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The occurrence of high stress concentrations in reactor components is a still intractable phenomenon
encountered in fusion reactor design. We observe and quantitatively model a non-linear high-dose
radiation mediated microstructure evolution effect that facilitates fast stress relaxation in the most
challenging low-temperature limit. In situ observations of a tensioned tungsten wire exposed to
a high-energy ion beam show that internal stress of up to 2 GPa relaxes within minutes, with
the extent and time-scale of relaxation accurately predicted by a parameter-free multiscale model
informed by atomistic simulations. As opposed to conventional notions of radiation creep, the effect
arises from the self-organisation of nanoscale crystal defects, athermally coalescing into extended
polarized dislocation networks that compensate and alleviate the external stress.

The central engineering challenge in realising commer-
cially viable fusion power-generating reactors lies in the
degradation of materials in components surrounding the
fusion plasma'. Structural components inside the vac-
uum vessel are exposed to extreme conditions?, involving
high magnetic fields, gravitational loads, plasma disrup-
tions, and unprecedented levels of neutron and gamma
radiation® that continuously generate microscopic de-
fects, leading to severe degradation of properties of ma-
terials critical to their intended function. Furthermore,
spatio-temporal variations in irradiation exposure and
temperature induce stress concentrations of sufficient
magnitude to threaten the integrity of load-bearing or
physical barrier*® components.

The tendency of metals to undergo steady viscoplas-
tic deformation when subjected to mechanical stress at
elevated temperatures, known as creep, is of pivotal sig-
nificance to the structural integrity of a reactor. Irra-
diation by high-energy particles significantly accelerates
creep, causing deformation rates orders of magnitude
higher than thermal creep under the otherwise equiv-
alent stress”®. However, mechanistic understanding of
the phenomenon proves elusive, partly because it is chal-
lenging to design experiments enabling accurate measure-
ments under simultaneous high irradiation fluence, me-
chanical, and thermal loads.

In particular, the role of temperature remains undeter-
mined. Conventional argument suggests that creep rates
increase with temperature due to the enhanced thermal
diffusion of microstructural defects, mediating the vis-
coplastic flow. In the apparent contradiction with this
argument, measurements of irradiation creep in steels”
show that at low temperatures the irradiation creep oc-
curs at an anomalously high rate, decreasing as a function
of temperature, only to increase again at higher temper-
atures. Low temperatures, and large temperature and
radiation exposure gradients are expected in the actively
cooled reactor components, making a rational model for

the phenomenon a requirement for an expert fusion re-
actor design.

In this study, we develop a comprehensive quantita-
tive treatise of the anomalous low-temperature irradia-
tion creep phenomenon by combining custom-designed
experiments with in situ measurement capabilities and
a parameter-free multiscale model. Fig. 1 illustrates a
time-resolved observation of stress relaxation in a 16 pm
thin tungsten wire — thinner than a human hair — under
exposure to highly energetic ions. Initially, the wire is
stretched until a specified tensile load is reached. Sub-
sequently, the wire is exposed to the ion beam while
the force required to maintain its length is monitored.
Despite the wire remaining at a temperature where no
thermally-driven creep occurs, our observations reveal
an initial rapid relaxation of the force occurring within
minutes, followed by slower relaxation plateauing over a
few hours. Significantly, in Fig. 1f we observe the extent
of relaxation to be linearly proportional to the external
load, which is in remarkable qualitative and quantita-
tive agreement with predictions derived from an in silico
replication of the experiment through a parameter-free
model. Our analysis shows that the relaxation is non-
linear and involves the coarsening of microscopic defects
under external stress. Since only 4 % of the wire materi-
als is exposed to high-energy ions, the extent of the mea-
sured relaxation suggests that locally in the irradiated
surface layer, the applied tensile loads of up to 2 GPa
relax entirely and solely through the anomalous fast low-
temperature irradiation creep.

Time-resolved stress relaxation measurement

To measure the time-resolved irradiation-induced stress
relaxation, it is necessary to select an appropriate high-
energy particle source. Neutrons penetrate deep into ma-
terials, allowing for testing of bulk samples, but the con-
ditions in a typical materials test reactor rarely permit
in situ mechanical testing. Neutron activation of mate-
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Fig. 1: Time-resolved measurement of stress relaxation under irradiation. a, A thin tungsten wire of length 15 mm and diameter
16 um is loaded with tensile stress, after which a central wire section of 4 mm length is exposed to a beam of 20.3 MeV W°®* ions
whilst monitoring the force required to maintain the initial elongation. b, The ion beam damages a thin surface layer of about 2 ym
thickness, as seen in the simulated exposure profile in the cross-section. ¢, Upon exposure of the wire to the beam, a rapid relaxation
of load is measured. d-e, While the wire is initially under uniform tensile stress, a multi-scale simulation of the developing internal
stress reveals that in the irradiated surface layer (A), the tensile stress relaxes completely and even becomes compressive, while in
the unexposed region deeper in the wire (B), the tensile stress increases to balance the expansion of the irradiated layer. f, The final
magnitude of induced stress relaxation is proportional to the magnitude of the initial tensile stress, suggesting that the relaxation is
strongly biased by the external stress. Error bars indicate the standard error over multiple experiments. The shaded region indicates
the 3o-confidence interval of the simulation prediction, with uncertainty originating from the stochasticity of the atomistic data

underlying the surrogate model.

rials also complicates handling, with low dose rate im-
plying long exposure times. For these reasons, we chose
irradiation by high-energy heavy ions. These are readily
available, can be produced in the form of intense beams,
and cause no activation. It is also possible to incorporate
a mechanical testing setup into an ion accelerator beam
line.

As high-energy heavy ions have the penetration depth
of only a few pm, the exposed zone should span many
grains in order to replicate bulk-like irradiation condi-
tions. We selected potassium-doped (60-75ppm) cold-
drawn tungsten wires, bearing in mind that tungsten is
the prime candidate material for plasma-facing compo-
nents due to its high melting point and high thermal con-
ductivity. The wires are industrially produced with diam-

eters as small as 16 pm and feature nanoscale grains. No
thermal creep is expected, as only low homologous tem-
peratures are reached (T' < 0.1 Tpnerr). Extensive studies
of mechanical properties'®!!  deuterium retention'?, and
post-irradiation properties!® of this material are avall—
able. To prevent the implantation of impurities, we em-
ploy a beam of 20.3 MeV W®* ions. These ions pene-
trate about 2 pm into tungsten, exposing about 16 % of
the wire cross-section.

To enable a time-resolved measurement of the stress
relaxation phenomenon, a dedicated experiment compris-
ing a tensile testing machine mounted in a vacuum vessel
was set-up at a beamline of the 3MV tandem acceler-
ator at the Max Planck Institute for Plasma Physics.
The 15 mm long wire samples are mounted between two
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Fig. 2: a, Microstructure of the 16 ym tungsten wire. Left:
cross-section images taken using a scanning electron microscope
(SEM) in backscattered electron contrast mode. Right: longi-
tudinal section using secondary electron contrast. b, Schematic
overview of the ion beam path during the experiment. From
left to right: beam limiting aperture, first suppression electrode,
16 pm wire sample, 102 pym measuring wire, second suppression
electrode. c, Tensile stress (blue) and ion current (orange) during
the experiment. Black circles indicate the points where exper-
imental measurements were performed between the irradiation
intervals.

crossheads of the machine and mechanically tensioned to
a uniaxial stress ranging from 0.5 GPa to 2.0 GPa, which
is still in the elastic region. While the strain is kept con-
stant, a central wire section of 4 mm length is exposed to
the ion beam. Since almost all of the impacting ions’ ki-
netic energy is absorbed in the wire, the sample’s temper-
ature rises to at most 100 °C. To correct for the influence
of the resulting thermal expansion on the force measure-
ment, the beam is periodically turned off at intervals of
5min to 30 min. The sample cools down over these in-
tervals, allowing for the measurement of the actual force
drop. The ion fluence is determined by measuring the
electric current flowing through the wire, from which the
dose in “displacements per atom” (dpa)!* is computed
using the number of displacements per colliding ion from
the SRIM software!'®. The samples are exposed to a peak
dose of up to 6dpa over a typical 6h duration experi-
ment. The measured forces are adjusted for shifting and
relaxation of the load cell and measurement setup, and
further steps are taken to improve the signal-to-noise ra-
tio of the measured ion current, see the Methods sections.
Figure 2b schematically illustrates the irradiation part of
the experiment.

Insights from in silico testing

While the extent of relaxation in the irradiated volume
can be numerically estimated, such estimates do not ac-
count for the transient and heterogeneous nature of the
stress field developing over the course of irradiation. Sim-
ilarly, even if microstructural evolution were precisely
characterised using imaging techniques, without under-
standing the physical principles governing it, this insight
would not be transferable to complex geometries involv-
ing spatially or temporally varying stress fields.

We have opted to develop a virtual representation of
the wire experiment based on a small number of precisely
defined and tested theoretical principles. The stress re-
laxation mechanism is described by a surrogate model,
derived from the data obtained directly from atomistic
simulations not involving any adjustable parameters. In
this way, the model has predictive capabilities over a well-
defined range of experimental conditions. By embedding
the surrogate model into a finite element representation
of the wire, we bridge the gap between atomic and micro-
mechanical scales, arriving at a “digital shadow” of the
experiment. Atomistic simulations also provide full and
precise information about the microstructure, enabling
the in silico identification of the mechanisms responsible
for the observed relaxation.

Molecular dynamics (MD) simulations have been
used to successfully predict properties of materials ex-
posed to irradiation without the need for adjustable
parameters'6~18. While MD simulations enable direct
and parameter-free analysis of response of radiation ef-
fects to thermal and mechanical loads, it would require
over 10'2 atoms just to represent a 1pm long wire sec-
tion. The largest simulation reported in literature in-
volved 2 x 10? atoms'®. Consequently, with MD we can-
not explicitly simulate the heterogeneous dose profile at-
tenuating on the micrometer scale. In what follows, we
employ MD to describe the behaviour of a representative
volume element (RVE) under irradiation. The simulation
operates as a black box; given an external homogeneous
stress, we obtain data on dimensional changes of an RVE
during irradiation.

In our atomistic simulations, see Fig. 3, the initially
pristine tungsten single crystals were exposed to atomic
recoils representative of those initiated by 20.3 MeV W6+
ions, while maintaining a specified external uniaxial load
ot These recoils lead to the generation of self-similar
cascades of atomic displacements, ultimately resulting in
the formation of crystal defects that cause dimensional
changes of the RVE, here described as eigenstrains par-
allel and perpendicular to the uniaxial stress direction,
sﬁ and € , respectively. While the simulated dose-rate of
20 dpa/ps is nine orders of magnitude higher than in ex-
periment, at a temperature of at most 100°C, vacancies
remain immobile with a mean migration time of 1year.
Interstitials, on the other hand, are mobile, driven by
























