissolve both interstitially and substitutionally

in Ti suggests they are able to diffuse via a dissociative mechanism [12]. This

mechanism was proposed by Frank and Turnbull to explain the fast diffu-

sivity of Cu in Ge [12]. Cu in Ge is supposed to migrate from interstitial

site to interstitial site until it combines with a vacancy becoming substitu-

tional atom (combination reaction). On the other hand, the substitutional

Cu solute can migrate into interstitial sites thereby creating a vacancy (disso-

ciation reaction). In the general case, five microscopic processes are involved

in the Frank-Turnbull diffusion mechanism:

• interstitial solute diffusion;

• substitutional solute diffusion;

• vacancy migration from the surface;

• vacancy production in the bulk;

• combination-dissociation reaction [13].

In the case of metals, the vacancy production from the surface (diffusion) and

in the bulk (from and to dislocations) is such that the vacancy concentration

is constant and equal to the equilibrium values, leaving the overall solute

migration to be controlled by the interstitial and substitutional solute diffu-

sion and the combination-dissociation reaction [13]. For the fast-diffusers in

open metals, Frank and Turnbull concluded that the effective solute diffusion

mostly depends on the few atoms that move interstitially [12].

The above can explain the abnormally fast diffusivity of Fe, Co and Ni

in Ti, but does not paint a complete picture. The detrimental effect of fast
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diffusers, even in small additions, on mechanical properties of the α-Ti is

well reported [14, 15, 16, 17, 18, 19]. It is believed that this depends on

the anomalous migration behaviour of these solutes. Fe, Co and Ni have

also been reported to affect dislocation mobility [20, 17] and accelerate the

self migration in α-Ti [8, 21]. It follows that understanding the diffusion

behaviour of these solutes in α-Ti is very important to reduce the negative

effective on the creep behaviour of these alloys. Diffusion coefficients can be

measured through experiments. However, the empirical surveys cannot con-

vey details on migration processes. On the other hand, ab initio calculations

have been successfully used to predict the diffusivites of different solute in

α-Ti [22, 23, 24, 7], as well as fundamentals aspects of the diffusion mecha-

nism, such as the solute transitions and the influence of the Ti-solute bond

on the diffusion behaviour. Bernstein et al [9] studied the migration barriers

and defect formation energies for various solute atoms in Ti, observing that

interstitial formation energies for the fast diffusers are comparatively low.

This, alongside low interstitial migration energy barriers can help explain the

anomalous diffusion behaviour. The conclusions were further strengthened

by Zhang et al [25], using analytical formulations to calculate the interstitial

and vacancy-mediated diffusivities of various solute atoms in α-Ti. These

processes have also been studied in Zr. Pasianot and Peréz [26] have used

density functional theory to rationalise the peculiar diffusion behaviour of Fe,

Co and Ni in Zr, and how this deviates from the Arrhenius behaviour. Lu

et al [27] have investigated the interstitial diffusivity behaviour of a number

of dilute large solute elements in Zr, and Jain and co-workers developed a

Green’s function approach to study the competition between the interstitial
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and vacancy-mediated behaviour of a number of solutes in Zr.

The purpose of this work is to study the anomalous migration of fast-

diffusers, Fe, Co and Ni in α-Ti using kinetic Monte Carlo (KMC) simu-

lations [28] informed with first-principles data. The theory of Frank and

Turnbull [12] has been investigated determining the impact of combination-

dissociation process [13], interstitial and solute diffusion on the migration

of these elements and estimating the solute diffusivity values. The effect of

solute-host swap [29] on the solvent migration has also been studied, com-

paring the KMC results of self-diffusivity with or without this process.

2. Theory

It is clear that simple interstitial and vacancy-mediated mechanisms can-

not explain the anomalous diffusion behaviour of Fe, Co and Ni in α-Ti. In

fact, the activation energy barrier would be too small in the first case, and

too high in the second [12]. These solutes can be accommodated at both

interstitial and lattice sites as confirmed by high temperature Mössbauer

spectra [10, 11]. Therefore, they may be able to move through the dissocia-

tive diffusion mechanism [12]. As introduced above, this mechanism can be

broken down into three processes in the case of metals: interstitial diffusion,

vacancy-mediated substitutional diffusion and the combination-dissociation

process.

At the atomic scale, the interstitial diffusion consists on the migration

of solute along the interstitial voids between the host atoms. It is usually

a fast diffusion because of relative high number of interstitial sites available

for the solute walk and weak bonding between interstitial solute and solvent
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atoms relative to substitutional solute. However, Frank and Turbull have

estimated that pure interstitial diffusion of Cu in Ge is 100 time higher than

apparent diffusion [12]. Similar behaviour is expected in case of fast-diffusers

in hcp-Ti.

In the case of vacancy-mediated substitutional diffusion, the solute moves

by swapping with vacant lattice sites. The migration depends on the vacancy

concentration and the ability of the jumping atom to squeeze between the

neighbouring atoms. The migration of substitional atom is much slower than

interstitial solute due to lower availability of vacant sites to jump into.

The combination-dissociation process involves all the three types of point

defects: vacancies (V), interstitial solutes (Ai) and substitutional solutes

(As). When an interstitial atom encounters a vacancy, it can jump into it

becoming substitutional (combination). On the other hand, it is also possible

that a substitutional solute moves to an interstitial site creating a vacancy-

interstitial pair (dissociation). These two mechanisms are described as,

Ai + V 
 As. (1)

The combination-dissociation process was modeled for simple fcc crystals

by Miller in the 1969 [13], and it is represented schematically in Figure 1.

The transition v1 identifies the substitutional atom moving to an interstitial

site, creating a vacancy-interstitial pair. Once the vacancy-interstitial pair

is formed, the interstitial solute can move away via interstitial transitions,

k1, or move to re-orient the pair, k2. The pair can also be separated, w1, or

re-orientated, w2, by vacancy-host exchange. It is also possible that the in-

terstitial atom recombines with the vacancy occupying lattice site through v2

transition. The vacancy annihilation by interstitial solute can slow down the

7



Host atom

Solute atom

Vacancy

Interstitial site

Host jump

Solute jump

k2

w2

v2

w1

k1

v1

Figure 1: Schematic representation of solute (red arrows) and host (black arrows) transi-

tions in the case of interstitial-vacancy pair diffusion mechanism in fcc crystal [13]: v1 is

the dissociation solute-vacancy, v2 is the interstitial-vacancy combination, k1 is the inter-

stitial hop with dissociation of the pair, k2 is the interstitial hop with reorientation of the

pair, w1 is the host-vacancy exchange with dissociation of the pair, w2 is the host-vacancy

exchange with reorientation of the pair.

extreme fast solute migration along the interstitial sites. On the other hand,

the dissociation transition can increase the vacancy concentration influenc-

ing the self-diffusion coefficients. Under these considerations, the anomalous

behaviour of fast-diffusers can be attributed to the combination-dissociation

process.

Another explanation for the behaviour of Fe, Co and Ni in hcp-Ti has been

suggested by Frank and Turnbull [12]. They have argued that the reaction

rate of the combination-dissociation process is very small with respect to

other processes, and it has no noticeable impact on diffusion. Instead, they

suggested that majority of solute atoms are stationary at the substitutional

lattice sites, and the migration occurs only when solute atoms are located at

interstitial sites. In other words, the substitutional solutes has high solubility

but low diffusivity. Vice-versa, the interstitial diffusivity is very high, but
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there are few interstitial solutes. Therefore, it is expected that only a small

fraction of atoms like Fe, Co and Ni are located at interstitial sites in α-Ti

and migrate interstitially, while the remaining substitutional atoms migrate

rarely. As a results, the overall diffusivity, DEff, is approximated as [12],

DEff ≈ Di
Ceq

i

Ceq
s
, (2)

where Di is the interstitial diffusion coefficient, Ceq
i and Ceq

s are the equi-

librium concentrations of interstitial and substitutional solutes, respectively.

The contribution of substitutional solute atoms to the effective diffusivity is

negligible.

The above cannot explain why the diffusivity of the host may be affected

by the presence of Fe, Co and Ni. A possible mechanism to explain the in-

crease of self-diffusion in presence of Fe, Co, and/or Ni is the solute-host swap

described by Warburton [30]. Warburton have modified the Miller’s model,

assuming that the only possible transitions are the solute dissociation and

combination, and host-vacancy swap with reorientation of the pair (respec-

tively v1, v2 and w2 in Figure 1). Therefore, the solute can exchange position

with host atom after a sequence of dissociation-reorientation-combination

transitions. As a result, the migration of Ti atoms does not necessarily re-

quire the presence of vacancies. Modelling can shed light on this matter.

3. Methodology

Density functional theory (DFT), in conjunction with kinetic Monte Carlo,

was used to investigate the effect of the diffusion mechanism presented in Sec-

tion 2 on the migration of solutes in dilute binary hcp-Ti-X (X=Fe, Co, Ni).
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The computational details such as supercell size, plane wave cutt-off, k-points

mesh are reported in the supplementary materials.

The migration through different lattices (substitutional and/or intersti-

tial) proceeds via a sequence of transitions. These transitions are thermally

activated processes with frequencies given by [31],

w = ν∗ exp

(
−∆Hm

kbT

)
, (3)

where kb and T are respectively the Bolzmann’s constant and absolute tem-

perature, ν∗ is the attempt frequency and ∆Hm is the migration energy,

defined as the energy difference between the saddle point and initial state.

The stable lattice sites (interstitial and substitutional types) can be mapped

using DFT calculations. This technique allows to investigate the stabilities

of point defect, such as interstitial and substitutional atom, not only from

a classical point of view, but also considering the electronic structures of

the species considered. This can lead to unexpected results, as reported by

Pasianot et al [29].

The saddle point energy necessary to calculate the migration energy was

investigated using the nudged elastic band (NEB) method [32]. This method

allows to determine the minimum energy path (MEP) starting from an initial

and final state. The transition path is initially guessed by a set of images of

the system connected by an imaginary spring. The images are then relaxed

perpendicular to the path and kept equidistant. The effective frequency ν∗

was approximated using Vineyard equation [33],

ν∗ =

∏3N
i=1 νi∏3N−1

j=1 ν ′j
. (4)
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The 3N normal vibrational frequencies at saddle point, νi, and 3N-1 ones at

initial state, ν ′j, can be estimated using DFT phonon calculations.

The KMC method was used to study stochastic phenomena knowing the

processes involved. It contains a list of stochastic events that can occur in a

given system. At each timestep, a transformation is simulated by randomly

choosing one of the events based on their frequency of occurence. Time is

incremented based on a function of the cumulative frequency of all possible

events. The final diffusion behaviour depends on the list of possible events.

Therefore, KMC is the perfect instrument to test the validity of a theory.

Four different KMC simulations were developed to test the different mech-

anisms involved in fast-diffusers migration in α-Ti. The KMC simulations

were informed with the transition frequencies obtained by DFT calculations

and the calculated diffusivities were compared with experimental data avail-

able in the literature [5, 4, 6].

3.1. Interstitial diffusion

In case of the interstitial diffusion, the solute occupies and moves through

interstitial sites. Conventionally, there are eight symmetrical positions in

which an extra atom can rest in hcp structure: octahedral, tetrahedral,

crowdion, split dumbbell along c axis, basal octahedral, hexahedral, basal

crowdion and split dumbbell within the basal plane. The geometry and sym-

metry of these sites can be found in [34]. The interstitial formation energy,

Ei, describes the tendency of a solute to sit at interstitial or substitutional

sites. Ei is the energy difference of a system where the solute is at the inter-

stitial site under investigation (E{MN + I1}), and a system where the solute
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occupies a substitutional site (E{MN−1 + S1}),

Ei = E{MN + I1} − E{MN−1 + S1} −
1

N
E{MN}; (5)

where N is the total number of solvent atoms, and M , I and S identify

the solvent, interstitial solute and substitutional solute, respectively. The

last term is added to balance the energies of the two systems which contain

different number of atoms. Negative values of Ei indicate that solute tends

to sit at the interstitial site and vice-versa.

The interstitial migration in dilute systems can be considered random

and only the interstitial solute jump frequencies are required for the KMC

simulations. For each element, the transition network was mapped and re-

ported in Section 4. The interstitial diffusivity values were obtained after

500 simulations of 109 solute transitions each.

3.2. Substitutional diffusion

The substitutional diffusion mechanism is governed by vacancy jumps

towards the nearest neighbours. For the KMC simulation, we considered

three cases. The first case is that the vacancy and solute are far away and

they do not interact, and only the vacancy-solvent exchanges are possible.

The second case is that solute and vacancy are first nearest neighbours and

they can exchange position. The transition frequencies of solvent-vacancy

swaps are also different from the first case since they depend on the solvent

position with respect to the solute-vacancy pair . The last case is that solute

and vacancy are not first nearest neighbours, but some of the solvent-vacancy

jumps can lead to the formation of solute-vacancy pair and lead to the first

case.
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In the first case, the vacancy is surrounded by six nearest solvent atoms

in the basal plane, and three atoms in the above basal plane and three atoms

in the below basal plane. The vacancy can exchange position with one of the

six solvent in the basal plane (wv
‖), or one of the six atoms in the adjacent

basal planes (wv
⊥) (see Figure 2-a).

In the second case, two types of substitutional solute-vacancy pair can be

formed, the in-plane pair where the pair lays on the same basal plane (‖),

and out-of-plane pair where vacancy and solute are in adjacent basal planes

(⊥), see Figure 2-b and Figure 2-c. The binding energies of substitutional

solute-vacancy pairs (∆Es
b ) are defined as the energy difference between a

system with solute-vacancy pair and a system were solute and vacancy are

at infinite distance,

∆Es
b = E{MN−2 + S1} − E{MN−1 + S1} − E{MN−1}+ E{MN}. (6)

where E{MN−2 + S1} is the energy of a crystal with a substitutional solute-

vacancy pair, and the other terms were previously described. Based on this

definition, the positive values of ∆Es
b indicate a repulsive force between the

vacancy and the solute. On the contrary, ∆Es
b is negative when the solute

prefers to sit next to a vacancy. Since it has been reported that fast-diffusers

can accommodate at off-lattice sites in open metals [29], the substitutional

configurations were studied comparing the fully relaxed energies of a super-

cell with the solute replacing a solvent atom at lattice site, and supercell with

vacancy at the first-nearest neighbour lattice site to the interstitial solute. It

is expected that this last configuration relaxes to the substitutional configu-

ration, however Pasianot and co-workers have found that Fe tends to sit in

off-set position in Zr [29]. Similar calculations were performed in this work,
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and when needed, the energies of off-set positions were used in equation 6 to

calculate the binding energy. The 8-frequency model was adopted to describe

the solute transisitons [35]. The transition frequencies are illustrated in Fig-

ure 2-b for in-plane pair, and in Figure 2-c for out-of-plane pair. In the case of

in-plane pair, the possible transitions are one solute-vacancy exchange (w‖),

two pair-rotation vacancy-solvent swaps in the adjacent basal plane (wa) and

two pair-rotation vacancy-solvent swaps within the basal plane (wb), and

seven dissociative vacancy-solvent swaps (wc). Similarly, in the case of out-

of-plane pair, the possible events are one solute-vacancy exchange (w⊥), two

pair-rotation vacancy-solvent swaps in the adjacent basal plane (w′a) and two

pair-rotation vacancy-solvent swaps within the basal plane (w′b), and seven

dissociative vacancy-solvent swaps (w′c).

To conclude in the last case, the host-vacancy swaps leading to the forma-

tion of vacancy-solute pair are approximated by wd if an in-plane vacancy-

solute pair is formed and w′d if an out-of-plane vacancy-solute pair is formed

as illustrated in Figure 2-e and Figure 2-d, respectively. For the other cases,

where the solute-vacancy is not formed as result of solvent-vacancy swap, the

jumps are approximated with wv
‖ and wv

⊥.

Compared to interstitial diffusion, the walk of substitutional atom is not

random, and the diffusion needs to be simulated in a rigid lattice, repeated

infinite times along the three directions. Since the vacancy concentration in

this small box is much higher than real value, the diffusion coefficients (Ds)

need to be scaled using the equilibrium vacancy concentration, Ceq,

Ds = Dscaled =
Dnot−scaled

Cscaled

. (7)
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Figure 2: Schematic representation of transition frequencies involved in substitutional so-

lute diffusion: a) solvent-vacancy transitions when vacancy and solute are not interacting,

b) solvent- and solute-vacancy transitions in presence of in-plane vacancy-solute pair, c)

solvent- and solute-vacancy transitions in presence of out-of-plane vacancy-solute pair, e)

solvent-vacancy swap leading to in-plane solute-vacancy pair, and d) solvent-vacancy swap

leading to in-out-of solute-vacancy pair.

Cscaled =
Nv

Ns

1

Ceq

, (8)

where Nv and Ns are respectively the number of vacancies and lattice sites

in the simulation box, and Ceq is the vacancy concentration depending on
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the vacancy formation, Ev, [36]

Ceq = exp

(
− Ev

kbT

)[
1 + z Cx exp

(
−∆Es

b

kbT

)]
, (9)

where z is the number of nearest neighbour and Cx is the atomic fraction

of solute atoms. The diffusivities were obtained after 100 KMC simulations

of 106 solute transitions each. The solvent diffusion coefficients were also

evaluated tracking the host migrations.

3.3. Combination-dissociation process

The combination-dissociation process was tested modifying the KMC

code simulating the interstitial mechanism including the dissociation and

combination events. Since this work focuses on evaluation of the impact of

this process on the migration, the vacancy hops were omitted and the walk

was considered random. This is not far from reality since the diffusion bar-

riers of vacancy-mediated migration are higher than interstitial migration

energies. After a dissociation event, the solute atom is still close to the va-

cancy, enhancing the probability to move back to the lattice site. This was

taken into account multiplying the transition frequency of the combination

by the probability (P ) of interstitial-vacancy pair,

P = exp

(
−(Ev + ∆Ei

b)

kb T

)
. (10)

∆Ei
b is the binding energy of interstitial solute-vacancy pair, and it is calcu-

lated as,

∆Ei
b = E{MN−1 + I1} − E{MN + I1} − E{MN−1}+ E{MN} (11)

where E{MN−1+I1} is the energy of a system with interstitial solute-vacancy

pair and E{MN−1} is the energy of system with one vacancy, and the other
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terms were already described. Negative values of ∆Ei
b indicate attraction

between these two defects, and vice-versa. In this case, 500 simulations of

109 solute transitions were performed.

3.4. Frank-Turnbull theory

The Frank-Turnbull theory [12] was verified using the equation 2 to eval-

uate the effective diffusion of Fe, Co and Ni in α-Ti. This equation was used

in conjunction with results of KMC simulations of the interstitial mechanism,

while the interstitial-substitutional concentration ratio was approximated us-

ing,
Ceq

i

Ceq
s

= exp

(
− Ei

kb T

)
, (12)

where Ei is the highest values of interstitial formation energy calculated for

each solute. This means that Ceq
i /C

eq
s ratio is approximated with the highest

probability to find the solute at substitutional site rather than interstitial

site at 0 K.

3.5. Solute-host swap

The KMC simulation of the vacancy-mediated mechanism was modified

to include the transition frequencies of solute-host exchanges schematically

displayed in Figure 3, in order to estimate the effect of solute-host swap

on self-diffusion. Similar to the simple vacancy-mediated mechanism, 100

simulations of 106 solute transitions each were performed.
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Ti in the same basal plane Ti in the adjacent basal plane Solute

a)

b)

Figure 3: Scheme of solute-host swap a) in-plane and b) out-of-plane transitions without

the presence of vacancy.

4. Results

4.1. Interstitial behaviour

The stability of Fe, Co and Ni at conventional interstitial sites of hcp-Ti

were investigated with ab initio calculations as described in Section 3.1. Fe

and Ni are stable at octahedral, crowdion, basal octahedral, split and basal

split sites, while basal octahedral, basal split, crowdion and octahedral sites

are the stable sites for Co. A comparison of the interstitial energy of these

sites with the previous works of Pasianot and Pérez [26], and Zhang et al

[25] is presented in Table 1. Our results are very similar to the ones obtained

by Zhang et al, and small differences may be due to the higher-size supercell

(96 atoms) and higher energy cut-off (400 eV) used by Zhang. The higher

mismatch with Pasianot and Pérez can be attributed to the the fact that they

have used the norm-conserving TM-type of potentials that are considered less

accurate than PAW potential as underlined by Zhang and coauthors [25].
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However, the calculated minimum energy paths show that these interstitial

sites are not always the minima, but distorted configurations are more stable

(see for example Figure 4). This behaviour has also been observed by Zhang

and colleagues [25]. Three non-classical interstitial sites were found to be

stable for Co and Fe (here identified by S1, S2, S3), and two non-classical

interstitial sites for Ni (called in this work S1, S2) (see Figure 5). The reduced

coordinates (RC) with respect to lattice sites (0,0,0) and (1/3,1/3,1/2) within

the primitive lattice [a1 = (a; 0; 0); a2 = (a/2;
√

3a/2; 0); a3 = (0; 0; c)] and

interstitial energies of these sites are reported in Table 2. Similar interstitial

sites have been reported by Zhang et al [25]. Bernstein et al [9] have also

reported the presence of more stable no-symmetrical interstitial sites. The

interstitial sites, they founded are similar to the S2 sites in case the of Fe

and Co and to S1 for Ni. In Table 3, the formation interstitial energies are

re-calculated using the definition in [9, 25], and compared with the values

reported in Bernstein [9] and Zhang [25] papers. The energies are similar

and the difference can be attributed to the different calculation settings used.

Bernstein and his colleagues have performed the DFT calculations using a

10-valence-electrons potential, higher energy cut-off (400 eV) and larger cell

size (190-atom cell) compared to the calculations presented in this work.

Zhang and co-authors have used an energy cut-off of 450 eV with a supercell

of 96 atoms.

All possible interstitial transitions were then mapped from the stable

interstitial sites. Fe can perform two S1→S3 transitions within the basal

plane, six S1→S2 transitions along c-axis and two S1→S1 transitions within

the basal plane from S1 site. From S2 site, there are six possible S2→S1
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Solute Ti at the basal plane Ti in the adjacent basal plane

Figure 4: Minimum energy path of Fe (open squares), Co (open circles) and Ni (filled

squares) transitions between octahedral and crowdion sites. The migration energy is cal-

culated with respect to the octahedral sites. The minima are indicated by dashed red

circle line.

b) c)a)

S3S3
S2

S1

S2

S1

S2S1

Figure 5: Schematic representation of fast-diffusers stable interstitial sites in hcp unit cell:

a) Fe has six S1, six S2 and six S3 equivalent sites; b) Co has six S1, six S2 and six S3

equivalent sites; c) Ni has twelve S1 and six S2 equivalent sites.
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EO
i (eV) EBO

i (eV) EC
i (eV) EBC

i (eV)

Fe 0.714 0.926 0.419 0.629 This work

0.76 0.97 0.6 0.75 [25]

0.85 0.97 0.71 0.80 [26]

Co 1.045 1.127 0.597 0.860 This work

0.91 0.96 0.78 0.77 [25]

1.13 1.28 1.14 1.15 [26]

Ni 1.497 1.528 1.187 1.410 This work

1.58 1.57 1.57 1.46 [25]

2.19 1.92 2.05 1.94 [26]

Table 1: Comparison of formation energies of Fe, Co and Ni octahedral (EO
i ), basal

octahedral (EBO
i ), crowdion (EC

i ) and basal crowdion (EBC
i ) with previous work [25, 26].

RCFe EFe
i (eV) RCCo ECo

i (eV) RCNi ENi
i (eV)

S1 Fe (0.51,0.75,0.22) 0.575 Co (1/6,1/6,1/4) 0.597 Ni (0.22, 0.20, 0.16) 1.105

Ti (-0.17,1.08,-0.11) Ti (-0.19,1.09,-0.11) Ti (-0.13, -0.15, -0.12)

Ti (0.36,1.36,0.55) Ti (0.37,1.36,0.56) Ti (0.39, 0.40, 0.60)

S2 Fe (0.5,0.78,0.04) 0.499 Co (0.49,0.79,0.05) 0.580 Ni (0.44, 0.83, 0.13) 1.057

Ti (-0.26,1.03,-0.10) Ti (-0.28,1.03,-0.11) Ti (-0.27, 1.01, -0.13)

Ti (0.33,1.35,0.51) Ti (0.33,1.35,0.51) Ti (0.37, 1.37, 0.54)

S3 Fe (0.17,0.17,0.25) 0.252 Co (0.47,0.78,0.21) 0.567

Ti (-0.10,-0.10,-0.10)

Ti (0.44,0.44,0.59)

Table 2: The reduced coordinates (RC) respect to lattice sites (0,0,0) and (1/3,1/3,1/2)

with primitive lattice [a1 = (a; 0; 0); a2 = (a/2;
√

3a/2; 0); a3 = (0; 0; c)] and interstitial

energies (Ei) of Fe, Co and Ni interstitial sites in α-Ti. The position of the nearest Ti

atoms are also reported.

transitions along c-axis and two S2→S2 transitions within the basal plane.

From S3 site, there are two S3→S2 transitions within the basal plane. These
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ES1
i (eV) ES2

i (eV) ES3
i (eV)

Fe 0.870 0.799 0.548 this work

0.95 [9]

∼ 0.62 ∼ 0.735 ∼ 0.735 [25]

Co 0.703 0.579 0.565 this work

0.89 [9]

∼ 0.75 ∼ 0.71 ∼ 0.75 [25]

Ni 1.043 0.993 this work

1.04 [9]

∼ 1.56 ∼ 1.33 ∼ 1.28 [25]

Table 3: Comparison of formation interstitial energies calculated in this work and ones

obtained by Bernstein et al [9] and Zhang et al [25]. The calculations were performed

using the equation reported in [9, 25].

Figure 6: Schematic representation of transition pathways between the stable Fe interstitial

sites in α-Ti: a) S3↔S1, b) S1↔S1, c) S2↔S1 and d) S2↔S2 transitions.

transitions are schematically displayed in Figure 6, and the migration energies

and effective frequencies are reported in the supplementary materials.

Cobalt has two S1→S1 transitions within the basal plane, four S1→S2

transitions and two S3→S1 transitions within the basal plane from S1 sites,

six S3→S2 transitions along c-axis and two S3→S3 transitions within the

basal plane from S3 site. Two transition from S2 to nearest S2 are also
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Figure 7: Schematic representation of transition pathways between the stable Co intersti-

tial sites in α-Ti: a) S1↔S3, b) S2↔S3, c) S1↔S1, d) S2↔S1, e) S3↔S3 and f) S2↔S2

transitions.

Figure 8: Schematic representation of transition pathways between the stable Ni interstitial

sites in α-Ti: a) S2↔S1, b) S2↔S2 and c) S1↔S1 transitions.

possible. All the transitions are schematically shown in Figure 7 and their

migration energies and effective frequencies are presented in the supplemen-

tary materials.

Nickel only has two stable interstitial sites, S1 and S2 (see Figure 5).

From S1, Ni can move to the nearest S1 site along the c-axis (S1→S1) or to

one of the two S2 sites (S1→S2). From S2, there are four S2→S1 and six

S2→S2 possible transitions. The migration energies and effective frequen-

cies are reported in the supplementary materials, while the transitions are

schematically shown in Figure 8.
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4.2. Substitutional behaviour

The study of substitutional behaviour of fast-diffusers was conducted

looking at possible off-lattice configurations following the procedure pre-

sented in Section 3.2. Fe and Co have off-lattice configurations that are more

stable than simple substitutional sites, while Ni sits at lattice sites. Referring

to the site (0,0,0) and the primitive lattice defined as [a1 = (a; 0; 0); a2 =

(a/2;
√

3a/2; 0); a3 = (0; 0; c)], the off-site position of Fe is (0.28,−0.14, 0)

and it is (0.26,−0.13, 0) for Co. The binding energies of substitutional solute-

vacancy pair were evaluated by equation 6 and they are reported in Figure 9.

The data shows attraction between the vacancy and solute for both in-plane

and out-of-plane configurations for all elements. The substitutional forma-

tion energies obtained using the formulation in [9, 25] are compared with

previous work of Bernstein et al [9], Zhang et al [25] in Table 4. Although,

they do not report the off-lattice positions, the energies formation for in-

lattice position are similar to one calculated in this work. Similar to the

interstitial case, the difference may be due to the calculations set-up: differ-

ent electronic potential, higher energy cut-off and larger supercell.

For each element, the migration energies and the effective frequencies

of the transitions required to describe the substitutional vacancy-mediated

diffusion (see Section 3.2) are reported and compared with previous work [25]

in Table 5. Zhang and co-authors consider two distinct paths for the pair-

rotation vacancy-solvent swap (named in this work wb), taking into account

the fact that along one of these paths there are a solvent atoms in the adjacent

basal planes ([25] refer to this as path 3), while this is not the case for the

other pair-rotation vacancy-solvent swap (path 4 in [25]). We calculated very
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Figure 9: Binding energy of out-of-plane (black bar) and in-plane (grey bar) substitutional

solute-vacancy pairs (∆Es
b ) for Fe, Co and Ni in α-Ti, calculated with 54-atom supercells.

Positive values of ∆Es
b indicate that the solute atom is repulsed by the vacancy, while

negative values indicate attraction between vacancy and solute.

Ef,s (eV) Eoff
f,s (eV)

Fe 0.607 0.293 this work

0.37 [9]

0.41 [25]

Co 0.187 0.005 this work

0.10 [9]

0.26 [25]

Ni -0.091 this work

-0.21 [9]

-0.16 [25]

Table 4: Comparison of substitutional formation energies on (Ef,s) and off (Eoff
f,s) lattice

site calculated in this work with the result of Bernstein et al [9] and Zhang et al [25]. The

calculations were performed using the equation reported in [9, 25].
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similar values of migration energies in the case of Fe-vacancy pair rotation

along these two paths, respectively 0.168 for the path 3 and 0.145 eV for path

4. Therefore, it was chosen to consider the transition along path 4 equal

to the one along path 3. This was also done to use the same transitions

considered by the 8-frequency model. On the other hand, the solute-vacancy

dissociative and pair-formation transitions were considered in our work, while

they are neglected in Zhang paper [25]. The migration energies are very

similar with the values reported by Zhang et al [25], especially in the case of

solute transitions. Despite using a different set of transitions, the activation

energies for vacancy-mediated diffusion calculated in this work a very similar

to the one obtained by Zhang et al [25] as shown in Table 6. The values of

vacancy formation energy, migration energies and the effective frequencies of

wv
‖ and wv

⊥ in pure Ti were evaluated in a previous work as Ev =1.976 eV,

∆H
‖
m=0.423 eV, ν∗‖=7.456 THz, ∆H⊥m=0.413 eV and ν∗⊥=7.233 THz [24].

4.3. Combination-dissociation process

In order to investigate the combination-dissociation process, the binding

energies of interstitial-vacancy pair were studied. The first-nearest-neighbour

interstitial site to the vacancy is unstable and the solute moves to the off-

lattice position in the case of Fe and Co, and to the lattice site in the case of

Ni as shown in Section 4.2. On the other hand, the vacancy can form a stable

pair with the second-nearest S2 site for all three solutes (see Figure 10). The

relative ∆Ei
b values of Fe, Co and Ni are reported in Figure 11. Interstitial

Fe and Ni are shown to be attracted by the vacancy, while Co prefers not

to sit next to the vacancy. The migration energies and effective frequencies

of combination (S2→ L) and dissociation (L→ S2) events from the second-
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∆Hm (eV) ν∗ (THz) ∆Hm (eV) ν∗ (THz) ∆Hm (eV) ν∗ (THz)

Fe Co Ni

w⊥ 0.575 2.349 0.702 6.307 0.767 1.557 this work

w⊥ 0.71 - 0.78 - 0.83 - [25]

w‖ 0.824 14.378 0.741 10.706 0.674 2.994 this work

w‖ 0.68 - 0.75 - 0.69 - [25]

w′a 0.081 5.031 0.004 3.433 0.133 4.313 this work

wa 0.202 4.809 0.058 3.252 0.077 3.906 this work

wa-w
′
a 0.09 - 0.13 - 0.03 - [25]

w′b 0.389 6.409 0.018 3.221 0.164 4.388 this work

w′b 0.13 - 0.23 - 0.009 - [25]

wb 0.168 5.351 0.377 6.063 0.259 6.447 this work

wb 0.56 - 0.38 - 0.23 - [25]

w′c 0.519 4.898 0.533 6.649 0.591 11.379 this work

wc 0.468 6.037 0.527 4.671 0.484 5.340 this work

w′d 0.254 5.745 0.172 5.705 0.390 8.295 this work

wd 0.179 7.455 0.290 6.114 0.390 5.241 this work

Table 5: Migration energy (∆Hm) and effective frequency (ν∗) of fast-diffusers transitions

involved in the substitutional vacancy-mediated mechanism compared with previous work

[25].

.

Ti in the same basal plane

Vacancy

Ti in the adjacent basal plane

Interstitial

Figure 10: Projection on the basal plane of interstitial-vacancy pairs when the interstitial

is at the next-nearest neighbour site.

nearest neighbour were studied and reported in the supplementary materials.
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Solute Qs
⊥ (eV) Qs

‖ (eV) Qs (eV)

Fe 2.678 2.664 this work

Fe 2.57 [25]

Co 2.731 2.729 this work

Co 2.54 [25]

Ni 2.876 2.855 this work

Ni 2.73 [25]

Table 6: Values of Fe, Co and Ni activation energy of vacancy-mediated compared with

previous work [25].

E b
(e
V
)
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Δ
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i

Figure 11: Binding energy of interstitial-vacancy pair (∆Ei
b) of Fe, Ni and Co at the next-

nearest neighbour S2 site. Negative sign indicates attraction between interstitial solute

and vacancy and vice-versa.

4.4. Solute-host swap

The migration energies and effective frequencies of the two solute-host

swaps (see Figure 3) were also evaluated and they are reported in the sup-

plementary materials. In total there are twelve solute-host transitions, six in

the adjacent basal plane and six in the same basal plane.
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4.5. Kinetic Monte Carlo results

The KMC method was used to verify that simple interstitial and vacancy-

mediated mechanisms cannot explain the anomalous diffusion of fast-diffusers

in Ti. The KMC results are displayed in Figure 12 and compared with exper-

imental data (DExp) [6, 4, 5], while the diffusion parameters are summarised

in the supplementary materials. As expected, the substitutional diffusion is

too slow with respect to experimental data, and the diffusion barriers in this

case are too high as a result of the vacancy formation energy. On the other

hand, the interstitial transitions are too fast compared to the experimen-

tal diffusion data, suggesting that there is a second process involved, which

decreases these diffusivity values.

The combination and dissociation events were added in the KMC model

simulating the interstitial migration in order to evaluate the impact of combination-

dissociation process on the diffusivities. The KMC results labeled Dcd are

compared to the simple interstitial diffusivities and experimental data [4, 5, 6]

in Figure 13. The Dcd values are very similar to Di, indicating that this

mechanism has no influence on the migration of Fe, Co and Ni in α-Ti, and

therefore it cannot explain the anomalous behaviour of these solutes.

Finally, the effective diffusivities of fast-diffusers were calculated using

the formula by Frank and Turnbull [12] (see equation 2) informed with Di

data. The interstitial-substitutional concentrations ratio were approximated

by equation 12 with Ei of S1 for each solute (see Table 2). The effective

diffusion coefficients are consistent with the experimental data as shown in

Figure 14. In the case of Co, the DEff data matches the experimental values

very well [4]. On the other hand, the computational data overestimates the
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experimental values in the case of Fe [5], and underestimate the Ni exper-

imental values [6]. This may be due to the choice of using Ei. In fact, Fe

has smaller Ei values with respect to Ni. Therefore, in the case of Fe the

correction introduced by the Ceq
i /C

eq
s factor is overestimating the experimen-

tal data. Vice-versa, the ENi
i values are larger leading to a smaller value of

Ceq
i /C

eq
s . It is also important to notice that these energies are calculated at 0

K, and in this work we omitted the effect of temperature on defect formation

energies. Nevertheless, these results confirm the idea of Frank and Turnbull

that the majority of atoms are stationary at substitutional lattice sites, and

the anomalous behaviour of fast-diffusers in Ti is due to the few atoms mov-

ing interstitially. The diffusion parameters calculated are reported in the

supplementary materials. The activation energies are around 1 eV, similar

to the experimental data [5, 6, 4]. In addition, the DEff values show the

same anisotropic behaviour (see Figure 15) reported by Nakajima and co-

workers [6, 4, 5]. In their work, Nakajima et al have found that fast-diffusers

have D⊥/D‖ ratio greater than one, opposite to what normally observed in

the case of self-diffusion, substitutional solute diffusion [8] or interstitial so-

lute diffusion in α-Ti, such as C [37] and O [38]. In addition, the effective

diffusivities calculated with the KMC method are more consistent with the

experimental data compared to the values obtained by Zhang et al [25], as

shown in Fig. 16.

Although the theory of Frank and Turnbull describes the migration of

fast-diffusers in α-Ti well, it cannot explain the enhancement of self-diffusion

in presence of these elements. This phenomenon is a result of another process:

the solute-host swap [29, 30]. As described in Section 3, the solvent diffusion
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coefficients were calculated with (Dsh) and without (Dvm) the solute-host

swaps as shown in Figure 17, with a concentration of solute atoms of 1.9%.

Enhancement is obvious in the case of Ni and Fe, while it is limited in the

case of Co. The activation energies of solute-host swap in case of Fe and Ni

are close to energy required for the Ti to move in a vacancy site. The ∆Hm

of Fe-Ti swap within the basal plane and Ni-Ti swap in the adjacent plane

are respectively 2.563 eV and 2.513 eV (see supplementary materials), while

the energies for vacancy-solvent transitions are circa 2.4 eV as reported in

[24]. Therefore, these transitions compete with the vacancy-host exchanges

speeding up the self-diffusion. In the case of Ni, the enhancement affects

the diffusion in both directions because the jump in the adjacent basal plane

determines a displacement along both directions. In the case of Fe, only

parallel self-diffusion is affected because the Fe-Ti swap within the basal

plane has no component along the c-axis. On the other hand, Co-Ti swaps

have significantly higher activation energy, above 2.6 eV (see supplementary

materials), than vacancy-host exchange, leading to minimum enhancement

of self-diffusion.

5. Discussion

5.1. Interstitial and substitutional behaviour

The dissociative solubility of Fe, Co and Ni in both interstitial and substi-

tutional sites of α-Ti is confirmed by the ab initio calculations. These results

reflect the experimental works of Yoshida and co-workers [11, 10], who have

found interstitial and substitutional Fe atoms in α-Zr and α-Ti. The ener-

gies of symmetric interstitial sites calculated in this work are consistent with
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previous works of Zhang et al [25], and Pasianot and Pérez [26]. However,

the fast-diffusers seem to prefer distorted interstitial sites instead of the eight

traditional classical sites. This behaviour has been already noticed for Fe,

Cr, Be, Ni in Zr [39, 40], and Fe, Ni and Co in Ti [9, 25]. The interstitial

formation energies reported here are in good agreement with these previous

ab initio studies [9, 25], indicating that Fe, Co and Ni prefer to sit substi-

tutionally within the α-Ti lattice, but a significant fraction of these solute

atoms may occupy this low-energy non-classical interstitial sites. Our find-

ings also indicate that Ni has no off-lattice configuration and it sits at the

lattice sites. On the other hand, off-lattice sites are more stable in the case

of Co and Fe. Different studies show that Fe have similar behaviours in Zr

and Ti, as it prefers off-lattice positions [29, 39, 26]. This may be due to

volumetric factors and electronic structure considerations. Because of their

small atomic size relative to Ti, these three solutes cause a contraction of the

crystal lattice similar to the one caused by the introduction of a vacancy. In

the case of Ni, the relative volume difference between a supercell with one

vacancy and a supercell with the substitutional atom is |0.05|%. This differ-

ence is higher in the case of Fe and Co, |0.12|% and |0.14|% respectively. On

the other hand, the off-lattice configurations of Fe and Co introduce distor-

tions similar to the vacancy, and the relative volume differences of Fe and Co

are respectively |0.06|% and |0.03|%. The dissociative solubility in intersti-

tial and substitutional sites plays a key role in the anomalous fast diffusion

behaviour and the self-diffusion enhancement.
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5.2. Diffusion mechanism

The KMC results confirm the fact that the fast diffusion of Fe, Co and

Ni in α-Ti cannot be a result of simple interstitial or substitutional vacancy-

mediated mechanisms [12]. In the first case, the diffusion is too fast and

overestimates the experimental data. On the other hand, the substitutional

diffusion is very slow and can be neglected, because it requires the presence

of a vacancy which is a rare event. The combination-dissociation process [13]

was also shown to have a very small impact on the migration of fast-diffusers.

Similar to the vacancy-mediated mechanism, it requires that the interstitial

encounters a vacancy, or it requires the formation of the vacancy after a

dissociation reaction, which are both rare events. These facts corroborate the

idea of Frank and Turnbull [12] that the anomalous diffusion of these solutes

in α-Ti is a result of few atoms moving through interstitial sites, while the

majority of them sits at lattice sites without contributing to the overall solute

migration. Compared to previous studies [25], the KMC results of diffusivity

values are more consistent with the experimental data as shown in Fig. 16.

Other researchers have highlighted the importance of the Frank and Turnbull

mechanism in other systems such as Fe, Cr, Be, Ni, Hf, Sn and self-diffusion in

Zr at high temperature [40, 27]. Such behaviour is experimentally confirmed

by the work of Behar and co-workers [41] on the Pd diffusion in Ti. Pd has

similar solubility value to Au in α-Ti [41, 42], however it diffuses two orders

of magnitude faster than Ti [41], while Au has similar diffusion behaviour to

the solvent [42]. The anomalous diffusion of Pd can be explained by the fact

that 30% of Pd atoms sit at interstitial sites as shown by their channelling

experiments [41], while only substitutional solutes have been found in the
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case of Au [42].

The anomalous anisotropy behaviour of Fe, Co and Ni is also a result of

the interstitial migration. In fact, the number of interstitial transitions along

c-axis are higher than within the basal plane. For example, Fe can perform

six transitions along c-axis and only two transitions within the basal from S2

sites. Co shows a similar behaviour with the addition of four other transitions

in the adjacent basal plane. Ni only has six transitions contributing to the

parallel diffusion, while all the other transitions occur along the c-axis.

However, the fast migration of few atoms through interstitial sites can-

not explain the self-diffusion enhancement due to the fast-diffusers. Our

results indicate that this acceleration can be attributed to the solute-host

swap mechanism [29, 30]. In the case of Ni and Fe, the self-diffusion en-

hancement due to this mechanism is evident. The migration energies of Ni

and Fe solute-host swaps are similar to the sum of the migration energy of the

vacancy-solvent exchange and the vacancy formation energy. On the other

hand, the Co-Ti swaps considered in this work have higher migration energy,

and therefore the solvent diffusion is less affected. It is important to bear in

mind, that the data reported in this work can only be considered qualitative

in nature. The magnitude of the effect of Ni and Fe additions on the self-

diffusivity of Ti is smaller than expected. Mishin and Herzig [43] suggest that

additions of these elements should significantly accelerate self-diffusivity in

Ti. Quantitative information can only be obtained after an accurate investi-

gation of all the possible solute-host transitions. This is beyond the scope of

this current study, and it will hopefully be the subject of further work. It is

also important to notice that a real comparison with experimental data can-

34



not be conducted since systematic studies on the influence of fast-diffusers on

the solvent diffusion are not present in the literature. Nevertheless, these re-

sults support the idea that fast-diffusers impact solvent diffusion by allowing

host atoms to swap with solute atoms without the presence of vacancy.

6. Conclusions

In this study, the anomalous diffusion of Fe, Co and Ni in α-Ti was inves-

tigated using KMC and first principles calculations. Our results support the

idea proposed by Frank and Turnbull. The diffusion coefficients calculated for

simple interstitial migration overestimate the experimental data, while the

simulation of substitutional diffusion underestimate them. The simulations

reported in this work also show that the combination-dissociation process has

a small impact on the overall diffusion, and it can be neglected. Only the

interstitial migration of a few atoms contributes to the diffusion, while the

majority of atoms sit substitutionally within the lattice without contributing

to diffusion. This effect is captured by Frank and Turnbull theory, introduc-

ing an interstitial-substitutional concentration ratio in order to correct the

interstitial diffusivity values. The corrected diffusivities are in good agree-

ment with the experimental values. The anomalous diffusion behaviour of

the fast diffusers can also be attributed to the non-classical interstitial sites

that these solute atoms may occupy. Finally, we find that host atoms may

be able to swap with solute atoms without the need of vacancies, thank to

their ability to dissolve both at non-classical interstitial and substitutional

sites in α-Ti. The KMC simulations show that this mechanism can explain

the enhancement of solvent diffusion.
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troscopy, in: Defect and Diffusion Forum, Vol. 66, Trans Tech Publ,

1991, pp. 347–352.

[11] Y. Yoshida, M. Menningen, R. Sielemann, G. Vogl, G. Weyer,
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[29] R. C. Pasianot, R. A. Pérez, V. P. Ramunni, M. Weissmann, Ab initio

approach to the effect of Fe on the diffusion in hcp Zr II: The energy

barriers, Journal of Nuclear Materials 392 (1) (2009) 100–104.

39



[30] W. K. Warburton, Modified Model of Diffusion by Interstitial-Vacancy

Pairs, Physical Review B 7 (4) (1973) 1341–1352.

[31] H. Eyring, The Activated Complex in Chemical Reaction, The Journal

of Chemical Physics 3 (2) (1935) 107–115.

[32] H. Jónsson, G. Mills, K. W. Jacobsen, Nudged elastic band method for

finding minimum energy paths of transitions (1998).

[33] G. H. Vineyard, Frequency factors and isotope effects in solid state rate

processes, Journal of Physics and Chemistry of Solids 3 (1) (1957) 121–

127.
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Figure 12: Perpendicular (⊥) and parallel (‖) diffusivities of fast-diffusers in the case of

interstitial (Di) and substitutional mechanism (Ds) calculated by KMC simulations and

compared with experimental data (DExp) [5, 4, 6].
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Figure 13: The effect of combination-dissociation process [13] on fast-diffusers migration

along the perpendicular (⊥) and parallel (‖) to the basal plane calculated including the

combination and dissociation events (Dcd) and compared with simple interstitial diffusiv-

ities (Di), and experimental data (DExp) [4, 5, 6].
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Figure 14: Effective perpendicular (⊥) and parallel (‖) to the basal plane diffusivities of

Fe, Co and Ni in Ti calculated by Frank-Turnbull equation [12] (DEff) and compared with

simple interstitial diffusivities (Di), and experimental data (DExp) [5, 6, 4].
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Figure 15: Comparison of calculated D⊥/D‖ ratio of Fe, Co and Ni in α-Ti.
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Figure 16: Comparison of KMC effective diffusivities with the experimental data and the

computational result of Zhang et al [25].
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Figure 17: Solvent perpendicular (⊥) and parallel (‖) diffusivities in presence of fast-

diffusers applying simple vacancy-mediated migration (Dvm) and solute-host swap mech-

anism [30, 29] (Dsh), the solute concentration is 1.9%.
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