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A B S T R A C T

Radiation creep and swelling are irreversible deformation phenomena occurring in irradiated materials. With
thermal activation, deformations can reach several percent; at low temperature, fundamentally different and
saturating mechanisms are active and are the topic of this work. Collision cascades generate and eliminate
defects that interact and coalesce under internal and external stress. We investigate how copper and tungsten
swell and deform under various applied stress states in the low- and high-energy irradiation limits. The two
metals respond in a qualitatively similar manner, in a remarkable deviation from the fundamentally different
low-temperature plastic behaviour of bcc and fcc. The deviatoric strain is particularly sensitive to applied
stress, leading to anisotropic dimensional changes, contrary to the total volume change, vacancy content and
dislocation density. Low- as opposed to high-energy irradiation gives rise to greater swelling, faster creep,
and higher defect content for the same dose. Simulations show that even at low temperatures, with no
thermal creep, irradiation results in a swelling of about 0.1%–1% and stress-dependent irreversible anisotropic
deformations of up to a few percent aligned with the orientation of applied stress. To simulate the high dose
microstructures, we develop an algorithm that at the cost of about 25% overestimation of the defect content is
up to ten times faster than collision cascade simulations. The direct time integration of equations of motion of
atoms is replaced by the energy minimisation of molten spherical regions during their solidification; multiple
insertion of molten zones and subsequent relaxation steps simulate the accumulation of radiation exposure.
1. Introduction

Quantifying and predicting radiation-induced deformations in nu-
clear reactors is a safety requirement, and it also enables alleviating
the drawbacks of over-conservative design. At high temperature, ir-
radiation leads to the formation of voids and the resulting swelling,
usually interpreted as void growth, increases with increasing exposure
and can reach values as high as tens of percent [1]. At temperatures
at which vacancies are immobile, swelling tends to saturate, for in-
stance to values of the order of 1% in SiC [2]. In what follows, we
limit ourselves to saturating, low-temperature swelling. Quantitative
mesoscopic models for radiation swelling and dimensional changes
provide input to large-scale simulations of reactor components and
even full reactors. So far, these models have been restricted to the
treatment of isotropic swelling [3–6], even though the occurrence of
anisotropic stress relaxation in structural materials under irradiation
is well documented [7,8]. Radiation creep can be beneficial, relaxing
the local stress concentrations that otherwise initiate brittle failure; at
low temperature, it is the athermal radiation-stimulated microstructural
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evolution that provides the means for stress relaxation [9]. At the
same time, in applications such as bolted joints, stress needs to be
retained and its relaxation is undesirable [10]. Mitigating the effects of
low-temperature anisotropic swelling and stress relaxation is critically
significant to the operation of actively cooled reactor components [9].

Radiation defects are created when an atom, impacted by an ener-
getic neutron, ion, or electron, recoils with sufficient energy to initiate
a cascade of atomic collisions that then locally melt a volume up to
about 100 nm3, sending microscopic heat and shock waves through
the surrounding material [11]. The subsequent recrystallisation leaves
behind self-interstitial atoms and vacancies. Self-interstitials coalesce
into dislocation structures, initially loops and then dislocation net-
works [12–16], whereas vacancies, if thermally mobile, coalesce into
voids. Neutron irradiation also gives rise to transmutations, altering the
chemical composition and leading to segregation and precipitation [17–
19].

Irradiation-induced deformation is tensorial in nature [20] and is
sensitive to the spectrum of recoil energies 𝐸PKA of primary knock-on
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Acta Materialia 288 (2025) 120814 
atoms (PKAs) [21], to the applied stress [20] and to temperature [22].
We introduce the dimensionless density of relaxation volumes of defects
produced by irradiation [3,4]

𝜔𝑖𝑗 = 𝜔𝑖𝑗 (𝑇 , 𝜎𝑖𝑗 , 𝐸PKA,dose,dose rate), (1)

which acts as a source of radiation-induced deformation and involves
contributions from both point defects and dislocations [16].

Whereas the dose, expressed in the displacement per atom (dpa)
units, and representing a measure of exposure to irradiation, is propor-
tional to the kinetic energy transferred to the atoms in the material
from the incident energetic particles [23], the effect of the damage
depends on how many defects survive the cascade recrystallisation, and
how they interact and evolve. The dynamics of evolution of defects
depends on their mobility, whether driven by stress or temperature, and
the rate of generation of the defects themselves, i.e. the dose rate [21].

The trace of the relaxation volume density, 𝜔𝑘𝑘 = 𝜔𝑥𝑥 + 𝜔𝑦𝑦 + 𝜔𝑧𝑧,
s a measure of local irradiation-induced volume change, or swelling.
t can be proven that the change of volume of a solid body equals the
ntegral of 𝜔𝑘𝑘 over the volume of the body [4,16]. In the dilute limit,
efects can be isolated and individual contributions from e.g. point
efects or loops to swelling are additive. This approximation quickly
eases to be true as the dose increases, as e.g. complex dislocation struc-
ures form in our case and other defect clusters may arise in other cases.
ence, our approach will not be to consider such individual contribu-

ions, but rather to extract a global swelling from the volume change of
he entire MD cell, inherently capturing all processes captured by the
D simulation. From the above definition, swelling is a scalar quantity.
t the same time, materials exposed to irradiation not only expand
olumetrically but also exhibit anisotropic dimensional changes. For
nstance, the exposure of stainless steel to neutron irradiation under
pplied stress produces anisotropic deformation and, surprisingly, as a
unction of dose this deformation remains anisotropic even after the
pplied stress is removed [24].

The deviatoric part of 𝜔𝑖𝑗 describes how strongly the defect and
islocation microstructure polarises in response to the applied stress.
icrostructural polarisation commonly occurs due to the anisotropic

tress-induced bias acting during nucleation [25] and the subsequent
ollective evolution of defects and dislocations [9,19,26,27]. At low
emperatures, swelling is low and does not exceed 1% [16]. Its gra-
ients can still induce substantial macroscopic stress of order 𝜇𝜔𝑘𝑘 in
eactor components, where 𝜇 is the shear modulus [3,4].

Anomalously rapid radiation creep, occurring at low temperature
nd fundamentally different from thermal creep, is well documented.
reep, occurring under uniaxial loading in tungsten (W) and molybde-
um exposed to irradiation, was observed even at 20K [28,29], and
he experimentally measured radiation creep rates in stainless steel at
0 ◦C are higher than at 330 ◦C [10]. Stress relaxation in Ni and Inconel
s more pronounced at 330K than at 570K [30,31]. Motivated by these
bservations, we undertake a computational study of the effects of
tress and recoil energy on microstructure and deformation in the high-
ose, low-temperature limit, where the thermally activated migration
f defects is either very slow or inactive [13].
In silico simulations of radiation damage have an established track

ecord: molecular dynamics (MD) simulations have been extensively
pplied to investigate how defects form in the very low dose limit [32].
ollision cascades simulated in strained W exhibited enhanced de-

ect production under tension, in the large strain limit [33]. Sim-
lations of high-dose microstructures have recently become feasible
hrough the use of molecular dynamics Frenkel pair (FP) accumulation
odels [34], athermal creation-relaxation simulations [13], overlap-
ing cascade simulations [21], and a combination of the two meth-
ds [35]. The latter two algorithms are computationally demanding
hile the former two methods overestimate the predicted defect con-

entrations [36].
The effect of applied stress in the high-dose regime was investigated
sing FP accumulation simulations in iron under high uniaxial stress

2 
pproaching 1GPa. Interstitial-type defects were found to polarise the
icrostructure in response to the applies stress, whereas the total dis-

ocation and vacancy content remains largely unaffected by stress [37].
n a recent study of strain- rather than stress-controlled radiation creep
f tungsten at room temperature, overlapping cascade simulations ac-
urately reproduced the experimentally observed stress relaxation [9],
xhibiting good quantitative agreement between predictions and obser-
ations even at high radiation exposure. In this experiment, the dose
ate was of the order of 10−2 dpa/s, or about 9 orders of magnitude
ower than the dose rate of 107 dpa/s in the MD simulations of the
ame work. This agreement is possible because vacancies are immobile
t room temperature over timescales of a year while self-interstitials
re readily mobile due to stress fluctuations and thermal motion even
t cryogenic temperatures.

A computational tool, aspiring to bridge the gap between the dislo-
ation representation of microstructure and macroscopic stress analyses
n a material not exposed to irradiation, is the crystal plasticity finite
lement (CPFE) method [38], parameterized using atomistic simula-
ions [39] and treating the glide and climb of dislocations. If 𝐱 is a
oordinate of a body deformed from a reference coordinate 𝐱0, the
apping between the two is established by the deformation gradient

ensor 𝐅𝑖𝑗 = 𝜕𝐱𝑖∕𝜕𝐱0𝑗 , which is an observable quantity [40]. Using the
hain differentiation rule, matrix 𝐅 can be decomposed into a product
f an elastic and a plastic term [41]

= 𝐅e𝐅p. (2)

n body-centred cubic (bcc) metals, the plastic contribution is con-
trained by the rate of thermally activated glide of screw dislocations.
his results in that the shear deformation rate entering 𝐅p is char-
cterised by the temperature dependence of the Arrhenius form 𝛾̇ ∝
xp(−𝛥𝐺∕𝑘B𝑇 ), where 𝛥𝐺 is the kink-pair nucleation energy [41,42].
herefore, 𝐅p → 𝐈 if 𝑇 → 0. In face-centred cubic (fcc) metals, the
rrhenius temperature factor does not enter the dislocation mobility
quations [43], resulting in a very different pattern of plastic behaviour
t low temperatures.

The plastic behaviour of materials profoundly changes under, or
ollowing, irradiation [44], depending on the material and irradiation
onditions, because of the formation of obstacles to dislocation glide
uch as dislocation loops, Laves phase inclusions, or the stacking fault
etrahedra (SFT). Crystal plasticity (CP) models, taking into account
rradiation effects, were applied to modelling straining of W [41] and
teel [45], as well as irradiation growth in Zr [46], where rate equations
ere applied to describe void and dislocation loop nucleation and
rowth.

Below, we explore the irradiation-driven deformations in the limit
here conventional plasticity concepts do not apply. At low tempera-

ures, where thermally activated migration of defects and dislocations
s suppressed, deformation is driven purely by the energetic particle
mpact events, and the rate of deformation is related to the irradi-
tion dose rate. The fundamental origin of deformation in the low
emperature limit is the stochastic accumulation and polarisation of
igenstrain of radiation defects and dislocations [9]. Under irradiation
islocations not only form but coalesce and their habit planes tilt under
tress, giving rise to irreversible deformation as shown in the Results.
his goes beyond CP models where the effect of radiation-induced
islocation loops is a field of obstacles to dislocation motion that can
nly be cleared by gliding dislocation if their motion is thermally
ctivated [47]; a more complete description in CP of the pre-existing
islocation structure and its response to external stress is one of the
otential applications of this work.

. Methods: The molten spheres algorithm

When an energetic particle impact initiates an atomic recoil, re-
erred to as the primary knock-on atom (PKA) [11], the material in

small region around the PKA melts and subsequently recrystallises,



L. Reali et al.

b
w
v
o
s
t
s
a
u

t
c
d
e
I
a
e

𝑇

E
t

w
a

A
w
p
e
e
r
n
t
m
t
t

l
a
c
T
c
e
c
a
n
i
e
f
d
c
d
t
m
r
p
a
c
n
t

Acta Materialia 288 (2025) 120814 
leading to the formation of radiation defects. Hence, we expect to be
able to capture most of the relevant defect formation processes by ran-
domly selecting the points of origin of the PKAs, and then melting and
athermally recrystallising the corresponding spatial regions through
energy minimisation. We simulated radiation damage of tungsten and
copper at low temperatures in LAMMPS [48] using a bespoke molten
spheres algorithm involving the following steps:

1. ‘‘Melt’’ 𝑁 randomly located spherical regions by replacing the
inside atoms with the same number of atoms taken from a
molten configuration.

2. Perform energy minimisation to ‘‘cool down’’ the molten regions.
3. Repeat until the target dose is reached.

The number of surviving FPs in the wake of an isolated cascade can
e evaluated using the Yang-Olsson [23] modified arc-dpa model [49],
hich is parametrized using full cascade simulations. To confirm the
alidity of our algorithm, in Fig. 1 we compare the predicted number
f FPs: (i) after inserting and relaxing one molten sphere, (ii) after a
ingle conventional collision cascade using data from [21], (iii) using
he modified arc-dpa model. For the former two cases, independent
imulations were repeated several times for statistical significance. The
greement between the data is very good over a broad range of energies
p to the cascade splitting threshold [50].

To vary the effective PKA energy corresponding to a molten sphere,
he radius of the molten region needs to be appropriately chosen. To
alculate it, we recall that the number of remaining FPs depends on the
amage energy 𝑇d, which is the part of 𝐸PKA that is not lost to electronic
xcitations [51]. 𝑇d∕𝐸PKA ∼ 0.9 for 100 eV and ∼0.8 for 10 keV cascades.
f 𝑇d is transferred from a single atom of atomic volume 𝛺0 to molten
toms inside a sphere of radius 𝑅, each acquiring an effective melting
nergy 𝐸melt , the expression for determining 𝑅 reads

d =
4𝜋
3

𝑅3

𝛺0
𝐸melt . (3)

𝐸melt is the only parameter of the model and can be determined from in-
expensive single cascade simulations following the procedure, outlined
in Ref. [21], of counting the number of molten atoms in a heat spike
after filtering out atoms that are recognisable as part of a crystalline
phase. For W and Cu, 𝐸melt is 2.70 and 0.63 eV, respectively [21].
Absent a bespoke parametrisation, an estimate for this quantity is
𝐸melt = 𝑐p𝑇m + ℎm, given the specific heat, melting temperature and
the enthalpy of fusion of the material [50]. The quality of agreement
with full cascade simulations is very good. A difference is that we
find self-interstitials at the core of the melt surrounded by vacancies
at the periphery of the molten zone, whereas the opposite is found in
cascade simulations [49]. This difference is however only observable
after cascades exceeding energies of order of keV, and in the limits of
high dose and athermal evolution it seems to have no qualitative and
limited quantitative effect on the results, even though this cannot be
proven without running identical full MD simulations. Although in this
approximation we neglect the occurrence of shock waves, thermally-
activated diffusion [11], and thermal spikes [52], we are still able
to capture the key features of irradiation exposure, amounting to the
creation and annihilation of crystal defects through the rapid quenching
of the molten structures [53].

To reach high irradiation dose, subsequent minimisation step were
performed, each time inserting 𝑁 molten spheres at random positions
ensuring that their surfaces were at least 15Å apart. Each region con-
tributed a damage energy 𝑇d, and the corresponding radii followed from
q. (3). According to the commonly used NRT-dpa damage model [54],
his corresponds to an increment in dose 𝜙 at every algorithmic step of

𝛥𝜙 = 𝑁
0.8𝑇d
2𝐸d𝑁at

, (4)

here 𝐸d is the threshold displacement energy and 𝑁at is the number of
toms. 𝐸 greatly depends on the direction of the recoiling PKA [55]
d

3 
Fig. 1. Numbers of defects produced by individual collision cascades, parametrized
using the arc-dpa model [23,49]. Defect numbers predicted by melting and then
minimising the energy of molten spherical regions satisfactorily reproduce the results of
significantly more computationally intensive direct cascade simulations across a broad
range of PKA energies up to the cascade splitting threshold [50]. Standard error bars
are very narrow and visible only inside the markers except for the lower energies.

and there is some uncertainty introduced by reducing the treatment
to an isotropic spherical approximation. 𝑁 was adjusted so that 𝛥𝜙
was between 0.1 and 0.3 mdpa in all cases. 𝐸d for Cu is lower than
the experimental value [56]. It was selected based on our MD simu-
lations [21] to be appropriate for the interatomic potential that was
used. Note that, in the case of low-energy W irradiation, 𝑇d equals 𝐸d.

ccording to the NRT-dpa model [23,54], this is exactly the energy
here the damage rate exhibits a discontinuity from 0 to 1 Frenkel
airs per recoil. Since this is an oversimplification of the model, see for
xample the MD results of [23], we apply Eq. (4) in this case as well,
ffectively obtaining the intermediate value of 0.4 Frenkel pairs per
ecoil. Therefore, due to both the anisotropy of 𝐸d and the approximate
ature of the NRT-dpa measure [49], some uncertainty is involved in
he quantification of dose in the simulations. This is not a feature of our
ethod, but of cascade simulations as well. It does, however, only affect

he dose at which simulations yield their results and not the results
hemselves.

The algorithm is a physically realistic extension of the FP accumu-
ation method [13,34], with the additional feature of being able to
ccount for different PKA energies, which are known to have a signifi-
ant effect on microstructural evolution in high-dose simulations [16].
his method simplifies the cascade-driven damage production pro-
ess in at least two important ways. The collision cascade step is
xtremely simplified, and defect reorganisation due to the localised
ascade heating is suppressed. This includes both thermal effects as well
s shock waves propagating away from the cascade even if melting does
ot occur [57]. As a result, some secondary effects such as cascade-
nduced unpinning of dislocations may not be treated [58]. Any thermal
volution occurring between the cascade events is also neglected. The
ormer can be removed at the expense of running explicit molecular
ynamics, implying some significant computational cost. The latter
an be addressed through the application of accelerated molecular
ynamics methods, however, bridging MD and technologically relevant
ime-scales still remains exceptionally difficult. The molten spheres
ethod approaches athermal irradiation conditions, where the dose

ate is high compared to the diffusion time scales [21], since no time
ropagation is allowed except for the effective time of the minimisation
lgorithm. It is reasonable to compare the results to other athermal
omputational simulations or experimental conditions where there is
egligible long-term defect recombination. This can be due to low
emperature, impurities pinning the dislocations, or a combination of
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both. This method does not capture the processes involved in ther-
mally activated swelling or irradiation creep, which are fundamentally
different from those described here.

A significant advantage offered by the algorithm is that it is faster
than cascade simulations by about a factor of 10, enabling us to
reach the dose of 1 dpa for about 30 simulations for this study, while
using 16-million atom simulation cells required to described com-
plex defect and dislocation microstructures. If Fig. 1 was concerned
with primary radiation damage, we also performed a series of tests
to prove that the microstructures generated by the simulations are
qualitatively and quantitatively representative of high-dose irradiation
at low temperature. In comparison with full cascade simulations, the
algorithm overestimates the high-dose defect content by about 25%,
as detailed in the Supplementary Material. Finally, we note that even
if we focused here on single-energy irradiation, the method is readily
generalisable to energy-resolved neutron spectra by drawing the radii
from a distribution corresponding to that of the actual spectrum of
recoils through Eq. (3). An example from ion-irradiation is given in the
Supplementary Material.

Our objective is the assessment of the response of tungsten and
copper to a simultaneous exposure to radiation and constant external
applied stress. The cubic unit cell was aligned with a periodic supercell
of side length of about 60 nm consisting of 2003 and 1593 unit cells for W
and Cu, containing about 16 million atoms. The triclinic supercells were
allowed to freely change volume and shape, under periodic boundary
conditions. The interatomic potentials were taken from Refs. [59,60].
We considered low- and high-energy irradiation, namely 90 eV and
keV effective PKA energy events in W (respectively, 𝑅 = 5.0 Å and

𝑁 = 5000, and 𝑅 = 21.5 Å and 𝑁 = 100), and 100 eV and 5 keV events
n Cu (respectively, 𝑅 = 7.65 Å and 𝑁 = 1200, and 𝑅 = 28.2 Å and
𝑁 = 25). The six stress state types explored in this study are (i) the
state of zero stress, (ii) uniaxial tension, (iii) uniaxial compression, (iv)
hydrostatic tension, (v) pure shear with one non-zero stress component,
and (vi) pure shear with identical three off-diagonal stress components.
The magnitude of stress tensor components in all the above cases is
chosen to be 500 MPa for W and 100 MPa for Cu, corresponding to
approximately 0.1% of their respective Young’s moduli.

To analyse the irradiation-induced deformations, we evaluate the
supercell strain tensor 𝜀𝑖𝑗 using the definitions valid beyond the in-
finitesimal strain approximation, detailed in the Supplementary Ma-
terial. 𝜀𝑖𝑗 is the total strain, which is the sum of volume-average
relaxation volume density of irradiation defects 𝜔𝑖𝑗 plus the volume-
average elastic strain related to the applied stress by Hooke’s law 𝑒𝑖𝑗 =
𝐶𝑖𝑗𝑘𝑙𝜎𝑘𝑙. For a constant applied stress, 𝑒𝑖𝑗 remains constant throughout

simulation, while 𝜔𝑖𝑗 evolves as a function of radiation exposure.
We quantify swelling of the simulation cell by the trace of the total

train tensor 𝜀𝑘𝑘 averaged over the cell, and the volume-conserving
reep deformation by the von Mises strain, also computed from the cell-

verage total strain as 𝜀vM =
√

3
2

[

𝜀𝑖𝑗𝜀𝑗𝑖 −
1
3 (𝜀𝑘𝑘)

2
]

. In what follows,

𝜀𝑖𝑗 − 1
3 𝜀𝑘𝑘𝛿𝑖𝑗 is referred to as the deviatoric part of 𝜀𝑖𝑗 , and 1

3 𝜀𝑘𝑘𝛿𝑖𝑗
s the isotropic hydrostatic part of strain. Similar definitions were
sed in atomistic [37] and CP [45] simulations. Below we explore the
volution of 𝜀𝑖𝑗 seeing how, as the dose increases, 𝜔𝑖𝑗 rapidly becomes
ts dominant part. Towards the end, we also extract the volume-average
alues of 𝜔𝑖𝑗 by relaxing the simulation cells to zero average stress or,
quivalently, to zero average elastic strain.

. Results and discussion

.1. Creep and swelling under stress and irradiation

Over the course of exposure to radiation, the volume and the shape
f the simulation cell change. For instance, the elastic strain tensor 𝑒𝑖𝑗
f copper under uniaxial tension prior to radiation exposure is

⎡

⎢

⎢

−0.063 0 0
0 −0.063 0

⎤

⎥

⎥

%. (5)

⎣ 0 0 0.153⎦

4 
fter 1 dpa of low-energy irradiation, the volume-average total strain
n the cell is now

⎡

⎢

⎢

⎣

0.54 0.07 0.04
0.07 0.58 −0.01
0.04 −0.01 1.11

⎤

⎥

⎥

⎦

%. (6)

This total strain, which is a sum of elastic and eigenstrain tensors, can
be represented by a sum of isotropic and deviatoric parts,

⎡

⎢

⎢

⎣

0.74 0 0
0 0.74 0
0 0 0.74

⎤

⎥

⎥

⎦

% +
⎡

⎢

⎢

⎣

−0.20 0.07 0.04
0.07 −0.24 −0.01
0.04 −0.01 0.37

⎤

⎥

⎥

⎦

%.

Similarly, under pure shear loading, a simulation cell describing copper
exposed to irradiation, evolves from its un-irradiated state of purely
elastic strain

⎡

⎢

⎢

⎣

−0.001 0 −0.066
0 0.001 0

−0.066 0 −0.001

⎤

⎥

⎥

⎦

%

to a state at 1 dpa, containing now both elastic and eigenstrain compo-
nents, here represented by isotropic and deviatoric strains

⎡

⎢

⎢

⎣

0.73 0 0
0 0.73 0
0 0 0.73

⎤

⎥

⎥

⎦

% +
⎡

⎢

⎢

⎣

0.16 0.06 −1.17
0.06 −0.52 −0.09
−1.17 −0.09 0.35

⎤

⎥

⎥

⎦

%.

These examples show that irradiation gives rise to creep strains many
times the elastic ones; while the applied stress has little effect on the
hydrostatic isotropic strain, it generates a deviatoric component that
evolves as a function of irradiation exposure, remaining anisotropically
aligned with the elastic strain. This was systematically observed for
both W and Cu across all tested irradiation conditions.

A typical pattern of changes of cell volume and shape occurring
under irradiation is illustrated in Figs. 2a–b. The response of the two
materials to irradiation and stress is qualitatively similar, although
Cu exhibits about twice as much swelling. Swelling saturates after
exposure to 0.3–0.5 dpa, whereas creep still continues in Cu at 1 dpa.
Volumetric swelling is higher for lower recoil energies [21], and it is
nearly independent of stress. On the other hand, the deviatoric part of
the total strain tensor depends sensitively on the applied stress. The
irradiation-induced total von Mises strain increases by up to an order
of magnitude over the dose interval of 1 dpa, with the applied shear
stress having a particularly strong effect. This swelling and irradiation
creep behaviour is characteristic of temperatures at which vacancies
are immobile. In the monoblock concepts currently considered for ITER
and DEMO, even with a conservatively high thermal flux of 20MW∕m2,
about 50% of the total volume of W remains below 600K and 41%
below 500K (elaborating data from [6]). Thermally activated creep and
swelling only start at higher temperatures, as peak swelling in W is
at approximately 750 ◦C [61]. The ‘‘cold’’ parts of the plasma-facing
monoblocks are, however, among the most heavily irradiated ones.
For copper, on the other hand, athermal conditions are only expected
at temperatures lower than those predicted for the monoblock, and
therefore this analysis would not be directly applicable.

The effect of applied stress on the irradiation creep strain goes
beyond the magnitude of the von Mises invariant; by comparing the
misorientation between the eigenvectors of the initial elastic strain ten-
sor with those of the 1 dpa strain, e.g. the strain states shown in Eqs. (5)
and (6), we see that the irradiation-induced shape change remains
anisotropically aligned with the initial elastic deformation. This demon-
strates that externally-applied stress induces a polarisation in the tenso-
rial relaxation volumes of defects produced by irradiation. Although the
maximum principal strain along the transformation pathway, linking
tensor (5) to (6), increases seven-fold, the corresponding eigenvectors
barely change: the material rotates by just over 4° from the initial
uniaxial loading direction (0, 0, 1) to direction (0.074,−0.016, 0.997). The
corresponding eigenvectors are shown in black and purple in Fig. 2b,

and similar a pattern of evolution is observed in all the six examples
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Fig. 2. (a) Volume increase 𝛥𝑉 ∕𝑉0 under irradiation and applied stress. Dimensional changes are illustrated by superimposing the actual atomistic configuration at 1 dpa, for 90
and 100 eV irradiation in W and Cu, onto unirradiated supercells, with supercell deformations magnified by a factor of ten for demonstration. The figure shows that the hydrostatic
isotropic strain 𝜀hyd ∼ 𝛥𝑉 ∕(3𝑉0)𝛿𝑖𝑗 is almost unaffected by the applied stress. The patterns of behaviour exhibited by W and Cu are qualitatively similar, with high-energy recoils
producing lower swelling. The von Mises strain curves in (b) show a strong effect of applied stress on irradiation creep with respect to the initial elastic offset. To illustrate the
polarisation of swelling, we indicate the normalised eigenvectors of the deviatoric strain tensor and indicate the degree of misalignment between the principal straining direction
at 0 (black) and 1 dpa (in colour). Even after very large increases in 𝜀vM during irradiation, the anisotropy of strain remains closely aligned with the applied stress. (a) and (b)
show the hydrostatic and deviatoric components of the same total strain tensor 𝜀𝑖𝑗 . (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
where the initial elastic eigenvectors are shown using the suitably
colour-coded 1 dpa eigenvectors for tension, shear and compression.
Overall, the lower energy recoils corresponding to lower 𝐸PKA produce
higher strains. We emphasise that this effect is particularly strongly
pronounced in the athermal limit: already at 300K more defects recom-
bine at the moment of production, and the surviving defect fraction can
be as low as 0.05–0.30, depending on the material, temperature, and
𝐸PKA [62,63]. Given the absence of thermal phenomena contributing
to defect recombination, our findings represent the upper limit of the
effect of defect production for a given damage energy.

3.2. Defect evolution

How do (i) the saturating and nearly stress-independent swelling
and (ii) the strongly stress-dependent dimensional changes relate to
the defect structures, representing the fundamental source of these
changes? In Fig. 3(a), we show how dislocations, self-interstitial atom
defects, and vacancies, identified here using the Wigner–Seitz method,
evolve in W under shear stress. The Wigner–Seitz analysis is used to
show the formation of the extra plane of atoms and the fine dispersion
of vacancies; to quantify the vacancy content, however, we rely on a
bespoke void detection algorithm [35], as specified below. Vacancies
form an increasingly denser homogeneous dispersion as their concen-
tration rises. Self-interstitial atom defects rapidly start coalescing and
forming interstitial-type prismatic dislocation loops with habit plane
normal vectors pointing in the [101] direction, which is orthogonal to
the [101] direction of the maximum principal applied stress.

The observed difference between the evolution of vacancies and
self-interstitial atom defects can be partially attributed to the lower
5 
mobility of vacancies that have a much higher thermal migration
energy barrier of 1.7 eV than the barrier for migration of self-interstitial
defects that is as low as 0.01 eV [65]. Similar behaviour is observed in
Cu, where the difference between the migration energy barriers is less
dramatic, with the vacancy migration energy being close to 0.7 eV and
self-interstitial atom migration energy being close to 0.09 eV [66,67].
This might also explain why the microstructural evolution in Cu occurs
slower than in W, extending into the dose interval beyond 1 dpa. Cu,
as illustrated in Fig. 3(b), showing the evolution of Cu under tension,
exhibits the formation of dispersed stacking fault tetrahedra (SFTs), in
agreement with experimental observations [68]. Copper is also charac-
terised by the overall slower evolution of the dislocation network as a
function of dose. In tungsten, no appreciable amount of defect clusters
such as C15 could be identified. At high dose, 80% (90 eV) and 90%
(7 keV) of the vacancies remain single vacancies, in agreement with full
cascade simulations [16], this fraction being independent of external
stress within 1%.

A widely used tool for observing the microscopic effects of radiation
damage is transmission electron microscopy (TEM). It is therefore
instructive to visualise radiation defects as they would appear in TEM
images. Fig. 3 illustrates images of defects responsible for the observed
mechanical response of the materials. These images were produced
directly from the coordinates of atoms in the simulation cell using
a two-beam dynamical diffraction TEM image simulation code [40].
Fig. 3 also shows dislocations, identified using the dislocation extrac-
tion algorithm (DXA) implemented in OVITO [69]. In agreement with
experimental TEM observations [14,15], in the very low dose limit
(≲ 0.01 dpa), only the isolated dislocation loops are observed, which
then rapidly grow to form a tangled network of dislocations at the
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Fig. 3. Dislocation evolution under high-energy irradiation in sheared tungsten (a) and tensioned copper (b): isolated loops forming at very low dose evolve into a dislocation
network that subsequently undergoes partial annihilation and simplification under continuing irradiation. This leaves larger dislocation loops and, in Cu, stacking fault tetrahedra
(SFTs). Vacancies and self-interstitials are visualised, in W, in the low- and high-dose limits. About 90% of the vacancies remain homogeneously distributed while self-interstitials
form small loops (inset) that coalesce and form the nearly complete crystallographic atomic planes. In Cu, fcc planar faults are visualised instead, showing a dispersed distribution of
SFTs (insets) and a somewhat simpler network of mostly partial dislocations. Microstructural polarisation is apparent from a comparison of the instantaneous and initial simulation
cells, shown by magnifying the deformations of the former by a factor of 20. In each dislocation analysis, the simulated dynamical bright-field TEM images are overlayed with
dislocation lines from the atomistic simulation, where the simulation cells are periodically extended in the plane of the image (𝐠 = [002] for W and 𝐠 = [020] for Cu). Defects
smaller than approximately 2 nm are not resolved by TEM [40,64].
dose of order ∼0.1 dpa. Further irradiation gives rise to a substantial
simplification of the network, in agreement with high dose cascade sim-
ulations [16]. Qualitatively, the dislocation evolution observed by TEM
in bcc W [14] is also similar to observations of defect accumulation in
ion-irradiated bcc-Fe [70]. Note that nanometre-size loops and SFTs are
not always visible in the two-beam TEM images [64].

The dislocation density and vacancy concentration increase rapidly
over the initial dose interval of ∼0.1 dpa under high-energy irradiation,
and over the ∼0.2 dpa dose interval under low-energy irradiation. Once
a threshold dose is exceeded, the dislocation objects that initially
6 
formed as isolated prismatic dislocation loops, merge into an extended
interconnected dislocation network. Further irradiation gives rise to a
slow partial simplification of the network, which occurs faster in W
than in Cu. The pattern of evolution, found here using the simulations
based on the molten spheres algorithm, is consistent with the earlier
experimental and modelling work [13,14,16]. The vacancy concentra-
tion was computed using the void detection algorithm formulated and
validated in [35], rather than Wigner–Seitz analysis that requires using
a reference lattice that is not uniquely defined in the high-dose limit.
The vacancy content approaches saturation at a dose of order 1 dpa.
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Table 1
Summary of effects of irradiation at 1 dpa in terms of the vacancy concentration 𝑐V, the volume change 𝛥𝑉 ∕𝑉0, the von Mises strain increase
𝛥𝜀vM and the total dislocation density 𝜌disl. Here, 𝛥 refers to the values computed taking the unirradiated, purely elastically loaded hydrostatic
and deviatoric strained cells as references. The elastic strain is already offset in Fig. 2(a) while it is the difference between the first and the
last points in Fig. 2(b) that is given here. The barely noticeable effect of the applied stress on the vacancy content and swelling is apparent,
and the role of stress in generating the deviatoric distortions. Since different types of applied stress produce different von Mises stresses, values
of 𝛥𝜀vM normalised by 𝜎vM are also shown for cases where 𝜎vM ≠ 0.

𝑐V 𝛥𝑉 ∕𝑉0 𝛥𝜀vM 𝛥𝜀vM∕𝜎vM 𝜌disl 𝑐V 𝛥𝑉 ∕𝑉0 𝛥𝜀vM 𝛥𝜀vM∕𝜎vM 𝜌disl
[%] [%] [%] [%/GPa] [1016 m−2] [%] [%] [%] [%/GPa] [1016 m−2]

Tungsten

90 eV 7 keV

Unstressed 1.49 0.89 0.38 – 0.43 0.51 0.31 0.38 – 0.17
Tension 1.45 0.87 1.22 3.46 0.23 0.51 0.31 0.55 1.55 0.40
Compression 1.52 0.91 0.59 1.66 0.52 0.51 0.31 0.27 0.77 0.32
Hydrostatic 1.54 0.91 0.52 – 0.59 0.51 0.31 0.39 – 0.29
Shear 1.36 0.83 1.26 1.45 0.31 0.51 0.32 0.56 0.64 0.14
Triple shear 1.48 0.88 1.71 1.14 0.41 0.53 0.32 0.76 0.51 0.24

Copper

100 eV 5 keV

Unstressed 2.40 2.22 0.23 – 7.62 0.81 0.76 0.42 – 3.46
Tension 2.40 2.21 0.35 0.99 6.79 0.81 0.76 0.46 1.31 3.23
Compression 2.39 2.20 0.37 1.05 7.00 0.79 0.74 0.44 1.24 3.23
Hydrostatic 2.43 2.23 0.33 – 7.34 0.82 0.76 0.19 – 3.58
Shear 2.42 2.15 2.08 2.40 4.71 0.83 0.74 0.93 1.08 2.90
Triple shear 2.42 2.16 1.18 0.79 5.09 0.79 0.73 0.59 0.39 3.06
W

Notably, the above conclusions are almost independent of the applied
stress, see also Supplementary Material, in agreement with experimen-
tal observations of unstressed and tensioned W [28]. The patterns of
variation of swelling and vacancy concentration as functions of dose
stay the same irrespective of the applied stress, and both swelling
and vacancy concentration similarly approach a plateau, whereas a
somewhat higher dose scale, characterising the evolution of dislocation
density, is better correlated with the dose scale characterising the
variation of the deviatoric part of the total strain.

The saturated microstructural state of the material, forming in the
limit of high exposure close to 1 dpa, provides a good representation of
microstructure forming under low-temperature irradiation, and it is dif-
ferent from the microstructure forming at higher temperatures, where
it is often dominated by the thermal coalescence of vacancies into voids
and by the segregation of transmutation products, not considered here.
Table 1 summarises results of 1 dpa simulations, carried out for all the
types of applied stress, highlighting the marked role of the effective
recoil energy, with about three times as much swelling and as many
vacancies forming for the conditions resembling electron irradiation
than for conditions representative of high-energy heavy-ion or neutron
irradiation. These values agree with cascade simulations of W [21],
with a slight overestimation of order 20 to 25%, confirming that the
defect content can vary significantly if the same dose is delivered
by particles with different effective recoil energies. The low-energy
irradiation also gives rise to a stronger polarised eigenstrain 𝜔𝑖𝑗 , albeit
the difference between the polarisations computed for the low and high
PKA energies is not as dramatic as for the volumetric swelling. Overall,
we see that although the defect content is barely affected by stress,
he reorganisation of self-interstitials via dislocation motion results in a
arge variation of the material’s irradiation creep response even in the
thermal regime.

.3. Strain and eigenstrain from irradiation

MD simulation boxes are defined by three supercell vectors. Let us
efine a matrix 𝐀 whose columns are the supercell vectors. A change in
ength of the vectors results in tensile or compressive strains, a change
n angle between them results in shear strains, or tilting of the box.
o far we calculated total strains from the deformation of the MD box,
r in other words from changes of matrix 𝐀 using the definitions in
ppendix A. The total strain is observable and relevant for creep [9]

nd for macroscopic effects caused by gradients of swelling [4]. In

7 
the literature, a lattice strain is also defined [71,72], to measure strain
from changes in interplanar distances. In practice, this second observ-
able strain is measured from a diffraction pattern. Lattice strain in
irradiated materials [36] is important because defects respond to local
lattice expansion or contraction, which affect, among a variety of other
phenomena, the stress driven diffusion [73] and deuterium retention.
To define lattice strain, as shown in Appendix A, we must define
the plane spacings. Let us define a second matrix, 𝐁, whose columns
are the primitive lattice vectors. Under periodic boundary conditions,
continuity requires that a supercell vector is an integer number of
repeats of primitive unit cells, i.e. that

𝐀 = 𝐁𝟎𝐍𝟎 (7)

where 𝐍 ∈ Z3×3 and superscript 0 denotes initial conditions. For the
example, this equation links the cubic supercell to 200 × 200 × 200

conventional bcc unit cells with lattice parameter 𝑎, as

⎛

⎜

⎜

⎝

200𝑎 0 0
0 200𝑎 0
0 0 200𝑎

⎞

⎟

⎟

⎠

=
⎛

⎜

⎜

⎝

−𝑎∕2 𝑎∕2 𝑎∕2
𝑎∕2 −𝑎∕2 𝑎∕2
𝑎∕2 𝑎∕2 −𝑎∕2

⎞

⎟

⎟

⎠

⎛

⎜

⎜

⎝

0 200 200
200 0 200
200 200 0

⎞

⎟

⎟

⎠

. (8)

Note that the columns of the periodicity matrix 𝐍 are the number of
primitive cell vector steps required to cross the supercell and return to
the starting point across one of the three supercell faces, and so are
analogous to Burger’s circuits modulo the periodicity. The number of
lattice sites is det(𝐍) times the number of motif points per primitive
cell, equal to 1 for bcc and fcc. Initially, isolated defects cause a small
amount of strain. 𝐍 is unchanged, and the supercell total strain and the
lattice strain are constrained to remain the same by (7). As dislocation
loops coalesce and grow, with the simulation cell size staying constant,
the number of primitive cell vector steps required to cross the supercell
can change, and so 𝐍 changes. As an example, an interstitial loop
comparable in size to the supercell will start to approximate a complete
atomic plane [16,36]. This means that some interstitial atom defects
should be re-categorised as perfect crystal atoms and vacancies must
now outnumber the self-interstitials to preserve the atom count while
increasing the lattice site count —this implies substantial swelling. The
consequent change in 𝐍 increases det(𝐍). Here we have also observed
changes in 𝐍 which preserve det(𝐍) —these are pure slip events.

Changes in 𝐍 imply that lattice and supercell strain become de-
coupled as is clearly visible in Fig. 4(a), where strain components
during the tensile and compressive simulations are shown. Given the

large deformations in the material that are brought about by the large
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Fig. 4. Swelling and creep of MD box—the concepts used throughout the paper—are
computed as if measuring the distortion of the entire ensemble of atoms with a ruler.
Another, independent, way involves measuring changes in the interatomic spacings
with, in the same metaphor, an atomic ruler, obtaining a lattice strain. We can
see that initially the two definitions produce the same values but rapidly, if the
material undergoes excessive deformation, the lattice strain collapses and remains low
in absolute value to minimise the increase in the strain energy. For clarity, here we
show two of the strain components.

number of radiation defects, and that at the start these increase the
lattice strain energy, a restructuring of the microstructure that collapses
the lattice strain is quickly triggered. On the basis of the calculated
diffraction pattern and the change in the optimal number of planes
in the 𝐍 matrix, our interpretation is that new lattice planes form
through the coalescence of the dislocation structure [36] (see also
Supplementary Material, Fig. 7). Regardless of this hypothesis, it is
clear by Fig. 4 that the lattice strain never exceeds a magnitude that
is small with respect to the supercell strain. This was observed in
all simulations and is analogous to a crystal plasticity setting, where
plastic deformations are introduced to allow the relaxation of the elastic
strain energy. The steps seen in the lattice strain in Fig. 4(a) are
of order 𝑎∕ , where 𝐿 is the supercell side length, and are a finite
2𝐿

8 
size effect due to the integer nature of 𝐍 for a periodically translated
simulation cell. The step height could be reduced by averaging over
independent simulations or by increasing the system size 𝐿. In a real
crystal grain, the constraint on periodicity is lifted, but still there will
be two strain tensors because the crystal lattice has internal degrees
of freedom —a full description of the size of the grain requires both
the lattice strain and the lattice sites, and the latter is changed by
swelling and by slip [74]. Fig. 4(b) shows moderate negative hydrostatic
lattice strain at high dose in all tungsten simulations, although the
supercell has a larger positive expansion. Lattice strains in copper are
barely noticeable. The full strain tensor whose hydrostatic component
is shown in Fig. 4(b), and additional details on the calculation of the
lattice strain are given in the Supplementary Material.

We now return to considering the total supercell deformations that
can inform higher-scale models of swelling and creep. Experimental
data suggest that in the dose interval up to 0.1–0.5 dpa, the low-
temperature creep strain rate is high and is proportional to the applied
stress and the dose rate 𝜙̇ [75,76],

̇ = 𝐶 ⋅ 𝜎 ⋅ 𝜙̇. (9)

This is consistent with the exponential stress relaxation law [10,30]
𝜎 = 𝜎0exp(−𝐶 ⋅ 𝜙∕𝐸) that can be rationalised by relating the increments
of strain and stress through d𝜀 = 𝐸d𝜎, where 𝐸 is the Young modulus.
This relationship holds true at low dose, where the microstructure is
dominated by small loops whose orientation and growth are linearly
biased by an applied stress. The creep compliance coefficient 𝐶 is of
order 10−5 MPa−1dpa−1 in nickel alloys (300 ◦C [76]) and steel [10].
At high dose, the low temperature irradiation creep eventually sat-
urates [8,28,76] and hence the trend given by Eq. (9) cannot be
maintained.

We have explored the sensitivity of the induced total strain to the
applied stress under shear. Fig. 5 shows how 𝜀𝑥𝑧 in the cell, the dom-
inant component of strain contributing to 𝜀vM in this case, is affected
by the applied shear stress. Increasing 𝜎𝑥𝑧 from 100 to 250 and then
to 500 MPa in W under low-energy irradiation results in the increase
of 𝜀vM at 1 dpa from 0.9% to 1.4% and to 1.5%. In Cu, the increase of
𝜎𝑥𝑧 from 20 to 50 to 100 MPa produces the variation of 𝜀vM at 1 dpa of
0.8%, 1.4% and 2.2%. Swelling is nearly unaffected, remaining close
to 0.9% and 2.1% in W and Cu, respectively, for the three shear stress
magnitudes. This supports the hypothesis that stress does not affect the
defect content but rather how the defects evolve, suggesting that the
driving force for microstructural evolution in the athermal limit stems
primarily from the internal and applied stresses. For a given principal
stress direction, there is an ‘ideal polarised microstructural state’. The
greater normalised effect of a smaller stress, see the insets in Fig. 5,
suggests that increasing the stress enables a faster and more complete
re-configuration of the defects, but even a small stress can slowly drive
the irradiation creep. Finally, note that even shear stress of order of
0.05% of the respective shear modulus clearly affects the deviatoric
part of the total strain. Before approaching saturation, below about
0.1 dpa, we found 𝜀 ∝ 𝜎, as shown in the insets in Fig. 5. The creep
compliance is of order of 10−5 to 10−4 for W and 10−5MPa−1dpa−1 for
Cu, remaining lower for the higher-energy irradiation. This suggests
that athermal stress-driven defect reconfiguration is the main factor
responsible for the radiation creep at low temperature. This conclusion
was also reached in Ref. [9].

3.4. Strain and deformation decomposition

We started the study by noting that the irradiation-induced eigen-
strain tensor 𝜔𝑖𝑗 is sensitive to the stress applied to the material under
irradiation.

To show that this is indeed the case, we recall the definition of
the total strain 𝜀𝑖𝑗 = 𝜔𝑖𝑗 + 𝑒𝑖𝑗 [4,77], where 𝑒𝑖𝑗 = 𝐶𝑖𝑗𝑘𝑙𝜎𝑘𝑙. Here, the
eigenstrain term 𝜔𝑖𝑗 arises solely from radiation defects. To separate the

eigenstrain 𝜔𝑖𝑗 from elastic strain, we have unloaded all the simulated
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Fig. 5. The magnitude of applied shear stress affects the polarisation of swelling: an
increase of 𝜎𝑥𝑧 leads to a larger value of 𝜀𝑥𝑧, whereas the volumetric swelling is affected
to a far lesser degree. The relative effect is higher for smaller stresses, as shown in the
insets, e.g. reducing 𝜎𝑥𝑧 by 50% causes a drop in 𝜀𝑥𝑧 at 1 dpa of 8% in W and 35% in
Cu (cf. the shear modulus 𝜇 for W is 161GPa whereas it is 75GPa for Cu). Finally, the
von Mises strain 𝜀vM stems largely from the contribution of the 𝑥𝑧 strain component
that is the same as the applied stress.

1 dpa microstructures by setting 𝜎𝑘𝑙 = 0. Now, the total strain in
the simulation cell is identical to eigenstrain, averaged over the cell.
During the unloading, only a small elastic recovery of defect structures
is observed and defects do not appreciably move. In this way, we
separate the elastic and irreversible strains. The irreversible strain
is accumulated solely by defect generation and recrystallisation, and
there is no contribution from thermally activated dislocation-mediated
plasticity. 𝜔𝑖𝑗 is markedly anisotropic and remains polarised by the
stress that was acting during the exposure even after this stress has been
relaxed. Visually, this is presented for the case of low-energy irradiation
of Cu in Fig. 6.

To describe a general case involving a combination of elastic, plas-
tic, and radiation-induced deformations, one would like to use a three-
fold decomposition of the deformation tensor

𝐅 = 𝐅e𝐅p𝐅ω (10)

similarly to what is done in CP formulations that treat the effects of
thermal expansion [78]. In our low temperature limit, 𝐅p is inactive
and we can measure 𝐅ω. At high temperature, however, it becomes
impossible to separate thermal creep and irradiation creep [27] and it
remains uncertain whether Eq. (10) can be used in practice. At moder-
ate temperatures, where short-range diffusion is active, we may expect
more newly generated defects to recombine after each cascade [63].
This leaves fewer defects available for driving creep and swelling,
and the creep rate should initially decrease. This is corroborated by
the experimental findings in Nickel and Inconel [30] and stainless
steel [10]. As temperature increases further, the fewer surviving de-
fects can diffuse to other sinks as normally included in the known
treatments of thermal swelling and irradiation creep. Swelling and
irradiation creep exhibit a U-shaped temperature trends, saturating
at low-temperature, exhibiting breakaway growth at high-temperature
9 
Fig. 6. During the radiation exposure to 1 dpa under six different constant external
stresses, copper responds by creeping anisotropically. Relaxing the external stress
reveals the underlying tensorial eigenstrain. Although here we show the absolute
values of its components, all the diagonal components are positive. Qualitatively, the
behaviour of tungsten is similar.

with lower deformations at intermediate temperatures. Qualitatively
this is in agreement with a 𝐅ω having the characteristics explored in
this work, whose magnitude decreases just above the athermal ragime
due to thermal recombination of defects, before the thermally-activated
nature of creep and irradiation creep becomes dominant at higher
temperature [45].

For engineering applications, it is important to assess the reversibil-
ity of the irradiation-induced creep deformation. In a tensioned bolt
the loading is uniaxial, but reactor components in general operate
under thermo-mechanical tri-axial cycling loads. How does the material
respond if further loading is applied to an already irradiated material
previously subjected to creep conditions? Experiments on steels [24]
and aluminium [25] suggest that—at least initially—the pre-existing
irradiation-induced dislocation microstructure is retained in the mate-
rials, and this influences its creep response. To investigate this in detail,
we extended the low recoil energy simulations under simple shear
conditions, where we flipped the sign of shear stress 𝜎𝑥𝑧 at different
exposures and tracked the deformation 𝜀𝑥𝑧 of the simulation cell, as
illustrated in Fig. 7. By doing so, we reverse the global, average elastic
stress but this is not followed by a noticeable re-arrangement of the
defects because of the lack of thermal activation. We observe a jump
in the deformation very close to the elastic threshold 𝛥𝜎𝑥𝑧∕𝜇 = 2𝜎𝑥𝑧∕𝜇,
followed by a variety of irradiation creep response modes, depending
on the dose at which the applied stress changed sign. At a very low
dose, the strain increments also responded by changing the sign, even
though the material never reached the 𝜀𝑥𝑧 expected if the simulation
had begun with the flipped shear stress from the start. But the response
become more complex if the applied stress is reversed at a dose when
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Fig. 7. Irradiation creep of W and Cu begins under pure shear stress before reversing the sign of the stress at various levels of exposure. The shear strain undergoes instantaneous
elastic recovery but creep in the direction opposite to that of the initial shear occurs only after very modest exposure. The W dislocation analysis (a) shows how under steady
stress, the dislocation network is clearly aligned one way (dashed lines), and aligned the opposite way after the stress reversal at 0.01 dpa. After flipping the direction of stress
at 0.04 dpa, however, the network still retains memory of its alignment. The response is markedly irreversible as highlighted by the strain evolution shown in (b).
the dislocation network had already formed and the finely dispersed
distribution of vacancies had already developed, bringing the material
close to a dynamic high dose state, where the high density of vacancies
ensures that the newly formed self-interstitial defects recombine almost
immediately after their formation. An examination of the dislocation
structure in W shows that the polarised dislocations flip the initial
orientation only if the stress change occurred at or before 0.01 dpa. This
corroborates the hypothesis proposed in Ref. [25] about the dominance
of the stress-induced nucleation mechanism rather than absorption. The
reason is expected to be that locally the stress produced by the already
established defect and dislocation configuration dominates over the
applied stress. Since this defect and dislocation configuration does not
appreciably respond to the reversal of the applied stress, the subsequent
evolution is predominantly driven by the microstructure that formed
before the stress is reversed. This also suggests that —at least at low
temperature —the irradiation creep is largely irreversible. We note
that the model developed here describes the athermal limit where
the pre-existing defects do not move through thermal activation. This
stabilises the microstructure and maximises the irreversibility of the
creep response.

4. Summary and conclusions

High-dose irradiation of tungsten and copper irradiated under a
variety of externally applied stress states was simulated atomistically
using a novel molten spheres algorithm. The algorithm efficiently
replicates the fact that collision cascades cause a localised melting,
with the molten volume increasing as a function of the recoil energy
of the atom initiating the cascade. This enables simulating low and
high energy irradiation—at low temperature—through the insertion of
locally molten regions that subsequently recrystallise through the use of
energy minimisation. The process simultaneously creates damage and
erases it by recrystallising some of the pre-existing defects, mimicking a
known genuine feature of irradiation [53]. Under the applied external
stress, irradiation causes the formation and evolution of defects as well
10 
as changes in the atomic supercell volume and shape. The vacancy
content is almost insensitive to the applied stress and saturates at
about 0.5% in W and 0.8% in Cu under high-energy irradiation, and
at about 1.4% in W and 2.2% in Cu under low-energy irradiation. The
change of simulation cell volume, i.e. swelling, is almost unaffected
by stress. The deviatoric part of the total strain, related to radiation
creep, is highly sensitive to the applied external stress. Under tension
or shear stress, the irradiation creep strain polarises and becomes
aligned with the applied stress tensor. The magnitude of hydrostatic
and deviatoric strains in the high radiation exposure limit are much
higher than the initial elastic deformations, reaching 0.5%–2% at 1 dpa.
The hydrostatic component of the total strain is a measure of athermal
swelling whereas the deviatoric part of the total strain is a measure of
athermal irradiation creep. Both are present in applications and should
be included in the finite element models, through the decomposition
given by Eq. (10). In the low temperature applicability regime, we
show how the eigenstrain polarises irreversibly under applied stress of
different tensorial nature, magnitude, of steady or reversing character,
with immediate relevance for reactor design and operations.
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Appendix A. Strain definitions

In this work we allow the size and shape of the MD box to change
under constraints imposed on the average stress in the box. A total
strain can be defined using the MD supercell of a non-orthogonal
simulation box as defined by LAMMPS using the matrix 𝐀

𝐀 =
⎡

⎢

⎢

⎣

𝑎𝑥 𝑏𝑥 𝑐𝑥
0 𝑏𝑦 𝑐𝑦
0 0 𝑐𝑧

⎤

⎥

⎥

⎦

(A.1)

that contains the basis vectors 𝐚, 𝐛 and 𝐜 in its columns. Regardless
of the deformation of the cell, 𝐚 is kept aligned with the positive 𝑥
axis and 𝐚 is kept inside the 𝑥𝑦 plane. A general initial configuration
is 𝐀𝟎 with 𝐚𝟎 = [𝑎0𝑥, 0, 0], 𝐛𝟎 = [𝑏0𝑥, 𝑏

0
𝑦, 0] and 𝐜𝟎 = [𝑐0𝑥 , 𝑐

0
𝑦 , 𝑐

0
𝑧 ]. After

some deformation of the box due to irradiation and applied stress,
let the supercell be defined by matrix 𝐀 above. The supercell strain
after deformation can be thought of as a transformation of the initial
supercell, via the transformation encoded in the deformation gradient
tensor 𝐅. Considering the three basis vectors independently gives

𝐀 = 𝐅 ⋅ 𝐀𝟎.

ince the deformed and original configurations are known, we can solve
or the components of 𝐅. Recalling that the Green–Lagrangian strain

tensor for a given deformation gradient is

𝜺 = 1
2
(

𝐅𝐓𝐅 − 𝐈
)

, (A.2)

where 𝐈 is the identity tensor, we find the six strain components in
terms of deformed and initial simulation box:

𝜀𝑥𝑥 = 1
2

⎡

⎢

⎢

⎣

(

𝑎𝑥
𝑎0𝑥

)2

− 1
⎤

⎥

⎥

⎦

(A.3)

𝜀𝑦𝑦 =
1
2

⎡

⎢

⎢

⎣

(

𝑏𝑥
𝑏0𝑦

)2

+

(

𝑏𝑦
𝑏0𝑦

)2

− 1
⎤

⎥

⎥

⎦

(A.4)

𝜀𝑧𝑧 =
1
2

⎡

⎢

⎢

⎣

(

𝑐𝑥
𝑐0𝑧

)2

+

(

𝑐𝑦
𝑐0𝑧

)2

+

(

𝑐𝑧
𝑐0𝑧

)2

− 1
⎤

⎥

⎥

⎦

(A.5)

𝜀𝑥𝑦 =
1
2

[

𝑎𝑥
𝑎0𝑥

𝑏𝑥
𝑏0𝑦

]

(A.6)

𝜀𝑦𝑧 =
1
2

[

𝑏𝑥
𝑏0𝑦

𝑐𝑥
𝑐0𝑧

+
𝑏𝑦
𝑏0𝑦

𝑐𝑦
𝑐0𝑧

]

(A.7)

𝜀𝑥𝑧 =
1
2

[

𝑎𝑥
𝑎0𝑥

𝑐𝑥
𝑐0𝑧

]

. (A.8)
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In an entirely independent manner we can define the lattice strain
shown in Fig. 4. We still consider the deformation of the supercell 𝐀 but
now consider how to best repeat a matrix 𝐁 defined by primitive lattice
vectors inside the supercell, and how the matrix 𝐁 must be distorted in
rder to maintain periodicity. In the initial, defect-free configuration it
s easy to see that Eq. (8). After exposure to irradiation, the lattice is
o longer perfect and there is no longer a perfect primitive unit cell.
eriodic boundary conditions, however, still apply and we may write
hat 𝐀 = 𝐁𝐍. Calculating the diffraction pattern from all the atoms we
ind the optimal 𝐁 and 𝐍 (Supplementary Material). Lattice strain is then
ound with respect to the reference as

= (𝟏 + 𝜺latt )𝐑𝐁𝟎 (A.9)

here 𝐑 is a rotation.

Appendix B. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.actamat.2025.120814.

Data availability

Raw data, final atomistic configurations and the molecular dynam-
ics script used for generating the results are available at https://doi.
org/10.5281/zenodo.14826288.
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