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Abstract
This work addresses in-situ synergistic irradiation and thermomechanical load-
ing of nuclear reactor components by linking new mechanistic understanding
with crystal plasticity finite element modelling to describe the formation and
thermal and mechanical annihilation of dislocation loops. A model of pressur-
ised reactor cladding is constructed to extract realistic boundary conditions for
crystal plasticity microstructural sub-modelling. Thermomechanical loads are
applied to the sub-model to investigate (i) the unirradiated state, (ii) synergistic
coupling of irradiation damage and thermal annihilation of dislocation loops,
(iii) synergistic coupling of irradiation damage without thermal annihilation of
dislocation loops, and (iv) a post-irradiated state. Results demonstrate that the
synergistic coupling of irradiation damage and thermomechanical loads leads
to the early onset of plasticity, which is exacerbated by the thermal annihilation
of dislocations, while the post-irradiated case remains predominantly elastic
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due to substantial irradiation hardening. It is shown that full synergistic coup-
ling leads to localisation of quantities linked with crack nucleation including
geometrically necessary dislocations and stress.

Keywords: synergistic, thermomechanical, in-situ irradiation,
zirconium alloy, crystal plasticity

1. Introduction

The impact of the synergistic evolution of irradiation damage and thermomechanical loading
has not yet been simulated for any material. This paper addresses this systematically using
new phenomenological models for temperature and damage-dependant evolution of disloca-
tion loop density in Zircaloy-4, within a crystal plasticity finite element (CPFE) framework.
Zircaloy-4 is used to manufacture nuclear reactor fuel cladding and is designed to act as a bar-
rier between radioactive fuel pellets and e.g. water in a pressurised water reactor; it is therefore
vital that factors affecting its structural integrity are fully understood. Recently, several studies
[1–3] addressed the effect of irradiation on dislocation loop density using transmission elec-
tron microscopy (TEM) and advanced x-ray diffraction (XRD) techniques. Topping et al [3]
demonstrated the thermal instability, and hence recovery of dislocation loops in zirconium
alloys across a temperature range relevant to civil nuclear power. Torimaru et al [4] showed
that after just 15 s of heat treatment at 600 ◦C–700 ◦C, the ultimate tensile strength and fatigue
life of neutron irradiated (hardened) zirconium cladding tubes were restored to near unirradi-
ated values. Similarly, early Zircaloy-2 data from Howe and Thomas [5] showed increased
softening with increasing annealing temperature. Moreover, the flow stress vs. annealing tem-
perature trend from Howe and Thomas [5] closely resembles the dislocation loop density
vs. annealing temperature trend presented by Topping et al [3], highlighting the important
link between irradiation damage, thermal history, and mechanical response. Dislocation loops
formed during irradiation lead to both significant hardening and post-yield strain softening
behaviour in cladding materials [6], due to the initial pinning and subsequent annihilation of
dislocation loops, resulting in channel clearing [7]. The annihilation of an irradiation loop
occurs when it interacts with a moving dislocation. Under sufficient stress, the moving dislo-
cation, initially pinned by the loop, can drag and/or annihilate the loop, as described by various
authors [8–11]. This results in the formation of so-called dislocation channels, within which
plastic deformation is localised. These features are analogous to persistent slip bands (PSBs)
which arise during fatigue of metals [12], and have been shown to promote localisation of
stress at grain boundaries and fatigue crack nucleation [13, 14]. Hence, a fully coupled model
requires fundamental understanding to describe the evolution of dislocation loop density with
respect to plastic strain, irradiation dose, and temperature. Recent CPFE modelling advances
[15–18], underpinned by in-situ high resolution digital image correlation [19], have offered
improved mechanistic understanding of microscale plastic deformation in irradiated materi-
als. However, for investigation of synergistic irradiated loading, experiments reach a practical
limit. Ideally, experiments would involve thermomechanical testing with in-situ neutron irra-
diation. However, the cost, time, and radioactivity issues associated with neutron irradiation
render this approach infeasible in most cases. Xu et al [20] carried out micro tensile testing of
single crystal nickel with in-situ helium ion irradiation, which has less safety implications and
is less expensive than neutron irradiation. While this approach is attractive for these reasons,
the damagemechanisms associated with helium ion irradiation are fundamentally different and
the damage is concentrated at the surface [21], thus the effect of irradiation on bulk properties
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is unattainable. The major literature gap is in understanding material behaviour under con-
current irradiation damage and thermomechanical loading; while comprehensive, published
studies thus far rely on mechanical test data from post-irradiated samples. This work aims to
(i) determine if synergistic effects have any major implications in terms of structural integ-
rity compared with conventional post-irradiation testing, (ii) develop understanding of how
irradiation-linked damage mechanisms (e.g. channel clearing) are affected at elevated tem-
peratures, and (iii) assess the influence of irradiation damage rate on microstructural damage
evolution. Hence, the current paper provides an essential path towards total process-structure-
property characterisation of safety-critical components for civil nuclear power (both for fis-
sion components, e.g. cladding and reactor pressure vessels, and fusion in-vessel components).
Theoretical insights are provided for several industrially relevant case studies.

2. Methodology

CPFE modelling is used to predict microscale deformation in Zircaloy-4 under thermomech-
anical loads and various irradiation conditions. Electron backscatter diffraction provides the
orientation data necessary to link crystallographic properties (elastic and plastic anisotropy,
including dislocation slip strengths) with simulated (experimentally measured) microstruc-
tures. The various hexagonal close packed (HCP) slip systems in zirconium alloys are shown
in figure 1.

The rate of plastic shear on the ith slip system is calculated using the mechanistic slip rule
in equation (1),

γ̇i = ρmvdb
i
2

exp

(
−∆F
kBT

)
sinh

(〈
τ i− τ ic

〉
∆V

kBT

)
(1)

where ρm is density of mobile dislocations, vd the frequency of attempts for dislocations to
overcome thermal energy barriers, bi the slip system Burgers vector magnitude,∆F the activ-
ation energy, kB the Boltzmann constant, T the temperature, ∆V the activation volume, and
τ i and τ ic are the absolute applied and critical resolved shear stress (CRSS) for slip system i,
respectively. Macaulay brackets are applied to the stress terms which indicate that the slip rate
is zero when the applied shear stress is lower than the critical value. Full details of the CPFE
framework, including the relevant material constants were previously reported [18].

To capture both hardening and softening effects due to irradiation damage in Zircaloy-4,
Hardie et al [18] developed a mechanistic CPFE-dislocation-based model. Central to this is the
incorporation of an irradiation hardening term (a function of dislocation loop density) within
the classical Taylor model. Here, a modified isotropic linear hardening (ISO-LH) model [18] is
incorporated, whereby the dislocation loop density is treated as equivalent to other dislocation
types. The CRSS is then given by equation (2),

τ ic = τ i0 +µb
√
ρSSD + ρGND + ρloop (2)

where τ i0 is the intrinsic material CRSS (measured experimentally [22]), µ is shear modulus,
ρSSD is the density of statistically stored dislocations (SSDs), whose evolution is linear with
plastic strain [23], ρGND is the density of geometrically necessary dislocations (GNDs) [24],
and ρloop is the total density of dislocation loops, which form during irradiation. Temperature-
dependant elastic-plastic properties [23] are also incorporated. SSD density evolution is con-
trolled by ρSSD = γstp, where p is cumulative plastic strain and γst is a material constant. ρGND
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Figure 1. Crystallographic slip systems in HCP unit cell. There are five distinct slip sys-
tem types: basal ⟨a⟩, prismatic ⟨a⟩, 1st order pyramidal ⟨a⟩, 1st order pyramidal ⟨c+ a⟩,
and 2nd order pyramidal ⟨c + a⟩.

Table 1. Important material properties. Dislocation loop radius is consistent with the
range of experimentally measured values [6, 40, 45]. The critical annihilation temper-
ature and annihilation probability are estimated in the current work.

Parameter Symbol Value Unit

Strain hardening constant γst 130 µm−2

Annihilation probability (ISO-LH) ψ 1−30 0.005 —
Loop formation probability constant η 5.30 × 108 m−1

Atomic number density N 4.29 × 1028 m−3

Mean dislocation loop area Āloop 7.1 × 10−6 µm2

Dislocation loop radius rloop 1.5 × 10−3 µm
Critical annihilation temperature T0.5 648 K

is calculated based on gradients of plastic strain [25], the implementation of which has been
described by Xu et al [26]. Note that for industrially relevant irradiation doses, the ⟨c⟩ disloca-
tion loop density is negligible [27], since experimental TEM observations have identified that
⟨c⟩ loops only form at doses >10 dpa [28]. Hence, only ⟨a⟩ loops are considered here. In the
ISO-LH model, the density of dislocation loops varies equally on each ⟨a⟩ plane as a function
of plastic strain, i.e. the softening behaviour is controlled by the annihilation of dislocation
loops. The annihilation rate (due to slip) of total ⟨a⟩ loop density is given in differential form
in equation (3) [18],

[
∂ρloop
∂t

]
γ̇

=−N⟨a⟩

Nsys∑
i=1

ψ i

∣∣γ̇i∣∣√ρloop,t

N⟨a⟩

bi
(3)

where t is time, N⟨a⟩ = 3 is the number of ⟨a⟩ directions, Nsys is the total number of HCP slip
systems, and ψ i is the annihilation probability for slip system i. Key properties are provided
in table 1. As shown in figures 2 (a) and (b), the ISO-LH model is applied to a polycrystalline
microstructure to capture room temperature macroscale stress-strain responses in Zircaloy-4
at different irradiation doses (from 0 dpa to 0.8 dpa) [4]. There is strong agreement between
model and experiment at each level of irradiation, using a strong basal texture (c-axes predom-
inantly perpendicular to the loading direction) to best represent samples cut from a rolled sheet
[6]; the texture was randomly generated with c-axes constrained to remain within 15 degrees
of orthogonal to the remote loading direction, i.e. soft texture. Initial values for ρloop were
selected for each dose to capture the tensile behaviour. Figure 2 (b) shows the plastic strain
distribution after post-irradiation (0.8 dpa) room temperature loading of the polycrystal model.
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Figure 2. (a) Capturing the polycrystalline response of Zircaloy-4 at different levels of
irradiation using the modified isotropic linear hardening model from Hardie et al [18].
Experimental data are from Farrell et al [6]. (b) Distribution of cumulative plastic strain
across 200 grain polycrystal model (0.8 dpa) at a mean applied strain of 8%. Reprinted
from [6], Copyright (2004), with permission from Elsevier. Reproduced from [18].
CC BY 4.0.

Highly localised plasticity in the form of shear bands is shown, which leads to the softening
behaviour captured in figure 2 (a).

Under synergistic loading, there is competition between the formation of dislocation loops
due to irradiation, their thermal annihilation, and their mechanical annihilation, as governed
by equation (3). New phenomenological models are proposed to fully describe the evolution
of dislocation loops and to link irradiation dose with loop density. The number of displace-
ments per unit volume is given by multiplying the irradiation dose, φ (with units dpa) by the
atomic number density, N (with units m−3) [29]. The mean spacing between defects is there-
fore given by ld = 1

3√φN
. Since dislocation loops are formed by the coalescence of defects, the

mean loop spacing is determined by multiplying the defect spacing by the ratio of defects to
dislocation loops. For a planar circular dislocation loop, this is given by the ratio of dislocation

loop to atomic defect areas. Hence, mean dislocation loop spacing is lloop = ld · Āloop

N−1/a , where

Āloop represents the mean planar area of dislocation loops and a is atomic spacing; note that in
this simple preliminary model, the mean dislocation loop area is assumed constant, and is con-
sistent with TEM-based dislocation loop diameter measurements in zirconium alloys [6] (see
table 1). If all defects contribute to the formation of dislocation loops, the theoretical maximum
areal dislocation loop density is simply ρloop = l−2

loop. However, due to replacement collisions
and recombination during the thermal spike of the collision cascade, only a small fraction of
these displacements remain within the lattice as primary defects [30–32]. Additionally, many
defects are lost over larger timeframes during irradiation due to recombination [33] or migra-
tion to sinks [34], the probability of which increases with dose (this is evident from creation-
relaxation algorithm (CRA) modelling of irradiation damage which predicts that both vacancy
and interstitial concentrations saturate with increasing dose, and that the interstitial concen-
tration can undergo a period of substantial decline with increasing damage [35]). Finally, only
a fraction of surviving defects are likely to agglomerate forming dislocation loops. Due to
the physical processes described above, the actual dislocation loop density is calculated by
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Figure 3. Evolution of loop density efficiency, and corresponding theoretical maximum
and actual (fitted model) dislocation loop densities with increasing irradiation dose.

multiplying the theoretical maximum dislocation loop density by an efficiency term, n, which
is assumed proportional to defect spacing as follows,

n= ηld =
η

3
√
φN

(4)

where η is a material-specific empirical constant (with units m−1) used for fitting, i.e. the
efficiency of loop formation, n, decreases with increasing irradiation dose. The defects which
are lost during irradiation are accounted for by the efficiency factor, giving ρloop = nl−2

loop [31,
32]. Hence, dislocation loop density is given by equation (5),

ρloop =
η(φN)

1
3

a2Ā2
loopN

2
. (5)

Using the property values in table 1, an estimate for η is enabled based on TEM measure-
ments of dislocation loop density [2, 3, 6] at various irradiation doses. The influence of the
loop density formation efficiency term, n is presented in figure 3 using these properties. It is
shown that for irradiation damage levels beyond 3 dpa, the efficiency is below 10%, which is
consistent with results from a detailed numerical analysis of damage accumulation by Stoller
andMansur [36]. As shown in figure 4 (a), the overall experimental data trend is captured reas-
onably well by the model from 0 to 25 dpa, including the aforementioned dislocation densities
from the ISO-LH model. It is important to note that equation (5) suggests that as the irradi-
ation damage level approaches infinity, so too will dislocation loop density, while it has been
reported to saturate experimentally [1, 37, 38]. The preliminary loop density-damage model is
based on interactions with other defects and does not entirely capture the phenomena respons-
ible for saturation at higher doses (e.g. recombination, grain boundary density, and other sinks)
and is therefore only applicable within the irradiation dose range for which experimental data
are currently available (see figure 4 (a), i.e. 0 < φ < 25 dpa). Moreover, 25 dpa is above
conventional reactor cladding irradiation dose limits [39].
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Figure 4. (a) Comparison of the new model for dislocation loop density as a function of
irradiation dose with stress-parameterised values, and experimental TEMmeasurements
from Farrell et al [6], Topping et al [3], and Seymour et al [2]. (b) Comparison of model
for steady-state annealing of dislocation loops with experimental data fromTopping et al
[3] and Adamson and Bell [46]. Reprinted from [6], Copyright (2004), with permission
from Elsevier. Reproduced from [2]. CC BY 4.0. Reprinted from [3], Copyright (2018),
with permission from Elsevier.

Recent experiments [3] demonstrated that heat treatment of irradiated zirconium alloys can
lead to significant thermal annihilation of dislocation loops. This effect is incorporated into the
current framework based on the bulk diffusion mechanism proposed by Eyre and Maher [40].
This mechanism suggests that the growth and shrinkage, and hence annihilation of dislocation
loops is controlled by the diffusion of point defects to and from dislocation loops. Further, it
is assumed that interstitial diffusion is dominant (despite the high formation energy compared
with vacancies [41], interstitials arise due to the formation of Frenkel pairs [42]), as the migra-
tion energy of interstitials is much lower than that of vacancies [43], and so the interstitials
migrate rapidly to the various sinks, including grain boundaries, interstitial loops, vacancy
loops, dislocations, surfaces, etc. For a perfectly circular dislocation loop, the line tension is

given by Hirth and Lothe [44] as τloop =
µb2

4(1−ν) ln(
4rloop
b ), where ν is Poisson’s ratio. The elastic

energy released per vacancy emission is given by w=
τloopVat

rloopb
[45] where Vat is the character-

istic atomic volume (Vat = N−1). From statistical mechanics, the concentration of interstitials
in equilibrium with a loop is given by cI = c0 exp(− w

kBT
) = c0 exp(− τloopVat

rloopbkBT
) [45], where c0 is

the thermal equilibrium concentration of interstitials in the bulk. Conversely, for vacancy loops,
interstitial emission results in a decrease in elastic energy, and hence, the local vacancy con-
centration in equilibrium with a loop is cV = c0 exp(

τloopVat

rloopbkBT
). For a given irradiation dose, an

initial dislocation loop density, ρloop,0 is defined, corresponding to values measured using TEM
at room temperature [3]. The temperature-dependant loop density is the difference between
the initial value and the density of annihilated dislocations, ρloop = ρloop,0 − ρan =

ρloop,0

1+ ρan
ρloop

.

Assuming an annihilation event occurs for every vacancy and interstitial interaction, there is a
positive linear relationship between their concentrations. Since the diffusion of an interstitial
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defect can lead to annihilation of both vacancy and interstitial loops, there is also a direct cor-
relation between dislocation density and interstitial concentration. Hence, it is reasonable to
assume that the ratio, ρan

ρloop
is proportional to the ratio of interstitial to vacancy concentrations,

giving ρan
ρloop

= α cI
cV
, where α is a constant, potentially dependant on composition and micro-

structure. Applying the temperature dependent equations for vacancy and interstitial concen-
tration gives ρan

ρloop
= αexp(− 2τloopVat

rloopbkBT
). At temperature T0.5, the initial dislocation loop density is

reduced by half, ρloop =
ρloop,0

2 , such that ρan
ρloop

= 1. This gives α= 1

exp
(
−

2τloopVat
rloopbkBT0.5

) . Dislocation

loop density is then,

ρloop =
ρloop,0

1+ exp
(

2τloopVat

rloopbkB

(
1
T0.5

− 1
T

)) . (6)

As shown in figure 4 (b), this new model captures experimental TEMmeasurements [3, 46]
at different irradiation doses, i.e. two datasets representing different initial dislocation densities
at room temperature.

With the dislocation loop density now described as a function of plastic strain, irradiation
dose, and temperature, its fully coupled time-dependant evolution is written in differential
form as,

dρloop
dt

=

[
∂ρloop
∂t

]
γ̇

+
∂ρloop
∂φ

· ∂φ
∂t

+
∂ρloop
∂T

· ∂T
∂t

(7)

where ∂ρloop

∂φ and ∂ρloop

∂T are given by differentiating equations (5) and (6), respectively, and ∂φ
∂t

and ∂T
∂t are loading conditions. Note that the temperature dependant evolution of loop density is

subject to the constraint ∂ρloop

∂T = 0 where ∂T⩽ 0, i.e. decreasing the temperature has no direct
effect on loop density. Moreover, it is assumed that the timescales considered here (several
hours) are sufficient to apply the steady state model in equation (6), i.e. transient effects are
negligible.

Industrially relevant stress-controlled boundary conditions are imposed onto a 50× 50 µm
microstructure section from Thomas et al [19], as shown in figure 5 (a). For the mesh, 0.25 µm
quadratic brick elements are used. From previous modelling work of a similar microstructure
(with channel clearing effects) [18], 0.5–1 µm elements were deemed sufficiently small for
mesh convergence. To simulate stress levels sufficient to initiate channel clearing phenomena
in irradiated fuel cladding, a global model is constructed with an internal pressure commensur-
ate with high levels of burn-up [47], and is notched at the outer surface (representing a surface
defect due to e.g. interfacial cracking with the oxide layer [48], hydride blistering [49], etc).
Bulk isotropic elastic-plastic material properties are used in the global model. As shown in
figure 5 (a), both normal and shear stress boundary conditions are extracted from the global
model and applied to the sub-model. Plane strain boundary conditions are imposed in each
case, which are representative of a pipe. Figure 5 (b) shows the thermomechanical loading
conditions applied to the sub-model; three repeating thermomechanical cycles [23] are used to
study cyclic plasticity. One case of irradiation damage evolution up to 6 dpa is also presented
in the figure, which shows the synergistic coupling of damage and thermomechanical loading.

The four cases presented here are summarised as follows,

i. Unirradiated. Thermomechanical loads are applied to unirradiated material and hence,
ρloop =

dρloop

dt = 0 throughout.
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Figure 5. (a) Schematic illustration of notched cladding model and CPFE sub-model.
The notched cladding model is used to extract normal and shear stress distributions
around the region of interest, for application to the sub-model. The Von Mises stress
distribution, in relation to the ROI is shown. Stresses are extracted at the beginning and
end of the first cycle and are assumed unchanged for subsequent cycles. Internal and
external cladding diameters are 8.8 and 10 mm, respectively. Notch depth is 50 µm. (b)
Thermomechanical cycles used for each simulation from Liu et al [23]. The selected
maximum internal pressure is increased at the beginning of each cycle, held constant,
and decreased, while there are two separate dwell periods for temperature. A single
example of irradiation dose evolution is shown, whereby the equivalent level of damage
increases linearly to 6 dpa over three thermomechanical cycles. This a simplification for
the purpose of this preliminary study. For demonstration purposes, a large dose rate is
selected to reach 6 dpa within just a few cycles. Reprinted from [23], Copyright (2021),
with permission from Elsevier.

ii. Full synergistic coupling. Thermomechanical loads are applied synergistically with lin-
early increasing irradiation damage, corresponding to a very high constant neutron flux of
1.0 × 1020 n m−2 s−1 [50], which gives a damage rate, ∂φ

∂t = 3.7 × 10−5 dpa s−1. The
equivalent irradiation damage level after three cycles is 6 dpa.

iii. Partial synergistic coupling. Irradiation dose evolution remains coupled with thermo-
mechanical loads, while thermal annihilation of dislocation loops is unaccounted for, i.e.
∂ρloop

∂T = 0.
iv. Post-irradiated. The material is pre-irradiated to 6 dpa of damage (consistent with coupled

cases) prior to loading. Initial dislocation loop density is estimated using equation (5).
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Neutron flux is set to 0, i.e. ∂φ
∂t = 0. Unlike previous studies [18], the thermal recovery of

dislocation loops at elevated temperatures is accounted for here using equation (7).

An additional set of results with a reduced pre-irradiation damage level (0.6 dpa) is also
presented for contrast. For cases of full and partial coupling, this corresponds to a damage rate
of 3.7 × 10−6 dpa s−1, which is more comparable to e.g. a realistic pressurised water reactor
environment (typically in the range 10−7–10−6 dpa s−1 for reactor core components [51, 52]);
the implications of artificially increasing the irradiation damage rate this for structural integ-
rity are perused in the appendix. Nevertheless, results from high damage rate studies enable
qualitative and semi-quantitative assessment of the long-term synergistic effects of irradiation
damage and thermomechanical loading, while minimising computational cost.

3. Results and discussion

The results of cases i–iii are presented in figure 6 after three cycles, showing distributions of
plastic strain, dislocation loop density, GND density, maximum slip, and stress.

Contour plot results for the post-irradiated case have been omitted from figure 6 as irra-
diation hardening was predicted to prevent the onset of plastic deformation in the simulation
(under the current loading conditions), even after three cycles. Figures 6 (a)–(c) also high-
light that irradiation hardening effects under full and partial coupling somewhat inhibit plastic
deformation compared with the unirradiated case. Specifically, most plastic deformation under
full and partial coupling occurs within the first cycle due to progressive irradiation hardening,
while there is a greater cyclic evolution in the unirradiated microstructure. Plastic strain fields
from partial coupling demonstrate the importance of accounting for the thermal annihilation of
dislocation loops, as the localisation of plasticity is intensified in the fully coupled case, which
promotes channel clearing. Channel clearing is particularly evident in the grain highlighted in
figure 6 (c); parallel bands containing negligible dislocation loop density (which correlate with
bands of high plastic strain) spanning the grain are shown in figure 6 (d). Loop density line
profiles from full and partial coupling are presented in figure 6 (h) and show that overall loop
densities are higher with partial coupling, while local variations are much larger in the fully
coupled case, particularly between the first and second (from left to right) channel clearing
bands. Curiously, the maximum loop density magnitudes for full and partial coupling along
A–A′ are close, despite there being large differences otherwise. This indicates that within the
grain of interest, channel clearing is the dominant softeningmechanism for both cases. Channel
clearing is also shown to have a profound effect on the local GNDdensity in figure 6 (e) as there
is significant localisation parallel to the channels, with a clear spatial correlation. Figure 6 (i)
shows that for full coupling, GND localisation, which is driven by large strain gradients coin-
cides with the largest loop density undulation. By contrast, GND density is shown to be more
evenly distributed in the partially coupled model. Severe grain boundary driven strain local-
isation in the unirradiated material is shown to derive large GND densities, the magnitudes
of which are comparable with peak values in the fully coupled case. Maximum shear strain

(γmax =
√

1
2 (ε11 − ε22)

2
+ ε212) is plotted in figure 6 (f) showing bands of high shear strain loc-

alisation. However, figure 6 (j) shows that these bands also exist in the unirradiated material,
with approximately twice the magnitude. Even lower strain levels with minimal variation are
shown with partial coupling. Lastly, figure 6 (g) shows that there is some correlation between
GND density and the x-direction stress, particularly along the inclined band. However, it is
clear from figure 6 (k) that due to interactions between the soft grain (c-axis ⊥ x-axis major
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Figure 6. Results of unirradiated, partially coupled, and fully coupled CPFE simula-
tions after three cycles: (a)–(c) plastic strain distributions. For full coupling, within the
highlighted grain, (d)–(g) show the dislocation loop density, GND density, maximum
shear strain, and x-direction stress distributions, respectively. Line A-A′ is shown in (d),
which traverses several ‘channel clearing’ regions, corresponding to drastically reduced
dislocation loop density (as indicated by parallel white lines). Line profiles of these vari-
ables along line A-A′ are shown for each case in (h)–(k), respectively. Channel clearing
regions are indicated by grey shading.

load) of interest and neighbouring hard grains (c-axis ∥ x-axis major load), stress shielding
is occurring; stresses and strains are re-distributed such that strain localises in the soft grain,
and stress is localised in hard grains. The effect is strongest in the fully coupled case, which
also experiences the largest overall stress between the first and second channels, correspond-
ing to the region with maximum GND density. A similar trend is shown in the unirradiated
case, but with lower peak stresses and reduced stress re-distribution. Partial coupling shows
comparably low stress re-distribution, and roughly follows the elastic, post-irradiated trend.
Hence, despite the synergistic coupling of irradiation damage and loading leading to reduced
strain localisation (compared with unirradiated material), channel clearing effects are shown
to drive significant stress concentrations and localisation of GNDs, both of which have been
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Figure 7. Cyclic evolution of mean dislocation loop density (averaged across entire
microstructure) for each case of high irradiation dose investigated.

linked with the nucleation of facets and crack initiation [53]. For future work, it is envisaged
that the nucleation of crystallographic fatigue cracks could be compared for each case using,
e.g. the stored energy density criterion [53, 54], or a cohesive zones model [55, 56], in which
cohesive elements are defined along known slip directions until such a point that the local
traction stress exceeds a critical value, leading to fracture.

Figure 7 shows the mean dislocation loop density at the end of each cycle for every high
irradiation dose rate case. Full coupling results in a progressive non-linear evolution, which
reaches less than half of the initial post-irradiated value (285 µm−2) by the end of the third
cycle. Without thermal annihilation, partial coupling shows a more rapid evolution which
reaches within 15% of the maximum possible value; this difference is due to plasticity-driven
annihilation, while the fully coupled annihilation is due to both thermal and thermally assisted
plasticity-driven annihilation. Loop density evolution in the fully elastic post-irradiated mater-
ial is driven by thermal annihilation only, the rate of which is shown to decrease as loop density
magnitude decreases.

Results from the low irradiation dose rate study are presented in figure 8. As with the high
dose rate study, the model predicts a progressive non-linear evolution of dislocation loop dens-
ity with increasing cycle number for full and partial coupling, despite dislocation loop density
magnitudes being substantially lower. As shown in the ‘Full coupling’ grain subfigure, chan-
nel clearing is also captured here; however, after just three cycles, the range of dislocation
loop density is not significant enough to highlight key distinctions with e.g. the unirradiated
case. This demonstrates the utility of high irradiation dose rates from a computational cost
perspective since important mechanistic insights are gained without exhausting resources.

Interestingly, the comparably low initial dislocation loop density in the post-irradiated
case results in some plasticity-driven dislocation loop annihilation, while virtually none was
observed in the high irradiation dose rate due to increased hardening. However, it is clear from
the grain subfigures that the resulting loop density distributions are entirely different (to those
observed when using full synergistic coupling), and hence, failure mechanisms are likely to
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Figure 8. Cyclic evolution of mean dislocation loop density (averaged across entire
microstructure) for each case of low irradiation dose investigated, with corresponding
dislocation loop density fields in post-irradiated and fully coupled cases.

differ significantly. More specifically, post-irradiated softening is initially dominated by the
thermal annihilation of dislocation loops, which gradually leads to plasticity and diffuse loop
annihilation (rather than the formation of discrete localised bands). By contrast, the synergistic
coupling of irradiation damage is shown to lead to early plastic deformation, the localisation
of which is increased due to channel clearing, as compared with no irradiation. This observa-
tion underpins the motivation for this paper and brings to the forefront the importance of the
synergistic coupling of irradiation damage, temperature, and mechanical load. Hence, there is
a need for further research in this area, which will involve greater depth and improved mod-
elling, incorporating e.g. transient effects and loop density saturation using physically based
models which are compatible with crystal plasticity, i.e. cluster dynamics [57]. Specifically,
models accounting for full temperature-dependant damage evolution and annealing history are
required (at present, only temperature dependant loop annihilation is considered). Recent work
by Li et al [58] showed that cluster dynamics modelling could be coupled with discrete dislo-
cation plasticity to capture the concurrent effects of stress, plasticity, and irradiation damage
in zirconium. It is envisaged that upon demonstrating the significance of synergistic effects
in this paper, a similar approach could be taken to bridge nano-scale irradiation damage with
localisation of plasticity at microstructural length-scales in a more holistic manner.

4. Conclusions

New models describing the formation and annihilation of dislocation loops were developed
and implemented in a CPFE modelling framework. The role of synergistically coupling irra-
diation damage, thermal variations, and mechanical loads has been investigated in the context
of a Zircaloy-4 microstructure. Simulation results have shown the significance of synergistic
coupling on the mechanisms involved in the initiation and localisation of plasticity, which is
due to both thermal annihilation of dislocation loops, leading to softening, and the early onset
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of plasticity at low irradiation doses, leading to channel clearing. Thermal annihilation of dis-
location loops is shown to be an important consideration, as it ultimately has a major effect on
the distribution and magnitude of key damage quantities including GND density and stress.
Crucially, partial coupling alone may indicate that irradiation can lead to beneficial reductions
of these key quantities (compared with unirradiated material), while full coupling highlights
the opposite effect.

Data availability statement

The data cannot be made publicly available upon publication because they are owned by a
third party and the terms of use prevent public distribution. The data that support the findings
of this study are available upon reasonable request from the authors.

Appendix. 1D sub-study of transient behaviour at various irradiation dose
rates at 293 K

In this paper, a high irradiation dose rate (by industry standards [51]) is initially selected to
minimise computational expense through reduced simulation time. However, this may bear
implications on steady state slip resistance and strain accumulation, and ultimately, structural
integrity. Hence, the results presented in this paper are contextualised in this section using a
simple 1D (single slip) analysis of the evolution of dislocation loop density during irradiation
and mechanical load at constant temperature; transient temperature effects are ignored here
as they are not directly linked with the highly damaging channel clearing phenomenon. From
equations (3)–(7), the time-dependent dislocation loop density evolution law is as follows,

∂ρloop
∂t

= ψ k

∣∣γ̇i∣∣√ρloop,t

N⟨a⟩

bi
+

ηφ− 2
3

3a2Ā2
loopN

5
3

(A1)

where i corresponds to a single slip system number. The total dislocation loop density is
given by numerical integration over small time increments. Using equation (1), the slip rate
is calculated based on a linearly increasing resolved shear stress, τ i, over a one-hour period.
Similarly, three linear irradiation dose rates are selected which cover those considered in this
paper as well as more industrially relevant rates (1 × 10−7 dpa s−1, 1 × 10−6 dpa s−1, and
1× 10−5 dpa s−1). Hardening is accounted for using equation (2) with the simplifying assump-
tion that GND density is zero. Two stress rates, τ̇ i, and two initial dislocation loop densities
are selected in this analysis, giving the following list of cases.

(a) τ̇ i = 1/12 MPa s−1 from 0 to 300 MPa, with initial dislocation loop density,
ρloop = 0 µm−2.

(b) τ̇ i = 1/24 MPa s−1 from 150 to 300 MPa, with initial dislocation loop density,
ρloop = 0 µm−2.

(c) τ̇ i = 1/12 MPa s−1 from 0 to 300 MPa, with initial dislocation loop density,
ρloop = 20 µm−2.

(d) τ̇ i = 1/24 MPa s−1 from 150 to 300 MPa, with initial dislocation loop density,
ρloop = 20 µm−2.

Figure A1 shows the evolution of dislocation loop density over time at each irradiation
dose rate and for each case (a)–(d). The point at which the loop density evolution rate is zero
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Figure A1. 1D representation of influence of irradiation damage rate on dislocation loop
density evolution during synergistic mechanical load and irradiation damage at constant
temperature (293 K) for cases (a)–(d).

(equilibrium point) is marked on each curve. Emphasis is placed on the equilibrium point as
it is an indicator for the onset of channel clearing.

Figure A1 (a) highlights that while the irradiation damage rates selected result in significant
differences in dislocation loop density evolution, the time-points at which channel clearing is
likely to begin or end are less affected. Figure A1 (b) shows that the damage rate effect is
heightened due to a reduced stress rate (1/24 MPa s−1); although the stress range considered
here is conservatively large (since the onset of plasticity leads to stress redistribution and a
reduction in stress locally), this indicates that the combined selection of irradiation dose rate
and stress rate can have important implications. Furthermore, figures A1 (c) and (d) highlight
that hardening due to prior irradiation via an initial dislocation loop density (or e.g. GNDs), the
effect of irradiation dose rate is somewhat diminished. More importantly, the resolved shear
stress values at the onset of channel clearing are presented for each case in figure A2.

Despite apparently large variations in time at the onset of channel clearing, figure A2 shows
that the large variations are not reflected by the resolved shear stress. The largest stress increase
as a result of increased irradiation damage rate (10−7 dpa s−1–10−5 dpa s−1) is 20% for case
(b). Hence, the implications for selecting higher dose rates are that (i) depending on the applied
stress during synergistic irradiation and mechanical load, the onset of channel clearing may
not be predicted where it otherwise would be within a 20% range, and contrastingly (ii) if
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Figure A2. Resolved shear stress magnitude at transition point ( ∂ρloop

∂t = 0) for each
irradiation dose rate. Cases (a)–(d) correspond to the sub-figure labels of figure A1.

stresses are sufficient to initiate channel clearing, the high stress and localised plasticity are
likely to represent a worst case when considering structural integrity.
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