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Abstract

The thermal conductivity of plasma-facing materials (PFM) exposed to intense
radiation is a critical concern for the reliable operation of materials in fusion
reactors. However, limited research has been performed regarding the thermal
conductivity of structures that rapidly change in a short time during collision cas-
cade processes under irradiation. In this study, we employed the tight-binding
(TB) method to investigate the electronic thermal conductivity ( e) of tungsten-
based systems during various cascading processes. We found that e values
sharply decrease within the initial 0.3 picoseconds and then partially recover at
a slow pace; this is closely linked to the evolution of defects and microstructural
distortions. The increase in the initial kinetic energy of the primary knock-on
atom and the presence of a high concentration of hydrogen atoms further de-
crease the e values. Conversely, higher temperatures have a significant positive
effect on e. Furthermore, the presence of a grain boundary P 5 [001] (130)
substantially reduces e, whereas the absorption effect of point defects by the
grain boundary has little influence on e during cascades. Our findings provide a
theoretical basis for evaluating changes in the thermal conductivity performance
of PFMs during their operation in nuclear fusion reactors.
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The thermal conductivity of plasma-facing materials (PFMs) exposed to intense
radiation is a critical concern for the reliable operation of materials in fusion
reactors. However, limited research has been performed regarding the thermal
conductivity of structures that rapidly change during collision cascade processes
under irradiation. In this study, we employed the tight-binding (TB) method to
investigate the electronic thermal conductivity (k,.) of tungsten-based systems
during various cascading processes. We found that x, values sharply decrease
within the initial 0.3 picoseconds and then partially recover at a slow pace; this
behavior is closely linked to the evolution of defects and microstructural distor-
tions. The increase in the initial kinetic energy of the primary knock-on atom
and the presence of a high concentration of hydrogen atoms further decrease the
k. values. Conversely, higher temperatures have a significant positive effect on
K. Furthermore, the presence of a grain boundary (cid:80) 5 [001] (130) sub-
stantially reduces k., whereas the absorption effect of point defects by the grain
boundary has little influence on x, during cascades. Our findings provide a the-
oretical basis for evaluating changes in the thermal conductivity performance of
PFMs during their operation in nuclear fusion reactors.

Keywords: Electronic thermal conductivity; collision cascade; tungsten;
plasma-facing materials; tight-binding calculations

Introduction

In fusion reactors, excellent thermal transport properties are crucial for the reg-
ular service of plasma-facing materials (PFMs), which suffer from steady and
transient heat loads. As a primary PFM candidate, tungsten (W) crystals have
good thermal conductivity (k), but significant degradation of x is inevitable
owing to the drastic increase in defect density under high-dose irradiation from
the plasma [?, 7, ?, ?]. Specifically, during high-energy neutron irradiation, col-
lisions between neutrons and lattice atoms trigger cascade processes, leading to
the production of numerous point defects in the PFM on femtosecond timescales
[?]. These point defects then recombine or evolve into extended defects, result-
ing in severe material damage such as swelling and hardening [?].

Throughout the irradiation process, the x value changes with drastic structural
alteration. Experiments measuring « after irradiation have demonstrated that
the x of W samples decreases with increasing irradiation dosage, whereas high
temperatures capable of inducing significant dynamic annealing in W can par-
tially restore x [?, 7, 7, ?]. However, real-time experimental measurement of
k during irradiation remains challenging, despite the ability to directly observe
defect evolution in situ [?, ?, ?]. Therefore, computer simulations are necessary
to study the behavior of x during irradiation under various conditions.

To date, most theoretical studies have used classical molecular dynamics (MD)
methods employing a primary knock-on atom (PKA) to investigate complex
structures under different cascade conditions. These studies explored the effects
of the kinetic energy of the PKA, temperature [?], and the presence of helium
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atoms [?] on the surviving defects in tungsten systems. As the PKA energy
increases or interstitial helium atoms are introduced, the number of surviving
defects increases, whereas temperature has little effect on the defects. Addition-
ally, there has been significant interest in understanding the influence of grain
boundaries (GBs) during cascades, as GBs can act as effective sinks for point
defects and exhibit a bias-absorption effect on interstitials [?, 7, ?, 2, ?, 7, ?].

These studies have succeeded in obtaining complex structures during cascade
processes, yet few models can predict the thermal conductivities of such intricate
atomistic configurations [?], particularly for structures arising during cascade
processes in which drastic structural changes occur in an extremely short pe-
riod. Consequently, most thermal conductivity calculations rely on structures
that have reached steady states, allowing researchers to explore only the ef-
fects of various types of irradiation-induced defects on thermal conductivities
or post-cascade changes in thermal conductivities [?, 7, ?, 7, 7, 7, ?]. In tung-
sten systems, the lattice thermal conductivity decreases in the presence of voids
or GBs, with a further reduction when these defects trap significant amounts
of helium or hydrogen atoms. The overall thermal conductivity x decreases in
the presence of GBs and further decreases when the GBs are covered by voids.
Additionally, the introduction of the impurity rhenium also reduces k. Further-
more, it is worth noting that the majority of research on metal W has focused
on lattice thermal conductivity using non-equilibrium molecular dynamics sim-
ulations [?, ?, 7] and the overall thermal conductivity based on the phase-field
model [?, ?], whereas research on the electronic thermal conductivity (x.) that
dominates metal thermal transport is relatively limited.

In this study, we employed a tight-binding (TB) potential model developed for
W-based systems [?] to simulate cascade processes and calculate the correspond-
ing k. at the quantum theory level. We accounted for the effects of PKA energy,
temperature, the presence of hydrogen (H) atoms, and the presence of a GB on
the k., of W systems during cascades.

Methods

In this study, cascade simulations and calculations of «, were performed based
on the developed WHTB model [?], where the Hamiltonian matrix of each
system is parameterized to handle large-scale systems within the framework of
quantum mechanics. For our investigations into the effects of low-energy PKA,
H atoms, and temperature on k., we applied a 9 x 9 x 14 supercell consisting
of 2268 W atoms (Fig. 1 Figure 1: see original paper). To study the effect of
the GB, we constructed a common symmetric tilt GB structure, (cid:80) 5 [001]
(130), with a size of 3 x 10 x 8, composed of 2832 W atoms (Fig. 1(b)).

To achieve thermodynamic equilibrium states, we conducted tight-binding
molecular dynamics (TBMD) simulations of up to 5-8 picoseconds (ps) at the
NPT ensemble for the considered systems. Then, to simulate the cascade
processes, the atomic layer at the bottom of the supercell was fixed to prevent
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system translation, and four atomic layers (two at the bottom and two at
the top) were used as thermostat regions to control the temperature of the
simulation system using the Berendsen temperature control technique [?]. For
general systems (Fig. 1(a)), the PKA was chosen beneath the top thermostat
region, and the incident direction was in the negative Z direction. Regarding
the GB systems, two PKAs at different distances from the GB were selected,
with the incident direction perpendicular to the GB along the negative Y
direction (Fig. 1(b)). Additionally, we adopted an adaptive time-stepping
scheme based on the method proposed by Nordlund [?] and set a maximum
step time of 1 fs. To obtain statistical average results, we performed three sets
of cascade simulations under different conditions.

Furthermore, we extracted the structures at different times during the cascades
and calculated their k, values. The Kubo-Greenwood method was used to obtain
K, values, and the average electron mean free path (MFP) was calculated to
evaluate the strength of electron scattering. In our theoretical approach, based
on the Kubo formula [?, ?, ?] and the Chester-Thellung version of the Kubo-
Greenwood formula [?, ?], k, can be obtained as follows:

where T' in formula (1) is the absolute temperature, E; in formula (2) is the
Fermi level, f(F) is the Fermi-Dirac distribution function, and o(FE) is the
DC electrical conductivity corresponding to energy E at T' = 0 K, which can be
obtained from formula (3). In formula (3), ¢,,(k) and |nk) are the eigenvalue and
the related eigenvector corresponding to the wavevector k in the Brillouin zone,
respectively, obtained using the TB method. V is the volume of the calculated
system, J, is the current operator along the « direction, n is a positive real

number, and the real part of o, is the DC electrical conductivity.

The average electron MFP can be calculated using the following formula [?, ?]:

where D, . (E) is the maximum value of the diffusion coefficient, which can be
obtained from the Einstein relation [?] using o(E) and the electronic density of
states per unit volume p(E). v(E) is the effective group velocity of the electrons
at energy F.

In addition, we counted the defects in the systems, including displaced atoms
(with a displacement exceeding half the nearest-neighbor distance) and Frenkel
pairs (identified using the Wigner-Seitz cell method [?]), and evaluated the
centrosymmetry parameters (CSPs) of the atoms to understand the change in x,
from the structural perspective. The CSP is defined as P = Zi:M IR, + R, 4]?
for each atom in body-centered cubic structures, where R, and R; , are the
vectors or bonds corresponding to the four pairs of opposite nearest neighbors
[?]. A larger P value indicates a greater departure from centrosymmetry in the
immediate vicinity of the given atom. To evaluate the deviation of the entire
structure from centrosymmetry, we counted the number of atoms with P values
exceeding 1 and summed their P values (marked as P,,,,). Additionally, we
calculated the rate of change of P,,,, by dividing the difference between P,,,
at a given time and P, at 0 ps by P,,,, at 0 ps.
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Results and Discussion

A. Effects of PKA energies and H atoms on electronic thermal con-
ductivity

The calculations in this section were performed at 800 K, which is the operating
temperature for W-PFM. Fig. 2 Figure 2: see original paper illustrates the
variation in k. values for pure tungsten systems during cascades, where the
initial kinetic energy of PKA (represented as Epgk,a) is 300 €V and 500 eV,
respectively. It is evident that x, undergoes a significant decrease during the
initial stage (approximately 0.3 ps), followed by a partial recovery at a slow
pace. As Epyy increases, k, further decreases during the initial stage, whereas
the recovery rate remains almost unchanged during the recovery period. In
addition, it should be noted that even after approximately 4 ps, k. values for
cases with Epp s values of 300 eV and 500 eV recover to only approximately
64% and 55% of the pristine crystal’s value, respectively. We will provide a
discussion of this phenomenon later.

Similar trends in x, variation were observed for systems containing H atoms, as
shown in Fig. 2(b). In the case of the system with 20 H atoms (H concentration:
0.88%), k. closely resembled that of pure tungsten systems, except for a reduc-
tion of approximately 10 W m~! K~! at 0 ps. For systems with 60 H atoms
(H concentration: 2.65%), k, in the Epk, = 300 eV cascade exhibited a clear
reduction compared to that of pure tungsten systems. In contrast, the reduc-
tion in k, in the Epi s = 500 eV cascade appeared to be less significant. This
suggests that a high concentration of H atoms in tungsten can further reduce
K., particularly in low-energy cascades. Additionally, the rates of reduction and
recovery in x, for H-containing systems are lower than those for pure tungsten
systems, as reflected by the slopes of the curves in Fig. 2(b).

To gain a deeper understanding of the variations in k., we examined the num-
bers of displaced atoms and Frenkel pairs, focusing on defects associated with
W atoms for a clear comparison between systems with and without H atoms.
As shown in Fig. 2(c), the numbers of both defects first sharply increase and
then reach local maxima at 0.3 ps. Subsequently, the number of Frenkel pairs
gradually decreases and approaches zero, after which the number of displaced
atoms gradually stabilizes. Furthermore, both defect numbers noticeably in-
crease as Epy increases, whereas the introduction of H atoms has little effect
on these quantities, indicating that the reduction in x, may be attributed to
the H atom itself. The behavior of these defect variations roughly matches the
k. behavior because an increase in defect numbers enhances electron scattering
and ultimately degrades electronic transport performance. However, it is worth
noting that although the number of Frenkel pairs approaches zero after 2 ps, the
corresponding k, value remains close to its minimum and is significantly lower
than the value at 0 ps. This suggests that despite the decrease in the number of
vacancies and interstitials, electrons in the system continue to experience severe
scattering. In this scenario, we speculate that the severe electron scattering is
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due to the accumulation of slight structural distortions. These distortions likely
arise from the incomplete restoration of displaced atoms to their initial thermal
equilibrium state within a few picoseconds during the recombination of point
defects.

To validate this hypothesis, we extracted the centrosymmetry parameter (P)
for each W atom in the systems. This parameter quantifies the deviation from
centrosymmetry in the immediate vicinity of an atom. Table 1 presents rep-
resentative data for both pure tungsten systems and systems containing 60 H
atoms, where Fpy, is 500 V. Initially (at 0 ps), approximately 2.12% of the W
atoms in pure tungsten exhibit P values greater than 1, indicating significant
deviations from centrosymmetry in the immediate vicinity of only a few atoms
due to atomic thermal motion. As the cascade event progresses, structural evo-
lution leads to changes in the number of W atoms with P values greater than 1.
At approximately 4 ps, the number of W atoms with P values above 1 is slightly
lower than that at approximately 0.3 ps but remains significantly higher than
that at the initial thermal equilibrium state (0 ps). This indicates that a few
picoseconds after the PKA incidents, the local environment of some W atoms
still substantially deviates from the thermal equilibrium state. The accumula-
tion of these deviations can result in strong electron scattering, as evidenced by
a 1.66 nm decrease in MFP around 4 ps compared to the initial state (0 ps).
When 60 H atoms are present in the system, two notable differences emerge
in the analysis of centrosymmetry parameters. First, the presence of H atoms
exacerbates the deviation from centrosymmetry near the W atoms. Second, the
rate of change of P, decreases when H atoms are present. These differences
are consistent with the observed alterations in ..

B. Effect of temperature on electronic thermal conductivity

It is widely acknowledged that the influence of temperature on defect generation
during a cascade is relatively minor [?]. However, the effect of temperature on &,
values of defective systems is complex [?]. To further investigate the impact of
temperature on x, during cascades, we studied the x, values of tungsten systems
with varying Epia and different numbers of H atoms under a high temperature
of 1300 K. As shown in Fig. 3 Figure 3: see original paper, an increase in
temperature leads to a noticeable improvement in x, values throughout the
considered cascades. Specifically, at 0.3 ps, the corresponding minimum &,
values for all examined systems exhibit a relatively high value of approximately
50 W m~t K~!. Subsequently, x, values are consistently significantly higher
than those observed at 800 K. In addition, the disparity in s, between the pure
tungsten system and the tungsten system containing H atoms remains nearly
unchanged with increasing temperature, except at 0 ps. At 0 ps, s, of the pure
tungsten system remains almost constant, whereas that of the system with H
atoms shows a significant improvement.

A count of typical defects in the cascades at 1300 K was performed, as illustrated
in Fig. 3(b). It was observed that the local maxima for both types of defects
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slightly increase compared to those at 800 K (Fig. 2(c)). After approximately
2 ps, the defect counts at both temperatures become similar. Moreover, Table
2 provides representative data on the CSP and MFP for the pure tungsten sys-
tem and the system containing 60 H atoms at 1300 K with an Epyg, value of
500 eV. The major distinction between the two temperature cases lies in the
significant increase in the number of W atoms with P values greater than 1 and
the corresponding P, throughout the entire process with increasing tempera-
ture. This indicates that elevated temperature causes a greater deviation from
centrosymmetry in the immediate vicinity of the W atoms, leading to enhanced
electron scattering. However, the thermal transport properties of the electrons
are enhanced at 1300 K compared to those at 800 K. This phenomenon arises
from the complex effect of temperature on x,. On the one hand, a tempera-
ture rise strengthens the thermal motion of atoms, thereby augmenting electron
scattering, as supported by the CSP and MFP analyses; on the other hand,
the energy carried by electrons also increases with higher temperature, directly
facilitating heat transport. The complex effect of temperature is also reflected
in the Wiedemann-Franz law [?], as discussed in our previous work [?].

In summary, although an increase in temperature has a slight effect on defect
production and even enhances electron scattering, the accompanying increase in
the energy carried by electrons significantly improves electronic thermal trans-
port.

C. Effect of grain boundary on electronic thermal conductivity

Previous studies [?, ?] have demonstrated that GBs can serve as effective sinks
for point defects, particularly interstitials, leading to self-healing of irradiation
damage. Additionally, the extent of overlap between the cascade center and
the GB is known to influence the absorption effect of the GB for point defects
[?, 7, 7], which may affect electron transport properties. Hence, we examined
the influence of different levels of overlap between the cascade center and the
GB on k., during cascades. We employed a common symmetric tilt GB in W,
(cid:80) 5 [001] (130) (Fig. 1(b)). In our treatment, Epx, was 500 eV and
the temperature was 800 K. When a PKA (green sphere in Fig. 1(b)) was
situated near the GB, the majority of the cascades occurred within the GB
plane. Conversely, when the PKA (yellow sphere in Fig. 1(b)) was far from the
GB, only a small portion of the cascade edge overlapped with the GB plane.

We then calculated the k. values for systems with a specific GB during the
cascades. Because the GB exhibited anisotropic properties, we extracted x,
values separately along the X, Y, and Z directions. Fig. 4 Figure 4: see original
paper shows a substantial reduction in &, values in all three directions compared
to the cases of pure tungsten systems throughout the cascades. In particular,
k. in the Y direction experienced the most pronounced decrease, primarily due
to strong electron scattering at the GB interface. Throughout the cascades,
the presence of the GB itself reduced the electronic transport properties (0 ps),
and the reduction (0 ps—0.3 ps) and subsequent recovery (0 ps-4 ps) of k, were
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relatively slow compared to those in pure tungsten systems. Notably, the degree
of overlap between the cascade center and GB does not significantly affect «,
for the considered systems.

To better understand the variation of k., we counted the numbers of vacan-
cies and interstitials outside the GB. Throughout the cascades, the vacancies
outnumbered the interstitials for both degrees of overlap between the cascade
center and GB. Moreover, increasing the degree of overlap decreased the num-
ber of vacancies and interstitials outside the GB. These results were consistent
with those of previous studies [?, ?, ?]. However, the enhancement in the ab-
sorption effect of the GB does not improve ., but rather slightly weakens it at
approximately 0.3 ps in the X and Z directions. This indicates that point defects
absorbed by the GB continue to negatively impact electronic transport in the
short term, despite reducing defects within the grain interior. The correspond-
ing data in Table 3 for both cases support this observation. Specifically, similar
CSP data and comparable MFP for the two cases indicate similar deviations
from centrosymmetry in the immediate vicinity of the atoms and comparable
electron scattering intensities.

D. Discussion on using TB model for calculation

First, we highlight the reliability of the WHTB potential model for calculating
the electronic thermal conductivities of tungsten-based systems. In this work,
electronic thermal conductivity was obtained based on electrical conductivity
through the Kubo-Greenwood method; therefore, accurate calculation of electri-
cal conductivity is crucial. Reference [?] compared the electrical conductivities
of pristine tungsten calculated using the WTB potential model (on which the
WHTB potential is based) and measured experimentally at different tempera-
tures. Notably, a favorable alignment between the theoretical and experimental
values at high temperatures (7' > 800 K) was observed for pristine tungsten.
However, at low temperatures, the TB model underestimates electrical conduc-
tivity. This is because the impact of long-range electron interactions increases
as temperature decreases, and the TB model cannot deal with these interactions
well.

A similar underestimation is evident in the calculations of the electronic thermal
conductivity of pristine tungsten systems, and this underestimation also inten-
sifies with decreasing temperature. However, it is noted that the referenced
work compared the electronic thermal conductivity calculated by the Kubo-
Greenwood method and the total thermal conductivity measured directly in ex-
periments, with the latter including not only the electronic thermal conductivity
but also the lattice thermal conductivity. Hence, some of the underestimation
stems from the absence of the lattice thermal conductivity. In experiments,
electronic thermal conductivity can be indirectly determined by measuring the
electrical conductivity and applying the Wiedemann-Franz law [?]. In our pre-
vious work [?], we conducted a comparative analysis of the electronic thermal
conductivity of pristine tungsten at 800 K obtained by TB calculations and
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experiments. The respective values were 95.92 W m~! K~! and 102.36 W m !
K~!, which are close to each other. Therefore, the electronic thermal conductiv-
ity data for tungsten-based systems at high temperatures (7" > 800 K) obtained
using the WHTB potential model can be considered reliable.

Next, we discuss the significance of our investigation using the TB model. In
this study, we focused on the dynamic evolution of the electronic thermal con-
ductivity of tungsten during the displacement cascade process under diverse
conditions, which is difficult to directly measure experimentally. This process
corresponds to the early stage of neutron irradiation, leading to the generation
of a significant number of vacancies and interstitials in the materials within a
brief timeframe at the picosecond level. The resulting alterations in thermal
transport properties are substantial, potentially affecting the normal service of
PFM. Hence, the electronic thermal conductivity variation in tungsten during
the cascade process must be investigated. Currently, research on the electronic
thermal conductivity of tungsten during cascade processes is limited because
of the difficulty of handling electronic structures in large and complex systems.
Although the WHTB model can be used to determine the electronic thermal
conductivity of tungsten under low-energy cascades, it is difficult to directly com-
pare the results with the conductivities of materials experiencing high-energy
and sustained neutron irradiation at the macroscopic level. Nevertheless, our
research contributes to this field in two ways. First, the results reveal the in-
fluence of diverse cascade conditions on the electronic thermal conductivity of
tungsten; second, our study can provide foundational data for simulations us-
ing the phase-field model, facilitating simulations that more accurately reflect
the actual evolution of thermal transport properties of tungsten under neutron
irradiation.

Conclusion

In conclusion, we employed the WHTB model and the Kubo-Greenwood method
to investigate how PKA energy, H atoms, temperature, and GB affect «, of tung-
sten systems during collision cascades. Our findings revealed a rapid reduction
in x, within the initial 0.3 ps, followed by a gradual recovery. A higher PKA
energy and high concentration of H atoms worsen the reduction in x, during
the cascades. With increasing temperature, s, shows a significant improvement
during cascades due to the increased energy carried by electrons, despite exhibit-
ing fewer changes in defect production and an apparent enhancement in electron
scattering. The presence of the considered GB has a notable negative impact on
k., and the absorption of point defects by GB does not improve the . perfor-
mance. In addition, the evolution of the defect count approximately matched
the changes in ., whereas the accumulation of microstructural distortion keeps
k. relatively low when the number of point defects approaches zero.
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