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ARTICLE INFO ABSTRACT

Keywords: Copper alloys are critical heat-sink materials in fusion reactors but suffer severe thermal transport degradation

Copper under neutron irradiation, primarily due to helium generation. The atomistic mechanisms governing this

Thermal transport degradation, however, remain insufficiently understood. This study employs non-equilibrium molecular dy-

Helium . . . . . . s

Cluster namics simulations to systematically probe the thermal transport behavior of helium-containing copper by
ustering

isolating the effects of three key variables: interstitial helium concentration, helium bubble pressure, and
ambient temperature. Results reveal that dispersed helium reduces thermal conductivity by up to 47% at
8000 appm, driven by lattice strain and clustering, which strongly scatter phonons and suppress low-frequency
modes. For systems containing a nanoscale bubble, Kapitza resistance becomes the dominant barrier, increasing
sharply with bubble pressure. Remarkably, this interfacial resistance increases linearly with temperature—a
trend that deviates from the behavior commonly observed at solid/solid interfaces. This anomalous trend is
attributed to the compressible gas-like nature of the bubble interior. Elevated temperatures universally exac-
erbate degradation by thermally activating helium diffusion, bubble growth, and enhanced clustering, which
collectively intensify phonon scattering. The findings establish a dual-mechanism framework for performance
prediction and inform the design of irradiation-tolerant copper alloys for fusion applications.

Fusion reactor divertor
Non-equilibrium molecular dynamics

1. Introduction Because helium possesses negligible solubility in metals, it preferentially

migrates to and is trapped by these irradiation-induced defects [17,18].

Fusion energy offers a promising route to a virtually limitless, safe,
and carbon-free power source, establishing its potential as a cornerstone
of future sustainable energy systems [1]. The feasibility of commercial
fusion, however, is critically contingent upon the durability and reliable
performance of its structural materials [2-4]. Within the intense envi-
ronment of the reactor core, these materials are simultaneously sub-
jected to extreme thermal loads and severe radiation damage from
14.1 MeV neutrons [5-7]. This high-flux neutron bombardment initiates
significant degradation of the material's microstructure, primarily by
creating point defects like vacancies and self-interstitial atoms [8-11].
These defects are highly mobile and subsequently coalesce to form a
multitude of extended clusters, such as dislocation loops and voids
[12-14]. Simultaneously, nuclear transmutation reactions introduce
substantial concentrations of helium into the material lattice [9,15,16].
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This sequestration of He atoms facilitates the nucleation of stabilized
bubbles, which then grow larger under elevated operational tempera-
tures [19]. The cumulative effect of these microscopic changes ulti-
mately manifests as detrimental macroscopic properties—including
hardening, embrittlement, volumetric swelling, and surface blister-
ing—which compromise component integrity and precipitate premature
failure [20-23].

Copper and its alloys are extensively utilized in fusion reactors owing
to an exceptional blend of mechanical strength, thermal stability, and
high thermal conductivity (TC) [3,24-27]. Their role is especially
crucial in the divertor, a key reactor assembly, where Cu-based alloys
stand out as the primary material choice for heat sinks [3,24,25]. This
component, however, operates in the reactor's most severe environment;
its plasma-facing surfaces must withstand a grueling combination of
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intense heat fluxes (up to 20 MWem 2), heavy irradiation damage
(above 14.0 dpa), and high concentrations of transmutation-generated
helium (thousands of atomic parts per million (appm)) [2,3,28-30].
Extensive research has established that this exposure to neutron irradi-
ation significantly impairs the TC of the copper heat sinks [26,31-34].
For example, atomistic simulations performed by Ye et al. [31]
demonstrated that various point defects—most notably doping
defects—impede the thermal transport carried by electrons in copper,
thus diminishing the material's overall conductivity. Through in-situ
transient grating spectroscopy experiments, Trachanas et al. [32]
observed that proton irradiation induced a considerable decrease
(10.86%) in copper's thermal diffusivity, while self-ion irradiation
resulted in a markedly smaller reduction (~3%). They concluded that
the specific defect configurations produced by each irradiating particle
account for this difference, identifying implanted hydrogen as a likely
factor in the pronounced degradation associated with protons. Further
evidence from time-domain thermoreflectance experiments by Sun et al.
[33] established a direct correlation between increasing He ion fluence
and the severity of TC degradation. Based on such empirical evidence,
Fabritsiev et al. [26] forecast that the synergistic impact of displacement
damage and transmutation will cause a 17% total reduction in the TC of
the CuCrZr alloy within ITER at an exposure of 5 dpa. The consequences
of such degradation are severe, as diminished heat dissipation would
elevate component temperatures and intensify thermal stresses, partic-
ularly at bimetallic joints like steel/copper or tungsten/copper [34].
This cascade of effects directly threatens to curtail the service lifetime of
the divertor and first wall components. Despite these findings, the
atomistic origins of thermal transport degradation in Cu-based materials
under irradiation, particularly the influence of neutron-generated heli-
um, remain inadequately characterized.

Over recent decades, molecular dynamics (MD) simulations have
emerged as a prominent method for investigating the formation and
development of irradiation-induced defects, helium clustering, and the
thermal behavior of irradiated materials at picosecond-nanometer
scales [10,35-37]. Notably, the non-equilibrium MD (NEMD) technique
has established itself as a leading approach for modeling thermal con-
duction in nanoscale systems and has contributed significantly to
elucidating thermal transport behavior in materials containing He atoms
produced by nuclear transmutation [38-41]. For example, Petersson
et al. [40] showed that low concentrations of helium in tungsten
considerably diminish TC, although this reduction can be partially offset
by vacancy-helium complexes that trap helium and alleviate crystal
lattice strain. In contrast, Sharma et al. [41] reported that in nickel,
larger helium bubble size and higher helium density increase both the
local thermal gradient and interfacial Kapitza resistance near bubbles.
Consequently, the demonstrated success of MD investigations across
diverse material systems indicates that using NEMD technique to
examine helium-induced evolution of thermal transport in copper is a
feasible approach within practical simulation timeframes.

Therefore, in this work NEMD simulations are utilized to systemat-
ically probe the atomistic-scale thermal transport characteristics of
copper in the presence of helium. Our analysis aims to disentangle the
individual and interactive roles of three principal factors: the concen-
tration of helium interstitials, the internal pressure of helium bubbles
(expressed via the helium-to-vacancy (He/V) ratio), and the system
temperature. Multiple metrics—including the spatial temperature dis-
tribution, TC, Kapitza interfacial resistance, and phonon density of states
(PDOS)—are analyzed to uncover the underlying microstructural
mechanisms responsible for thermal transport degradation. The paper is
organized as follows: computational details are provided in Section 2;
Section 3 examines the results related to helium concentration, bubble
pressure, and temperature effects; and final conclusions are drawn in
Section 4.
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2. Simulation methodology

The copper-helium system was modeled using an embedded atom
method (EAM) interatomic potential parameterized by Kashinath et al.
[42], which explicitly accounts for interactions between Cu—-Cu, Cu-He,
and He-He atoms. A monocrystalline copper supercell containing 135,
000 atoms was initially constructed for the NEMD simulations, with
dimensions of 15a9 x 15ay x 150ag, where ag = 3.615 A denotes the
lattice constant. The crystal was aligned along the [110]||x, [ 1101|]y,
and [001]||z crystallographic orientations. Periodic boundary condi-
tions were imposed along all three Cartesian axes to reproduce bulk-like
material behavior. To simulate material states resulting from neutron
transmutation or combined displacement damage and helium produc-
tion, either a specific concentration of He atoms was randomly intro-
duced into the supercell or a spherical void was generated at its center
and filled with helium to mimic a bubble configuration [41,43]. The
structure then underwent stress relaxation via conjugate gradient energy
minimization at zero external pressure. Finally, the helium-containing
system was thermally equilibrated for 20 ps in the NPT ensemble
using a Nose-Hoover thermostat before proceeding with thermal
transport analysis.

Thereafter, a thermal gradient was established by fixing the outer-
most layers (each 3.0 A in thickness) at the simulation cell's extremities,
which disrupted the periodic boundary conditions in the x-direction (see
Fig. 1). Next to these immobilized regions, two 15.0 A-thick reservoirs
were positioned to apply a steady heat flux of 5.5 x 10° W m~2. Thermal
energy was added to the left-side reservoir (acting as the heat source),
flowed directionally through the structure, and extracted from the right-
side reservoir (serving as the heat sink). In the core adiabatic zone,
atomic motions followed the microcanonical (NVE) ensemble, whereas
the reservoir temperatures were regulated using Langevin thermostats.
Once the system reached stability after an initial 0.2 ns relaxation phase,
temperature measurements were gathered over another 4 ns timeframe
to enable temporal averaging. Spatial temperature profiles were ob-
tained by recording local temperatures within 12.7 A-thick segments
along the x-axis, allowing assessment of thermal transport performance
in helium-containing copper. Three separate parameter studies were
conducted: the first assessed the impact of interstitial helium concen-
tration (0-8000 appm) in the absence of prior vacancies and under a
300 K thermostat; the second probed the influence of helium bubble
pressure by adjusting the He/V ratio (0-3.0) in a 30.0 A diameter bubble
at 300 K; the third examined temperature effects ranging from 300 to
900 K on the preceding setups, keeping the interstitial helium concen-
tration or He/V ratio fixed at 6000 appm or 2.5.

Note that all simulations employed the heat flux of 5.5 x 10° W m™2.
This intentionally elevated flux—higher than typical experimental
conditions—was selected to improve the resolution of measurable
temperature gradients, an approach consistent with established
computational methodologies [44,45]. To account for stochastic varia-
tions in defect configurations, each simulation was repeated three times,
and the results were averaged. Additional details regarding simulation
parameters can be found in the prior publication [26,29,30,46]. More-
over, validation studies on defect-free copper crystals at 300 K in prior
efforts [46], using Fourier's law (J = —xedT/dx, where J represents heat
flux, k denotes TC, and dT/dx is the temperature gradient [47]) after 4 ns
of thermal relaxation, has yielded a TC value of 7.98 W m~! KL, This
outcome shows close agreement with the literature value of
7.86 W m~! K1 [48], supporting the validity of our computational
approach. All MD simulations were conducted using LAMMPS code
[49], and atomic configurations were visualized and analyzed with
OVITO software [50].
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Fig. 1. Conceptual configuration of the computational domain employed in the NEMD simulation, depicting key components such as the heat source, heat sink, fixed

boundary layers, and the central adiabatic region.
3. Results and discussion
3.1. Influence of helium concentration
The influence of interstitial helium concentration on thermal trans-
port in copper was initially evaluated at 300 K. Fig. 2(a) displays the

steady-state temperature profiles obtained after a 4 ns thermal relaxa-
tion period. All profiles exhibited excellent linearity along the

simulation cell, confirming a linear response to the applied thermal
gradient—a defining characteristic of the linear response regime. All
configurations show a marked temperature elevation in the vicinity of
the heat source and a concurrent drop near the heat sink. With
increasing helium concentration, the temperature near the source rises
steadily, whereas the sink-side profile shows minimal variation.
Consequently, a more pronounced temperature gradient develops at
higher helium levels, signifying greater phonon scattering and thermal
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Fig. 2. Thermal properties and helium clustering behavior in copper systems with varying interstitial helium concentrations at 300 K, obtained after a 4-ns thermal
relaxation period. (a) Steady-state temperature profiles along the simulation cell. (b) TC as a function of helium concentration. (¢) Distribution of helium cluster sizes
across different concentrations. (d) Total number of helium clusters versus helium concentration.
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resistance in the material. This gradient, derived from linear fits to the
data in Fig. 2(a), was applied within Fourier's law to compute TC, with
the results plotted in Fig. 2(b). A consistent, concentration-dependent
reduction in TC is observed. Notably, a helium concentration of
8000 appm leads to a decrease of approximately 47% relative to pristine
copper. This suppression stems from helium-induced lattice strain,
which shortens the phonon mean free path—a mechanism consistent
with Klemens' theory [51]. The decline is particularly steep at concen-
trations below 4000 appm. Rahman et al. [52] reported analogous
behavior in carbon-doped silylene, attributing it to isolated impurity
atoms acting as efficient, independent scattering centers at low doping
levels—an interpretation that likely applies here, where dispersed He
atoms profoundly disrupt phonon propagation and cause an accelerated
initial decrease in conductivity. To test this interpretation, cluster
analysis was performed on He atoms within systems of different con-
centrations, employing a cutoff radius of 2.48 A [53]; the results are
presented in Fig. 2(c). The data show a clear rise in both the population
of helium clusters and the propensity for larger cluster formation at
elevated helium concentrations. As an example, the maximum cluster
size identified is 6 atoms at 2000 appm, compared to clusters containing
up to 12 atoms at concentrations above 6000 appm. The presence of
these larger aggregates results in more significant lattice strain, thereby
intensifying phonon scattering and shortening the mean free path [54].
The quantitative relationship between helium concentration and the
total count of clusters is further illustrated in Fig. 2(d), which demon-
strates a nearly linear correlation. This increase in cluster density pro-
vides additional sites for phonon scattering. Consequently, the
degradation of TC with rising helium concentration arises from a dual
effect: the growth in average cluster size and the concurrent increase in
cluster population, which act in tandem to impede heat transfer. It is
acknowledged that defect configurations inevitably evolve during
thermal transport, particularly for temperature-sensitive helium-related
defects. For example, in systems initially containing randomly dispersed
interstitial He atoms, clustering emerges over the course of the simula-
tion. However, this evolution reflects the intrinsic temperature-driven
microstructural changes under investigation, rather than artifacts
introduced by the heat flux itself. Critically, the analysis focuses on
defect statistics and thermal transport properties after a fixed relaxation
period of 4 ns, with all reported results averaged over multiple
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independent simulations to ensure statistical reliability.

Typically, PDOS analysis offers an indirect but valuable perspective
on thermal transport mechanisms by quantifying changes in the vibra-
tional spectrum [51,52]. The PDOS is calculated from MD trajectories by
applying a fast Fourier transform to the atomic velocity autocorrelation
function (VACF), as defined as follows [51,55].

PDOS(0) = / N e P'VACF(t)dt, (¢))
where
1 N
VAGF(t) = > (wi(0)vi(1). @)
j=1

Here, o is the phonon frequency, N is the number of atoms in the
sampled region, vj(t) is the velocity vector of the jy, atom at time t, and
(---) denotes the ensemble average. Fig. 3(a—d) presents the computed
PDOS for copper systems with helium concentrations ranging from 2000
to 8000 appm at 300 K, alongside the PDOS of a defect-free copper for
reference. The spectra for all helium-containing systems are dominated
by low-frequency phonon modes, primarily distributed between 0 and
10 THz, and exhibit a characteristic bimodal shape with a dominant
peak at 4.6 THz and a secondary peak at 7.0 THz. This profile aligns with
prior reports [46,55,56], corroborating the reliability of the present
simulations. Relative to pristine copper, the PDOS peak intensities in
helium-containing systems show a slight attenuation that becomes more
pronounced with increasing helium concentration. For example, at
8000 appm, the integrated intensity of the primary peak (4.6 THz) de-
creases from 0.2323 to 0.2245, and that of the secondary peak (7.0 THz)
declines from 0.2319 to 0.2242. This suppression likely stems from the
localization of phonon modes due to lattice distortion around helium
clusters and associated crystal defects, which restricts phonon propa-
gation, confines vibrational energy, and thereby reduces TC [57]. On the
other hand, to quantify phonon mode modifications in copper resulting
from helium incorporation, the PDOS overlap factor (S) between
helium-doped and defect-free systems was defined by the expression
[55,56].
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Fig. 3. Phonon-level analysis of thermal transport degradation in copper with varying helium concentrations at 300 K. (a—d) Calculated PDOS spectra for systems
containing 2000 to 8000 appm helium, compared with the PDOS of defect-free copper. (e) PDOS overlap factor, quantifying the spectral deviation from pristine
copper, plotted as a function of helium concentration to correlate with the observed reduction in TC.



R. Jin et al.

5= / min{Po(e), P, () }do, 3)

where Po(®) and P,(») represent the PDOS of defect-free and helium-
doped copper, respectively. Overlap occurs predominantly within the
0-10.0 THz frequency range. This factor, extracted from Fig. 3(a—d) and
plotted as a function of helium concentration in Fig. 3(e), serves as a
quantitative measure of the corresponding TC trend. The plot reveals a
consistent decline in the overlap factor with increasing helium concen-
tration. The overlap factor quantifies the degree of similarity between
the vibrational spectrum of a helium-containing system and that of
pristine copper. Physically, it reflects how significantly helium-induced
defects alter the intrinsic phonon modes of the copper lattice. A decrease
in this factor indicates a progressive PDOS modification induced by
helium defects. Specifically, the introduction of helium interstitials and
clusters distorts the copper lattice, breaking its translational periodicity
and altering the vibrational modes. This lattice distortion enhances
phonon scattering by disrupting the coherent propagation of lattice
waves, particularly affecting low-frequency acoustic phonons that are
the primary heat carriers. Since TC is directly proportional to the
phonon relaxation time and group velocity, the observed spectral
deviation—reflected in the declining overlap factor—provides a direct
microscopic signature of the enhanced scattering processes responsible
for the macroscopic reduction in TC. Thus, the consistent correlation
between the overlap factor and TC across increasing helium concen-
trations confirms that phonon-level modifications are the fundamental
origin of the thermal transport degradation.

3.2. Influence of helium-to-vacancy ratio

The transmutation of elements during neutron irradiation generates
considerable amounts of helium within metallic crystals. Given helium's
minimal solubility, these atoms readily agglomerate into nanoscale
bubbles, a key microstructural feature in irradiated nuclear materials [6,
22,35]. Consequently, assessing how such bubbles affect thermal
transport in copper and its alloys is crucial. To investigate the underlying
mechanisms, we examined the thermal transport in copper containing a
30.0 A diameter helium bubble, with He/V ratios varying from 0 to
3.0 at 300 K. Fig. 4(a) presents the resulting steady-state temperature
distributions following 4 ns of thermal relaxation. Unlike systems with
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randomly distributed helium interstitials, the temperature profile here is
discontinuous, marked by a noticeable temperature drop near the bub-
ble interface where the gradient sharpens relative to the bulk copper
matrix. For example, a linear fit extrapolated to the interface in the
He/V = 3.0 system indicates a temperature jump of roughly 10.7 K. This
discontinuity becomes increasingly evident at higher He/V ratios, pri-
marily attributable to the significant disparity in TC between copper and
the helium bubble [46,55]. Elevated helium pressure within the bubble
further suppresses the local TC, exacerbating the mismatch and hin-
dering heat transfer. Such interfacial thermal barriers are conventionally
expressed in terms of Kapitza resistance (R), defined as the inverse of
interfacial thermal conductance (G) [55,56].

AT

R=~
7

G 4

where AT is the temperature drop across the bubble region, as annotated
in Fig. 4(a). The calculated Kapitza resistances, derived from the AT
values in Fig. 4(a), are plotted against He/V ratio in Fig. 4(b). A clear
positive correlation emerges: the resistance rises from a baseline of
0.87 GW~! m? K at He/V = 0 to 0.95 GW~! m? K at He/V = 1.5, before
accelerating sharply to 2.25 GW ! m2 K at He/V = 3.0—an increase by a
factor of approximately 2.5 across the range studied.

As seen in Fig. 4(a), a higher He/V ratio correlates with an elevation
in temperature on the copper's heat-source side and a concurrent
reduction on the heat-sink side. Notably, however, the temperature
gradients in both regions stay essentially constant and are scarcely
influenced by the varying He/V ratio; these gradients also remain closely
aligned across all conditions examined. Since the copper on either side
of the bubble was initially helium-free and symmetrically arranged, and
in light of the results discussed in subsection 3.1, it appears that He
atoms did not migrate appreciably from the bubble into the surrounding
copper matrix during thermal transport. Hence, in contrast to systems
containing dispersed interstitial helium (Fig. 2), the copper bulk did not
develop a distribution of helium clusters that could serve as variable
phonon-scattering centers and modify the local temperature gradients.
To examine this hypothesis further, radial distribution functions of both
He and Cu atoms relative to the bubble center were computed. These
distributions are shown in Fig. 5(a-d), where accompanying insets de-
pict the local defect morphology near each bubble. A consistent single-
peak profile emerges in the helium content distribution across every
system examined. Within the bubble core, the helium fraction rises

T T T T T T T i 1 7 T "l | |
320 -(a2 IRERY SO 4 20 _(b) i
E 0 HeN=15 :
aHan He/V =2.0 2 L i
OgFf0g HeV =25 N /
ERHE0E o HelV=30 g 18 g9
310 - HbH Dnn =B | .
o O 1
=3 DED\DDD = 16 i d
o “'DDDT AT 191 3
= og [0} L 5 J
T 300 | E;/ 48 B
g B g 14 / . -
E : ﬂ\*’_ ] 3 | é/, 4
(0] g8 /
l—'zgo DDD—"'D‘DWD g 12 L ! el
L 8 i )
P RCHLE R g 1 k -
w J Op o ] % s
22 \ DL‘ID o v 1.0 | ) 5
B e Y Y 7 ogag 9
280 Fma/mode/conzmmg ,7 . | I:||:1 N K" i
? helium bubbie af tery = ~—) R |
1 1 1 V?5| n 1 1 0'8|.|.|.|.|.|.|
0 100 200 300 400 500 0.0051.0152.0253.0
x-axis (A) Helium-to-vacancy ratio

Fig. 4. Thermal transport characteristics in copper containing a 30 A helium bubble across a range of He/V ratios (0-3.0) at 300 K after 4 ns of thermal relaxation.
(a) Steady-state temperature profiles along the simulation cell. (b) Evolution of Kapitza resistance with He/V ratio, derived from the interfacial temperature
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almost linearly with radial distance r. Because the volume of each
concentric shell increases with r, this linear dependence suggests a
nearly uniform helium density throughout the core. As the He/V ratio
grows, the spatial spread of the helium distribution widens, signaling
bubble expansion and the gradual release of He atoms from the bubble
into the adjacent copper lattice [43]. For a He/V ratio of 1.5, a reduction
in the helium fraction is observed at the bubble periphery (near
r = 15.0 A), signifying an under-pressured bubble state. Under this
condition, limited helium diffusion into the surrounding copper occurs,
and the copper lattice exhibits negligible distortion, as visible in the
inset of Fig. 5(a). The consequent minimal interfacial disturbance ac-
counts for the only marginal increase in Kapitza resistance relative to a
void. At He/V = 2.0, the helium fraction at the periphery attains a
maximum. Compared to the 1.5 case, a greater number of He atoms
diffuse into the copper matrix, extending to radial distances up to
22.5 A. While the Cu atom distribution remains largely intact, the inset
in Fig. 5(b) confirms that the bubble now induces noticeable lattice
distortion and dislocation formation in the adjacent copper—behavior
consistent with prior reports on helium-bubble evolution [58] and
indicative of a pressure-release mechanism. This suggests a transition to
a slightly over-pressured bubble state. The more substantial rise in
Kapitza resistance for He/V = 2.0 can thus be linked to the increased
population of He atoms on the copper side of the interface. These atoms
serve dual roles: as direct phonon-scattering centers and as sources of
lattice strain that further intensify phonon scattering, collectively
degrading thermal conductance [59,60]. When the He/V ratio reaches
2.5, the maximum of helium fraction appears beyond the original bubble
boundary (>15.0 /o&), and the radial interval between 15.0 and 17.5 A
becomes entirely devoid of Cu atoms. These features point to bubble
expansion driven by overpressure, which pushes Cu atoms out of their
lattice sites. Notably, helium migration into the bulk copper at this ratio
is more restrained than at He/V = 2.0. The absence of dislocations in the
inset of Fig. 5(c) implies that pressure relief occurs predominantly via
outward helium diffusion rather than through the nucleation of dislo-
cations [58,61-63]. Accordingly, the additional rise in Kapitza resis-
tance from He/V = 2.0 to 2.5 stems largely from the enlarged bubble
size, which attenuates phonon transmission. At a He/V ratio of 3.0, the

radial distribution profile of helium exhibits noticeable peak broadening
compared to the system with He/V = 2.5, reflecting further intrusion of
the bubble into the copper lattice. This outward expansion enlarges the
bubble while simultaneously generating dislocations through lattice
distortion in the neighboring copper, as depicted in the inset of Fig. 5(d).
Strong overpressure also propels helium deeper into the copper, with
atoms migrating as far as r ~ 25.0 A Together, these mechanisms
amplify phonon scattering, obstruct thermal transport, and produce a
marked jump in Kapitza resistance. To quantify helium migration, Fig. 5
(e) plots the fraction of He atoms situated beyond r = 15.0 A relative to
the total helium content. This fraction grows nearly linearly with He/V
ratio, correlating closely with the Kapitza resistance trend in Fig. 4(b)
and confirming that interfacial thermal resistance increases with out-
ward helium diffusion. Finally, helium penetration from the bubble into
the copper matrix does not exceed 10 A, confirming that the thermal
influence of the bubble is localized to its immediate surroundings and
does not significantly perturb the temperature gradient in distal copper
regions.

To elucidate the underlying mechanisms of the observed thermal
behavior, the PDOS was computed for copper systems containing a
30.0 A helium bubble with He/V ratios from 0 to 3.0 at 300 K; the results
are presented in Fig. 6(a—e), alongside the PDOS of a defect-free copper
for reference. The characteristic bimodal distribution—consisting of a
dominant peak at 4.6 THz and a secondary peak at 7.0 THz—persists and
appears largely unaltered by the presence of the bubble. Relative to
pristine copper, however, the PDOS peak intensities in helium-
containing systems exhibit a slight attenuation that grows with
increasing He/V ratio. For He/V ratios <1.5, the PDOS spectra show
only minor deviations from that of pristine copper. This minimal vari-
ation accounts for the fact that the effective TC estimated via Maxwell's
effective medium model remains comparable to that of a defect-free
crystal [46], while the associated Kapitza resistance stays relatively
small. In contrast, for He/V > 1.5, a noticeable suppression of the
low-frequency PDOS peak emerges, accompanied by a relative
enhancement of the high-frequency component. Low-frequency pho-
nons correspond primarily to long-wavelength acoustic modes; their
attenuation likely results from the outward diffusion of He atoms, which
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disrupts the local lattice periodicity and enlarges the bubble volume,
thereby confining these phonon modes near the interface. Since
low-frequency phonons contribute significantly to heat conduction [64],
their confinement reduces the overall thermal transport capacity of the
system, accounting for the concurrent rise in Kapitza resistance at higher
He/V ratios. On the other hand, the observed enhancement of
high-frequency peaks arises from the mass difference between He and
Cu atoms. The lighter helium impurities introduce additional localized
vibrational modes at higher frequencies, thereby increasing the phonon
density in this spectral region [52]. Furthermore, the PDOS overlap
factor, extracted from Fig. 6(a-e), is plotted against the He/V ratio in
Fig. 6(f) to provide a quantitative link to the Kapitza resistance. This
factor exhibits a gradual decline with increasing He/V ratio, a trend that
correlates well with the corresponding decrease in interfacial thermal
conductance shown in Fig. 4(b). The consistent behavior of both metrics

confirms that a phonon-based interpretation effectively captures the
influence of helium bubbles on thermal transport in copper.

3.3. Role of thermal environment

Temperature dependence is a fundamental characteristic of nano-
scale thermal transport [52,54,55]. At elevated temperatures, enhanced
thermal fluctuations and increased phonon anharmonicity typically lead
to a reduction in TC. In perfect single crystals such as copper and gra-
phene, this often follows an inverse relationship with temperature,
known as the 1/T rule [54,65]. In contrast, some binary atomic struc-
tures display a more gradual decline in TC with rising temperature, a
behavior primarily attributed to the dominant role of high-frequency
optical phonons [54,66]. Moreover, research by Fang et al. [67] in-
dicates that temperature variations can alter the diffusion behavior of



R. Jin et al.

He atoms as well as the formation of helium bubbles and clusters. Given
that structural materials in fusion reactor divertors operate under high
temperatures and are subjected to intense heat fluxes, it is crucial to
investigate how temperature influences thermal transport in
helium-containing copper systems and to uncover the underlying
mechanisms governing this dependence.

3.3.1. Effect of temperature on systems with interstitial helium

Building on earlier observations, the rate of TC reduction begins to
decelerate in the copper system containing 6000 appm interstitial he-
lium at 300 K, a point at which larger helium clusters form. These
findings imply that the evolution of defect structures plays a more
dominant role in governing thermal transport as helium concentration
increases—an influence that is expected to become even more pro-
nounced at elevated temperatures. To investigate this temperature
dependence in detail, the copper system containing 6000 appm helium
was served as the model for examining thermal transport behavior over
the range of 300 to 900 K. Fig. 7(a) presents the resulting TC as a
function of temperature, revealing a progressive decrease consistent
with phonon-mediated conduction in nanoscale materials. Relative to
the value at 300 K, conductivity declines by 28.46% at 500 K, 47.81% at
700 K, and 59.69% at 900 K, with the reduction rate gradually slowing.
This behavior can be primarily explained by two interconnected
mechanisms. First, at elevated temperatures the average phonon popu-
lation rises approximately in proportion to temperature, as expressed by
the following relation [68].

1

:ehmq/ka -1

n(q) , (5)

where 7 is the reduced Planck constant, ki, the Boltzmann constant, and
wq the vibrational frequency of mode q. This growth in phonon density
elevates the probability of phonon-phonon scattering, shortening the
mean free path and thereby lowering TC. Second, statistical analysis of
helium clusters across temperatures (see Fig. 7(b)) reveals that cluster
size generally expands with increasing temperature. While clusters of up
to 10 He atoms appear at all temperatures above 300 K, aggregates
containing 12 atoms emerge at 900 K. Furthermore, the total number of
clusters exhibits an upward trend with temperature, and at 900 K nearly
all He atoms (96.7%) participate in cluster formation. These findings,
consistent with prior studies [67], indicate that higher temperatures
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promote helium clustering in copper. Because larger clusters introduce
more severe lattice distortion than isolated interstitials, they intensify
defect-phonon scattering. The combined action of these two
temperature-driven effects—increased phonon density and enhanced
helium clustering—thus accounts for the observed reduction in TC.
Furthermore, although TC is traditionally derived from Fourier's law, a
slight deviation from the standard 1/T dependence is observed at higher
temperatures (Fig. 7(a)). Quantifying this divergence yields a scaling of
approximately 1/T%838 indicating that the rate of TC reduction with
temperature is attenuated relative to that in perfect crystals. A similar
trend has been reported in binary systems such as Si/Ge superlattices
and GaN crystals [66,69]. This behavior parallels the
concentration-dependent effect shown in Fig. 2(b), where increased
helium clustering moderates the decline in conductivity. The underlying
mechanism likely involves the enhancement of phonon-phonon
Umbklapp scattering or inelastic scattering by helium clusters at elevated
temperatures [70]. An increased contribution from high-frequency
phonons with rising temperature may further contribute to this
moderated reduction rate [66].

To elucidate the underlying mechanisms of the anomalous TC trend,
the temperature-dependent PDOS was computed, as shown in Fig. 8(a).
With increasing temperature, the PDOS peaks exhibit broadening and a
gradual suppression in intensity, consistent with the overall decline in
TC. This behavior can be attributed to two primary, interconnected ef-
fects. First, rising temperature intensifies phonon-phonon anharmonic
scattering, particularly three-phonon Umklapp processes, which
degrade TC by impeding phonon momentum and shortening the phonon
mean free path [71,72]. Second, elevated temperatures promote the
growth and proliferation of helium clusters (as established in Fig. 7(b)),
which induce more severe lattice distortion. This distortion enhances
defect-phonon scattering and further reduces the group velocity and
mean free path of phonons, effectively localizing a portion of the
vibrational modes, especially at higher frequencies [52]. Notably,
however, the rate of TC decrease moderates at higher temperatures
(Fig. 7(a)). This deceleration is linked to an evolving spectral contri-
bution: while low-frequency phonons dominate transport at lower
temperatures, their role diminishes as temperature rises [54,66].
Concurrently, the PDOS inset in Fig. 8(a) reveals a relative enhancement
in the high-frequency region (>10 THz). This shift signifies an increased
population and participation of high-frequency phonons at elevated

Total number of clusters

Fig. 7. Thermal properties and helium clustering behavior in copper containing 6000 appm interstitial helium across temperatures from 300 to 900 K, obtained after
a 4-ns thermal relaxation period. (a) TC as a function of temperature. (b) Helium cluster size distributions and total cluster counts at different temperatures.
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temperatures, a phenomenon partly enabled by the lighter mass of he-
lium impurities which can introduce localized high-frequency modes
[52]. Although these high-frequency carriers are inherently more sus-
ceptible to scattering and localization, their increased activity alters the
dominant scattering regime [55,66]. At high temperatures, the contri-
bution from temperature-sensitive Umklapp scattering (and potentially
higher-order processes like four-phonon scattering) becomes increas-
ingly significant [52]. In contrast, scattering from relatively static
microstructural features, such as interfaces and helium clusters, exhibits
a weaker temperature dependence [73,74]. The competition between
these mechanisms—increasing high-frequency phonon activity versus
temperature-activated anharmonic scattering—results in the attenuated
scaling of TC with temperature (approaching ~1,/T%83%), This inter-
pretation is further supported by the approximately linear decrease in
the PDOS overlap factor with temperature shown in Fig. 8(b), which

quantitatively correlates the changing phonon spectrum with the
microstructural evolution (e.g., helium clustering) discussed earlier.

3.3.2. Effect of temperature on systems containing a helium bubble

As established in previous sections, helium bubbles with He/
V > 2.5 at 300 K are overpressurized, leading to expansion into the
copper matrix and a concomitant acceleration in the rate of interfacial
thermal conductance degradation. Since elevated temperature enhances
atomic diffusion, it is expected to intensify this effect. To investigate this
temperature dependence, the system with He/V = 2.5 was studied
across a range from 300 K to 900 K. Fig. 9(a) presents the steady-state
temperature profiles around the bubble after 4 ns of thermal relaxa-
tion at different temperatures; the vertical axis scale is consistent across
all profiles to facilitate direct comparison of temperature increments.
The data reveal two key trends: first, the local temperature gradient near
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Fig. 9. Temperature-dependent thermal transport in copper containing a helium bubble at He/V = 2.5, examined from 300 to 900 K after 4 ns of thermal relaxation.
(a) Steady-state temperature profiles along the simulation axis. (b) Evolution of Kapitza resistance with simulation temperature, calculated from the interfacial

temperature jump.
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the helium bubble steepens with increasing temperature; second, the
overall temperature gradient within the bulk copper (non-bubble re-
gion) also increases significantly. This indicates a progressive inhibition
of heat flow through the crystal at higher temperatures. The mechanism
is twofold: rising temperature promotes the outward diffusion of helium
from the bubble into the copper matrix, further expanding the bubble
volume. Simultaneously, it increases the kinetic energy of He atoms
within the bubble, raising its internal pressure [75,76]. As demonstrated
in Section 3.2, higher bubble pressure widens the TC mismatch at the
Cu/bubble interface, thereby impeding heat transfer. Furthermore,
analysis of the temperature distributions shows that at T < 700 K, the
profile in the non-bubble region remains more linear than that in the
bubble-affected zone, with a marked gradient difference between the
two. At 900 K, however, the linearity in the non-bubble region decreases
slightly, and the gradient difference becomes less pronounced. To
quantitatively assess the temperature effect, the Kapitza resistance was
calculated and plotted against temperature in Fig. 9(b). It exhibits a

International Journal of Thermal Sciences 226 (2026) 110880

positive, approximately linear correlation, increasing from 1.56 to
4.37 GW~! m? K over the temperature range studied, which confirms a
declining thermal transport efficiency near the interface. Notably, this
trend—increasing interfacial resistance with temperature—contrasts
with the behavior typically observed at solid/solid interfaces [55,771,
where resistance often decreases. This reversal is likely a distinctive
feature of the solid/gas-like interface presented by the helium bubble,
highlighting the unique phonon scattering dynamics dominated by the
compressible gaseous interior under varying thermal conditions.

To verify that rising temperature exacerbates helium-bubble
expansion and thereby impacts thermal transport, radial distribution
functions for He and Cu atoms relative to the bubble center were
calculated at various temperatures (see Fig. 10(a)). The profiles show
that the spatial extent of helium broadens with increasing temperature,
indicating progressive bubble growth and greater release of helium into
the copper matrix. This outward expansion is accompanied by a
widening region devoid of Cu atoms (e.g., from 15.0 to 21.0 A at 900 K),
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confirming that the overpressurized bubble displaces lattice atoms as it
grows. Concurrently, the deepening penetration of helium into the
copper promotes clustering and the nucleation of dislocations and other
defects [43,46,58], particularly at high temperatures (see inset of Fig. 10
(a4)). These microstructural changes—bubble enlargement and the
generation of dispersed helium-related defects in the matrix—act syn-
ergistically to intensify phonon scattering, which accounts for the
rapidly increasing Kapitza resistance observed in Fig. 9(b). The corre-
lation is quantified in Fig. 10(b), which plots the fraction of He atoms
located outside the original bubble radius (r > 15.0 ;\) as a function of
temperature. This fraction increases approximately linearly with tem-
perature, reflecting the enhanced outward diffusion driven by elevated
bubble pressure [43]. Its close correspondence with the trend in Kapitza
resistance firmly establishes the positive relationship between helium
diffusion and interfacial thermal resistance. Moreover, the deeper
infusion of helium into the copper matrix at high temperatures (e.g.,
900 K, inset of Fig. 10(a4)) means that phonon scattering occurs not only
at the bubble interface but also throughout the bulk material. This dual
effect explains why the temperature profiles in Fig. 9(a) exhibit char-
acteristics of both bubble-dominated systems (Fig. 4(a)) and systems
containing dispersed interstitial helium (Fig. 2(a)): at elevated temper-
atures, thermal transport is hindered simultaneously by a strengthening
interfacial barrier and by increased point-defect scattering within the
copper lattice. To elucidate the temperature dependence of thermal
transport in the helium-bubble system from a fundamental perspective,
an analysis based on phonon dynamics was conducted. The
temperature-dependent phonon spectrum and the corresponding PDOS
overlap factor were calculated and are presented in Fig. 10(c) and (d),
respectively. As shown in Fig. 10(c) and consistent with the
interstitial-helium system, the PDOS peak intensities gradually weaken
and the peaks broaden with rising temperature. This suppression and
broadening reflect shortened phonon lifetimes and indicate a declining
thermal transport capacity in the bubble-containing material. These
spectral changes originate from the microstructural evolution induced
by the bubble: the overpressurized bubble expands outward, displacing
Cu atoms, while simultaneously facilitating the diffusion of helium into
the surrounding lattice. The resulting lattice distortion, particularly near
dislocations and defect clusters, strongly enhances phonon scattering.
This effect becomes more pronounced at elevated temperatures, as the
increased population of high-frequency phonons (see the highlighted
region in the inset of Fig. 10(c)) provides more channels for inelastic and
impurity-mediated scattering [78,79]. Complementing this picture, the
PDOS overlap factor in Fig. 10(d) decreases approximately linearly with
temperature, providing a quantitative measure of the progressive devi-
ation of the vibrational spectrum from that of pristine copper. This linear
decline aligns well with the dual influence of bubble expansion and the
attendant alteration of phonon modes at high temperatures, reinforcing
the conclusion that interfacial and defect-mediated scattering mecha-
nisms are thermally activated and collectively govern the degradation of
thermal transport in the system.

4. Conclusions

In summary, this study systematically elucidates the atomistic
mechanisms of helium-induced thermal transport degradation in copper
through NEMD simulations focused on three governing variables:
interstitial helium concentration, helium bubble pressure (He/V ratio),
and ambient temperature. For systems with dispersed helium, TC de-
clines progressively, reaching a 47% reduction at 8000 appm. This
degradation is directly correlated with the nucleation and growth of
helium clusters, where the maximum cluster size increases from 6 to 12
atoms and the total cluster count rises linearly with concentration,
intensifying phonon scattering and suppressing low-frequency modes as
quantified by a decreasing PDOS overlap factor. In systems containing a
nanoscale helium bubble, interfacial Kapitza resistance becomes the
dominant barrier to heat flow, demonstrating a strong positive
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correlation with internal pressure—increasing by a factor of ~2.5, from
0.87 t0 2.25 GW ! m? K, as the He/V ratio rises from 0 to 3.0. A pivotal
discovery is the anomalous positive temperature dependence of this
interfacial resistance for the He/V = 2.5 system, which increases from
1.56 to 4.37 GW ! m? K between 300 and 900 K, a trend contrary to
conventional solid/solid interfaces and attributed to the unique
compressible nature of the gas-filled bubble. Radial distribution ana-
lyses confirm that higher He/V ratios and temperatures promote out-
ward helium diffusion and bubble growth, which simultaneously
introduce lattice distortion and dislocation activity in the surrounding
copper. Elevated temperatures universally exacerbate thermal transport
degradation by activating two synergistic pathways: intensifying
intrinsic phonon-phonon anharmonic scattering and thermally acceler-
ating helium diffusion and clustering. This leads to a more rapid decline
in TC, though the rate of decrease (~1/T%838y is moderated relative to
pristine copper due to a competing increase in the spectral weight of
high-frequency phonons. This work therefore establishes a comprehen-
sive microstructural framework in which helium impairs thermal
transport through two primary and often concurrent mechanisms: point
defect and cluster scattering within the matrix, and interface-dominated
resistance from bubbles. This dual-mechanism framework offers a
rational basis for guiding microstructural design strategies. For example,
alloying elements that suppress helium clustering or modify bubble
interface properties may help mitigate TC loss. Moreover, the observed
anomalous positive temperature dependence of Kapitza resistance at
bubble interfaces highlights the need for thermal management strategies
to account for interface type (solid/gas vs. solid/solid) when predicting
component performance under varying thermal loads. Future efforts
should extend these atomistic insights to longer time scales using
accelerated dynamics methods to capture slow helium migration and
bubble evolution, and should explore the influence of alloying elements
such as Cr and Zr on helium behavior and phonon scattering. Such
studies will help bridge the gap between atomic-scale mechanisms and
macroscopic component lifetime predictions, ultimately guiding the
development of more radiation-tolerant heat sink materials for next-
generation fusion devices.
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