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The carbon diffusivity in tungsten is one fundamental and essential factor in the application of tungsten as plasma-
facing materials for fusion reactors and substrates for diamond growth. However, data on this are quite scarce and largely
scattered. We perform a series of first-principles calculations to predict the diffusion parameters of carbon in tungsten,
and evaluate the effect of temperature on them by introducing lattice expansion and phonon vibration. The carbon atom
prefers to occupy octahedral interstitial site rather than tetrahedral interstitial site, and the minimum energy path for its
diffusion goes through a tetrahedral site. The temperature has little effect on the pre-exponential factor but a marked effect
on the activation energy, which linearly increases with the temperature. Our predicted results are well consistent with the
experimental data obtained at high temperature (>1800 K) but significantly larger than the experimental results at low

temperature (<1800 K).

Keywords: metals and alloys, diffusion, computer simulations
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1. Introduction

Diffusion of carbon atoms in metals is of great scien-
tific and technological interests because it is closely related to
many important phenomena in materials science.!!™! A typi-
cal example is that the diffusion of carbon controls kinetics of
carbonization of parent metal and alloy elements. > In addi-
tion, diffusion of impurity carbon significantly affects its sur-
faces and grain boundary segregation properties, which in turn
leads to changing mechanical properties of metals.>®! Re-
cently, carbon behavior in tungsten has attracted a great deal of
attention. Firstly, both tungsten and carbon have been selected
as the plasma-facing materials (PFM) in the international ther-
monuclear experimental reactor (ITER).!”-8! During operation
of this device, carbon will be inevitably introduced in tung-
sten and thus become one of the most frequent impurity atoms
in it. Secondly, the drawback of tungsten as PFM in future
fusion reactors is its high ductile-to-brittle transition temper-
ature (DBTT) and therefore high brittleness at the operation
temperature.'”! The introduce of fine and uniform dispersion
of carbides in tungsten is an effective way to improve duc-
tility by lowering DBTT.I19 In addition to the application
in fusion reactors, tungsten has also been considered as the
best substrates for diamond growth.!'!l The diffusion behav-
ior of carbon in tungsten substrates can affect the nucleation
and surface morphology of diamond. For these reasons, it is
very important to know the diffusion behavior of carbon in
tungsten.

The diffusion of carbon in tungsten has been thoroughly
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investigated experimentally for over 50 years.['>~2%] However,
data on this are still scarce and, more importantly, the values
of diffusion parameters obtained are different. As shown in
Table 1, most of the pre-exponential factors are in the mag-
nitude of 10~7 m?/s, showing a good consistency. While the
activation energy varies from 1.64 eV to 2.56 eV for differ-
ent measurement temperature ranges. At present, it is very
hard to give a reliable value for carbon diffusivity in tung-
sten, and data for this is urgently required. Fortunately, it is
now possible to calculate the diffusivity of light elements in
metals by the first-principles density functional theory cou-
pled with harmonic transition state theory.[>! The accuracy of
these calculations are close to and sometimes better than that
available from experiments. Many successful cases have been

reported in the past decade, such as hydrogen and oxygen in
[22]

25

and iron,!?*?4 carbon in palladium and palladium
[26-29

nickel

alloys,!?! hydrogen in tungsten, I'and so on. Recently,

several researchers have used the first principles calculations
to investigate the diffusion path of carbon in tungsten.3%-33]
Three different activation energies of carbon diffusion were
given, i.e., 1.24 eV,[3% 1.46 eV,13!l and 1.47 eV.3233] More-
over, Liu ez al.l3!! have further predicted the carbon diffusivity
as D = 2.56 x 107" exp(—1.46 eV /kT) according to the the-
ory of Zener and Wert (here k is Boltzmann’s constant and 7 is
the temperature). Unfortunately, there is no comparison with
experimental data in these studies. As shown in Table 1, the
predicted pre-exponential factor by Liu er al.*! is comparable
with experimental results. However, all predicted activation
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energies are much smaller than the experimental data. This
large difference may result from the temperature effect, which
has been demonstrated to be an important factor in the accu-
rate calculation of the diffusion parameters by first-principles

§.[22-25.2829] Therefore, in this paper, we are go-

computation
ing to carry out a systematic first-principles energy and vibra-
tion spectrum calculations to investigate the temperature effect

on the carbon diffusion in bulk bce tungsten.

Table 1. The pre-exponential factors and activation energies obtained by experimental measurements and first-principles calculations.

References D()/mz-s’1 Ey/eV Temperature range/K
Experimental Kovenskii(1964)[12] 9.22 x 1077 1.76 2073-3073
measurements Shepela(1972)13! 3.45x 1077 1.64 1773-2073
Aleksandrov(1964)114] 3.00 x 1077 2.09 1523-1723
Nakonechnikov(1966)!3] 8.91 x 1077 2.32 1473-1873
Rawlings(1981)116] 3.00x 1074 2.56 1073-1143
First-principles Nguyen-Manh(2009)30] 1.24 0
calculations Liu(2010)31 2.56x 1077 1.46 0
Kong(2012)[3?! 1.47 0
Becquart(2012)[33 1.47 0

2. Computational models and methods
2.1. Computational models

The diffusivity of interstitial solute atoms in solid solu-
tions can be expressed as!>4!

NV
D= AT, (M)

where A and I” are the jump length and rate between adjacent
sites of the diffusing particle, respectively. The jump rate I”
can be calculated by two distinct methods.

One method is based on Eyring’s theory of the acti-
vated complex, involving time-consuming calculations of vi-
brational frequencies, 3-8 which is denoted by hTST. In this
method, the jump rate (denoted by Iyrst) is given by

kT Z'S —Eqet
Iirst = 7 7GS exp ( T )> (2)
where & denote Planck’s constant, and Z™> and ZOS are parti-

tion functions for the transition and ground states, respectively.
Their ratio can be written as

_ —hvTS ISz
N exp( g )][1 — exp( )] !

T2, fexp( A2 )][1 — exp( 2] -

2T
within the framework of the harmonic approximation. Here N

ZTS
705 =

;o Q)

is the number of the vibrating atoms, V> denotes the vibra-
tional frequencies in the transition state (TS), and viGS corre-
sponds to the frequencies in the ground state (GS). E, is the
activation energy, defined as the energy difference between the
transition and ground states, i.e.,

Eqo=E™ —E%. @)

The other method is based on the diffusion theory proposed by
Wert and Zener (denoted by WZ),3! where the jump rate Iy,
can be approximately estimated by

Eqct ex (_Eact)
2ma2 P\ o)

®)

sz:n

where n is the number of the nearest-neighboring interstitial
positions, and m is the mass of the interstitial solute atom.

The temperature effect is taken into account by consider-
ing the thermal expansion and phonon vibration. Lu et al.[4]
have proposed an equation to describe the lattice thermal ex-
pansion of tungsten, whose calculated results are fully consis-
tent with the experimental data reported. Therefore, this equa-
tion can be used to correlate the temperature with the lattice
parameter value. Similarly to previous works,?>?82%] the rel-
evant lattice constant (ar) at temperature 7' can be calculated
by multiplying the DFT-optimized lattice constant ag at 0 K
by the ratio a%*/ak" obtained using the equation of Lu et al.,
ie.,

6)

In the quasi-harmonic approximation, the vibration free

ar = ag (aIT‘“/a%u).

energy of system A with a given lattice constant ar at temper-
ature T can be expressed as

Far) = Ei[hv (ar) /2 + kT In(1 —exp(—hvi (ar) /kT))],
@)
where v (ar) is the vibration modes of the system A at tem-
perature 7. The total energy of the system A can be calculated
by

FNT) = EXar) + F; (ar). 8)

Here E?(ar) is the static energy, obtained directly from the
DFT calculations.

2.2. Computational methods

The present calculations are performed by the Vienna ab-
initio simulation package (VASP) code based on density func-
tional theory (DFT). The projector augmented wave (PAW)
pseudo-potentials are used to describe interactions between
ions and valence electrons.!*!l For the exchange—correlation
potential, the generalized gradient approximation as parame-
terized by Perdew—Wang (PW91) is used.[*>* A supercell
containing 128 lattice points (4 x 4 x 4) is used. Throughout
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the calculations, the atomic position is allowed to relax while
the shape and volume of the supercell are fixed. The plane
wave cutoff of 500 eV and k-point grid density of 5 x5 x 5,
generated by the Monkhorst—Pack method,!**! are employed,
which give a convergence of the total energy within 0.001 eV
per atom. The structural optimization is truncated when forces
on all atoms in the supercell are less than 0.01 eV/A. Lat-
tice vibrations are calculated using the harmonic approxima-
tion and the frozen phonon approach. Similar to the previous
work, 28! localized vibrations of the interstitial carbon atom
and its neighboring tungsten atoms are assumed to be decou-
pled from vibrations of other metal atoms, i.e., only the in-
terstitial carbon atom and its neighboring tungsten atoms are
allowed to vibrate.

3. Results and discussion
3.1. Verification of the calculations

The calculated lattice constant of the tungsten at 0 K
is 3.177 A, which agrees well with the previous calculation
results?*=31331 and is slightly larger than the experimental
value (3.165 A1), Using Eq. (6), the relevant lattice con-
stants (ar) at temperature 7 are calculated and presented in
Fig. 1, which is used in the following calculation. Note that
the lattice expansion corresponds to the isotropic tensile strain.
Therefore, the corresponding lattice strain €., are also pre-
sented in Fig. 1.

3-23 T T T T T T T T T T 1.8
r —O—at T
3.22f -1.5
B 412
- 3.21- 1 S
10.9 =
\g 3.20F —_— %
3
3.19}F 1063
3.18-— -o-strain __0'3
r —0.0
3.17

" 1 " 1 " 1 " 1 "
0 600 1200 1800 2400
T/K

Fig. 1. The relevant lattice constant (ar) and their corresponding
isotropic tensile strain.

To verify the accuracy of our calculations, the solution
and diffusion properties of interstitial carbon in tungsten at
0 K are calculated. Being small enough, carbon will occupy
interstitial sites in bcc metal. Two possible interstitial sites,
i.e. tetrahedral (Tet) and octahedral (Oct) sites, are considered.
The formation energy is calculated by Ef = EWC — EW — EC,
where EWC is the total energy of the tungsten lattice with a
carbon atom at interstitial site, EW is the total energy of tung-
sten perfect supercell, and EC is the energy of carbon iso-
lated. Using this equation, the formation energies of carbon in
tetrahedral and octahedral sites are calculated to be —4.45 eV
and —5.92 eV, respectively. This means that the carbon atom

prefers to occupy octahedral interstitial site rather than tetra-
hedral interstitial site. For seeking the saddle point in the pro-
cess of the carbon atom migration, the nudged elastic band
(NEB) method is utilized. The interpolation points of the sys-
tem are set 5 to construct a minimum energy path. According
to our calculation, the minimum energy path for the intersti-
tial carbon diffusion is found directly through a Tet, i.e., the
path Oct—Tet—Oct shown in Fig. 2. Further calculations on
the vibrational frequencies observed only one imaginary fre-
quency at the state with a interstitial carbon atom at Tet. This
confirms that the Tet is a saddle point for the interstitial carbon
diffusion. Thus, the migration energy is simply given by the
difference in energy between the states of interstitial carbon
atom at Oct and Tet, i.e., 1.47 eV. The pre-exponential factor
calculated by Eq. (5) is 2.54 x 1077 m?/s. These calculated
results are in good agreement with previously reported results
(see Table 1).131-331

Fig. 2. The schematic diagram of possible interstitial sites for carbon
in bee tungsten: tetrahedral and octahedral interstitial sites, which are
denoted by the small red and green spheres, respectively. The tungsten
atoms are represented by the large sphere. Note that the tungsten atoms
marked by 1 and 2 are allowed to vibrate in the frequency calculation.

3.2. The temperature effects on the diffusion

The temperature effect on the activation energy can be
evaluated by substituting Eq. (8) into Eq. (4), i.e.,

Eq(ar) = (EQ(ar) — EX*(ar)) + (F) (ar) — F/*(ar)),
©
which can be divided into two parts, i.e., the contribution of
the static energy

E*(ar) = EQ(ar) — EX*(ar), (10)
and the contribution of the vibration free energy
act _ 12Oct Tet
Ey (aT)_Fv (aT)_Fv (aT)' (11)

Figure 3 presents the calculated En(ar), E*'(ar), and
E®'(ar). It can be clearly seen that E2*'(ar) decreases slowly
and linearly with the temperature and its value decreases about
0.12 eV when the temperature increases from 300 K to 2700 K.
On the contrary, Ea(ar) shows a positive dependence on the
temperature, somewhat analogous to the behavior of EX(ar).
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This suggests that the major contribution to the increase of
the diffusion activation energies across the temperature comes
from the vibration free energy.

1.4 -

F —C—activation energy E
| —/\~volume expansion contribution
—/~ vibration free-energy contribution

e

A\

Energy/eV
=
o

* Eq.(13) =
0.
0. m
0. I
A S I N B
600 1200 1800 2400
Temperature/K

Fig. 3. The temperature-dependent activation energies and their corre-
sponding static energy and vibration free-energy contribution. The green
stars represent the static energy contribution calculated by Eq. (14).

Table 2. The carbon interstitial atom induced lattice stress (in GPa) in
bee tungsten. The compressive stress is negative and the tensile stress
is positive.

XX Yy zz
O0ct —-0.977 —-0.977 —2.638
OTet —0.839 —2.155 —2.155

Similar to the case of hydrogen in tungsten, 34 the de-
pendence of EX*(ar) on temperature results from the lattice
expansion and can also be understand by the linear elastic-
ity theory. According to linear elasticity theory, the solution
energy of interstitial solute atom in system A under isotropic
tensile strain € can be expressed as

E* = ESOA £ 3G, Ve, (12)

Here V is the volume of the supercell at equilibrium, and G 5
is the average stress induced by the interstitial solute. ES°'A is
the solution energy of the solute in the system A without strain,
which can be calculated by

ESOIA _ ECSOIA _ (E(l:ure +ES°1iso), (13)

where Ef °IA and EPUr represent the static energy of the sys-
tem A with and without solute, and ES°liso is the energy of the
isolated solute atom. Thus, for interstitial carbon diffusion in
tungsten, E2*(ar) can be calculated by

E¥(ar) = E*'(0K) +3Ves, (Gret — Goct) (14)

according to Egs. (10), (12), and (13). Here G and Oret
are the lattice stress induced by carbon located in Oct and Tet,
respectively, whose values are summarized in Table 2. The
calculated values of E2*'(ay) using Eq. (14) are presented in
Fig. 3, which are in close agreement with the DFT data. There-
fore, the static energy contribution of the activation energy
shows a linear-like negative dependence on the temperature.

T T T T T T T T T
0.3 u

0.2 n

EaVch/ eV

0.1 T

r —fi— with volume expansion h
3+ —@— without volume expansion  —

| . | | |
600 1200 1800 2400

Temperature/K

Fig. 4. The effect of the softening of vibrational modes on E3(ar) and
ZTS /ZGS.
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[} -
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10-%F [ D =2.58x10~Texp(—1.57/kT)m?s~]
ok ]
10 11+
101 :
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o L + + + i
2
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Fig. 5. The predicted diffusivity of carbon in tungsten with and with-
out the temperature effect and the corresponding pre-exponential factors
and activation energies.

Lattice expansion in general leads to a softening of vi-
brational modes, which in turn affects the vibration free en-
ergy and the partition functions (see section 2.1). In previous
works on carbon diffusion in palladium®! and hydrogen dif-

fusion in tungsten,?®!

researchers found that the softening of
vibrational modes induced by lattice expansion has little effect
on the temperature-dependent behavior of the vibration free
energy. Similar results are also found in our present work. As
shown in Fig. 4, the values of E2(az) and Z™S /Z5S calculated
using v (ar) and v#(0 K), respectively, are almost identical.
Thus, in the calculation of the interstitial solute diffusivity, one
can use the vibration frequencies of the system with the ag at
all temperatures in order to save substantial amounts of com-

putational time without significant loss of accuracy. Note that
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the explicitly values of E3(ar) and Z™S /ZCS are still used in
this work.

Using the two distinct methods of the calculation of the
jump rate described in Section 2, the diffusion coefficients of
carbon in tungsten with and without the temperature effect are
calculated, i.e., the jump rate from the Wert—Zener model with
and without the temperature effect (denoted by WZ-TE and
WZ-UNTE, respectively) and the jump rate from the harmonic
transition state theory of Egs. (2) and (3) with and without the
temperature effect (named by hTST-TE and hTST-UNTE, re-
spectively). For the situation with the temperature effect, the
above temperature-dependent lattice constant ar, activation
energy Ey(ar) and vibration modes v/ (ar) are used. When
the temperature effect is excluded, we only use the diffusion
activation energy (1.47 eV) and the vibration modes of the sys-
tem with the DFT-optimized lattice parameter ag = 3.177 A.
The calculated results of the carbon diffusion coefficients of
these four cases are displayed in Fig. 5(a). It can be seen that
the predicted diffusivity using these four different methods are

quite close to each other. In order to more clearly evaluate
their difference, the ratios of them to the case of h"TST-TE are
calculated and presented in Fig. 5(b). It can be seen that the
calculated diffusivities with the WZ model are around twice as
much as that with the hTST model. Meanwhile, both the WZ
and hTST models would overestimate the diffusion coefficient
at high temperatures when the temperature effect is ignored
during the calculation. On the whole, the difference between
them are less than an order of magnitude. This suggests that
the temperature effect on the carbon diffusivity in tungsten is
not significant. That is because the temperature has little ef-
fect on the pre-exponential factor (see Fig. 6). Meanwhile,
although the increase in temperature leads to a change in ac-
tivation energy, this change contributes less to the diffusion
coefficient at high temperatures. Therefore, the predicted car-
bon diffusivity can be approximately fitted by the Arrhenius
equation D = Dgexp(—Eqe/kT) with Dy = 2.58 x 10~ m%/s
and E,o = 1.57 eV.

T/K T/K
10- 300 900 1500 2100 2700 300 900 1500 2100 2700
T T T T T T T T T T T 1
10713:(21) L (c) T>1800K A
i T>1800K 2.5 il y
o 10~ $ 1. O Eact/ T AAAAA
~ . ~ | O Kovenskii(1964) 7
g 10723 +l\jNTzS?n\?1]§E 1 2 5 0L ® Shepela(1972) 284 |
S 10-28 OWZ-TE lrj% A Aleksandrov(1964)
E hTST-UNTE E - A Nakonehnikov(1966) .oooo
10-33F O Kovenskii(1964) E 1 _7} Rawhngs(lgsl)o !B. s & |
. @ Shepela(1972) S 0 O
10-38F 1 | 1 1 | 1 1 1 10-3F | | | | | | | | |
[(b) O Aleksandrov(1963) r (Id) ' ' Yot ' ' ' ' ' 1
I SHchelk 1963 _
10-9F W SHehelkonogov(1963) 1 10-4¢ 9'p (hTsT-TE) 3
[ O Do(WZ-TE 1
g 7 10-sp D o) .
P 1012k 1 @ [ < Do(hTST-UNTE) ]
2 § % 10-6F T Do(WZ-UNTE) AAAAA  OOO0O000OOC
—15F L [ ]
Eio-tf 8 S 51077:5.33;9@@&*52'5@,3__
Q 7\ v Rawlings(1981) ] C ]
10718_' &~ X Eckstein(1999) 10-8F —
L ——fitting results L ]
1021 o I N R EE T TR I 10-9 | | | | | 1 1 1
0.30.405060.708091.01.11.21.3 300 900 1500 2100 2700
T/103 K1 T/K

Fig. 6. The comparison between the experimental measurements

[12-19

I and our first-principles calculated diffusivity (a) and (b), activation

energies (c) and pre-exponential factors (d) of carbon in tungsten. The gray area indicates the range of 7 > 1800 K.

3.3. Comparison with experiments

The agreement with experimental results is an extremely
important criterion to verify theoretical predictions. For the
interstitial diffusion of light elements in metals, the diffusivity
data obtained at high temperatures are usually believed to be
more reliable since they are likely less influenced by both sur-
face and trapping effects. However, it is difficult to experimen-
tally determine the temperature range without trapping effects
due to the lack of the benchmarks. A comparison of experi-
mental and theoretical data may hopefully solve this problem.
Figures 6(a) and 6(b) exhibit the available experimental data
of the carbon diffusivity in tungsten collated from the litera-
ture together with our calculated results here. Particularly, the
pre-exponential factors and activation energies obtained by ex-

perimental measurement (Table 1) and first-principles calcula-
tion are also plotted in Figs. 6(c) and 6(d) to make a com-
parison and clearly display their difference. It can be seen
from Figs. 6(a) and 6(b) that our predicted diffusion coeffi-
cients are in very good agreement with the experimental data
when the temperature is above 1800 K. Moreover, our pre-
dicted activation energies are in the range of 1.58-1.67 eV at
temperatures 1800-2700 K and increase with the temperature,
which are comparable to those obtained by fitting the exper-
imental data of carbon diffusion coefficients at high temper-
ature (1.64 eV and 1.76 eV in the temperature ranges 1773—
2073 K and 2073-3073 K, respectively, see Fig. 6(c). Un-
like activation energy, our predicted diffusion pre-factors show

no significant change with the temperature, which are around
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1.3 x 1077 and 2.5 x 1077 for the models of hTST and WZ,
respectively. They are roughly equivalent to most of the exper-
imental results (see Fig. 6(d)). These consistencies not only in-
dicate the reliability of our theoretical predictions but also shed
some light on the experimental data at temperatures above
1800 K, less affected by trapping effects. When the temper-
ature below ~1800 K, our predicted diffusivity is larger than
the experimental values. The difference between the experi-
mental measurements and the theoretical predictions becomes
larger as the temperature decreases. Moreover, as shown in
Fig. 6(c), experiments give activation energies of 2.09 eV at
1523-1723 K, 2.32 eV at 1473-1873 K, and 2.56 eV at 1073~
1143 K, which are obviously larger than our theoretical pre-
dictions. This indicates that the diffusion of carbon in the tem-
perature range of 7' < 1800 K could be significantly affected
by trapping effects. The defect-trapping effects on carbon dif-
fusivity are very complex and related works are in progress.

4. Conclusion

We have performed a series of first-principles calculations
to predict the carbon diffusion parameters in tungsten, namely,
pre-exponential factor, activation energy, and diffusivity. The
temperature effects on these diffusion parameters are evalu-
ated by considering the lattice expansion and phonon vibra-
tion. It is found that the carbon atom prefers to occupy oc-
tahedral interstitial site rather than tetrahedral interstitial site,
and the minimum energy path for its diffusion goes through a
tetrahedral site. The predicted pre-exponential factor is around
3 x 1077 m?/s over the investigated temperature range of 300—
2700 K, which is not affected by temperature and consistent
with the experimental results. The predicted activation ener-
gies linearly increase from 1.47 eV to 1.67 eV at temperatures
300-2700 K, which are consistent with the experimental data
obtained at high temperatures (>1800 K) but much lower than
those obtained at low temperatures (<1800 K). The temper-
ature effect on the carbon diffusivity in tungsten is not sig-
nificant because the change of activation energies with tem-
perature contributes less to the diffusion coefficient at high
temperatures. Similarly to the activation energies, our pre-
dicted diffusivity data are very good consistent with the high-
temperature experimental values (>1800 K) but larger than the
low-temperature experimental results.
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