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Advanced nuclear energy systems critically rely on the irradiation tolerance of structural materials in
the reactor core. However, quantitatively predicting reactor-relevant, high-dose neutron swelling from
low-dose neutron data or high-dose-rate heavy-ion irradiation experiments remains a long-standing
challenge. Existing approaches are often case-specific, requiring neutron–ion benchmarking and
substantial empirical tuning. Here we derive a quantitative, physically grounded relationship linking
cavity swelling to both dose and dose rate at a fixed temperature, combining cluster-dynamics insights—
particularly dose-rate-enhanced defect nucleation—with simplified rate-equation analysis. Validation
across extensive literature data demonstrates that the proposed relationship is broadly applicable across
major classes of structural alloys and irradiation conditions, accurately capturing the nonlinear dose
dependence of swelling and its systematic variation with dose rate. It thereby enables the prediction of
high-dose swelling behavior from low-dose data, defines an equivalent dose that produces the same
swelling level across different dose rates, and provides a quantitative basis for comparing swelling
resistance across materials, independent of specific material systems or irradiation conditions. Fur-
thermore, ion-irradiation experiments demonstrate that, using ion data alone, the relationship enables
quantitative prediction of neutron-irradiation swelling across an ion–neutron dose-rate gap spanning
several orders of magnitude. This work provides a practical and predictive framework for evaluating
irradiation-induced swelling in structural materials, offering a quantitative pathway to bridge ion and
neutron irradiation experiments at high irradiation doses and supporting materials development and safety
evaluation for advanced nuclear energy systems.

DOI: 10.1103/fsh5-qg22

I. INTRODUCTION

The economics, safety, and lifetime of nuclear reactors
critically depend on the durability of structural materials
operating in reactor cores, where components are exposed
to intense neutron irradiation reaching damage levels of
hundreds of displacements per atom (dpa) [1–3]. In
parallel with the development of advanced nuclear energy
systems, the extension of service lifetimes for existing

reactors further amplifies the demand for reliable assess-
ment of material degradation under prolonged neutron
irradiation [4]. A central challenge is therefore to quanti-
tatively evaluate and predict irradiation-induced degrada-
tion at reactor-relevant doses, where direct experimental
access is limited.
Among various irradiation-induced degradation

mechanisms—including hardening, embrittlement, and
phase instability [5]—volume swelling plays a particularly
critical role, as it directly limits dimensional stability and
component lifetime [6,7]. While swelling often exhibits an
approximately linear dependence on dose at sufficiently
high damage levels [8], its evolution over the full dose
range is intrinsically nonlinear, progressing through incu-
bation, transient growth, and steady-state regimes. During
incubation, swelling remains negligible despite accumu-
lating damage, followed by rapid growth once stable
cavities form. Although the nonlinear dose dependence
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of swelling has been elucidated under electron irradiation
in our previous study [9], for reactor-relevant neutron
environments, a quantitative and physically grounded
relationship that captures swelling as a function of irra-
diation dose across these regimes remains lacking,
severely limiting predictive capability.
This limitation is exacerbated by practical constraints

associated with neutron irradiation experiments. Achieving
lifetime-relevant doses in test reactors typically requires
irradiation campaigns lasting more than a decade, accom-
panied by high cost, long turnaround times, and sub-
stantial radioactivation. As a result, heavy-ion irradiation
has become a widely used surrogate technique, enabling
rapid exploration of irradiation effects—including cavity
swelling—via transmission electron microscopy (TEM)
[8,10–14]. However, ion irradiation is conducted at dose
rates that are typically three to four orders of magnitude
higher than those of neutron irradiation, and numerous
experiments have demonstrated that swelling is strongly
dose-rate dependent, with higher dose rates generally
producing lower swelling levels under otherwise similar
conditions [5,10,11,15–17]. Despite its practical advantages
[5,16,18–21], this pronounced dose-rate disparity raises
fundamental questions about the quantitative representa-
tiveness of ion-irradiation results for reactor-relevant neu-
tron conditions. Because our previous model [9] was
developed for constant dose-rate conditions, it cannot bridge
this massive dose-rate gap, where extreme variations in
defect production fundamentally alter the nucleation density
of irradiation-induced sinks. In particular, two unresolved
challenges continue to limit materials evaluation: (i) whether
high-dose neutron irradiation swelling can be reliably
predicted from low-dose neutron irradiation data and
(ii) how swelling under low-dose-rate neutron irradiation
can be quantitatively inferred from high-dose-rate ion
irradiation experiments. Addressing these challenges
requires a framework that explicitly links swelling to both
irradiation dose and dose rate.
At the microstructural level, volumetric swelling orig-

inates from the accumulation and growth of irradiation-
induced cavities formed through the production, migra-
tion, and aggregation of point defects generated by
displacement cascades [8]. Although neutrons and ions
differ in mass, charge, and primary damage characteristics,
similar classes of irradiation-induced microstructures—
including dislocation loops and cavities—are widely
observed in both cases [5,8]. Importantly, swelling devel-
ops over relatively large spatial and temporal scales,
suggesting that long-term defect kinetics, rather than the
detailed morphology of individual cascades, play a dom-
inant role in controlling macroscopic swelling behavior.
Consistent with this perspective, our previous object
kinetic Monte Carlo (OKMC) simulations demonstrated
that differences in irradiation dose rate dominate swelling
behavior, while cascade-related differences between ions

and neutrons play a secondary role [22]. This observation
motivates the development of rate-theory-based descrip-
tions that emphasize defect production and evolution over
extended timescales. Moreover, volumetric swelling pro-
vides a direct quantitative bridge between microstructural
cavity distributions and macroscopic dimensional change,
making it a particularly suitable quantity for establishing
equivalence relations across irradiation conditions.
Substantial efforts have been devoted to understanding

irradiation effects across different doses and dose rates. A
long-standing strategy for correlating high-dose-rate ion
irradiation with reactor neutron irradiation is the temper-
ature-shift concept rooted in Mansur’s invariance theory
[23], which posits that raising the irradiation temperature
can offset dose-rate effects. Based on vacancy migration
and formation energetics, it predicts a temperature increase
of ∼120 °C for ferritic–martensitic steels under represen-
tative ion–neutron dose-rate disparity [24]. Yet experimen-
tal realizations vary widely: neutron-like cavity swelling
has been reported with only a 17°C shift when coupled with
∼1 appm He preimplantation [25], whereas other work
requires a 70°C shift and, under dual-beam conditions,
substantially elevated He injection rates [24]; notably, a
recent study suggests that even single-ion irradiation can
reproduce neutron-like cavity size and number density with
a 70°C shift [26]. For austenitic alloys, the closest agree-
ment has even been obtained only when the He/dpa ratio
in dual-ion irradiation is reduced well below the neutron
value [27]. Together, these studies demonstrate that, with
carefully selected irradiation parameters, ion irradiation
reproduces neutron-like swelling behavior within the
invariance-theory framework [16], but the required param-
eter combination remains highly case-specific and typically
depends on direct neutron-to-ion benchmarking. As a
result, achieving quantitative agreement typically relies
on extensive trial-and-error exploration within a high-
dimensional parameter space, rather than on a predictive
relationship that can be applied a priori.
This limitation reflects a broader challenge in bridging

irradiation modalities. Achieving true predictive capability
across dose rates requires an explicit, quantitative descrip-
tion of how swelling depends on dose rate itself, rather
than compensating for dose-rate effects through adjust-
ments of irradiation parameters. Meanwhile, mesoscale
simulation techniques—including cluster dynamics (CD),
OKMC, and phase-field modeling—have advanced
mechanistic understanding of irradiation-induced defect
evolution [8,28–31]. However, their direct quantitative
application to engineering alloys remains challenging
due to uncertainties in material-specific parameters and
the difficulty of representing complex microstructural sink
structures with sufficient fidelity.
Motivated by these limitations and to advance beyond

single-state dose scaling [9], we establish here a general-
ized quantitative relationship that explicitly couples cavity
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swelling to both irradiation dose and dose rate at a fixed
temperature. The framework combines essential physical
insights from CD simulations—most notably dose-rate-
enhanced defect nucleation—with simplified rate-equation
analysis. Higher dose rates increase the concentration of
mobile defect clusters, promoting the nucleation of irra-
diation-induced defects and systematically modifying
cavity growth kinetics. By incorporating this dose-rate
dependence explicitly, the resulting relationship provides a
physically interpretable description of swelling across
irradiation conditions.
The proposed relationship is validated against extensive

experimental data [11,17,4,32–46] spanning a wide range
of alloys, doses, and dose rates, demonstrating its ability to
capture both nonlinear dose dependence and systematic
dose-rate effects. The success of a single functional form
across these diverse alloy systems indicates that the
framework has broad applicability to structural materials
and that its fitted parameters can serve as quantitative
descriptors for comparing swelling resistance across
materials. Furthermore, ion-irradiation experiments on
pure nickel are used to demonstrate predictive capability:
using ion data alone, swelling under neutron irradiation
conditions at the same temperature is successfully pre-
dicted despite a dose-rate difference of approximately four
orders of magnitude. The resulting agreement with inde-
pendent neutron-irradiation data confirms that the estab-
lished relationship provides a practical and quantitatively
testable framework for correlating swelling across irradi-
ation modalities. This framework enables accelerated
materials screening and performance evaluation, offering
a predictive pathway essential for the development and
qualification of structural materials for advanced nuclear
energy systems.

II. METHODS

A. Cluster dynamics simulations

CD models microstructural evolution under irradiation
by tracking defect cluster aggregation via coupled rate

equations. These equations govern the time-dependent
concentrations of defects (e.g., interstitials and vacancies)
across size regimes, where cluster growth and dissociation
are controlled by the absorption of mobile defect clusters-
—including point defects—and by point-defect emission.
Rate constants are determined by irradiation conditions
(e.g., dose rate and temperature) and material properties
(e.g., migration barriers and binding energies). The frame-
work’s theoretical foundations and computational imple-
mentation are well-established in prior studies [29,47–52].
In this work, CD simulations were performed for pure iron
and pure nickel systems and further extended to a model
ferritic alloy, Fe–9Cr. Table I summarizes the fundamen-
tal parameters employed in the CD simulations for iron
and nickel, including cascade properties, defect charac-
teristics, and material-specific properties. In the Fe–9Cr
CD simulations, the effect of Cr on vacancy-cluster
properties is assumed to be negligible [53]; therefore,
all vacancy-cluster parameters are taken to be the same as
in pure Fe. Cr is incorporated only through its impact on
SIA-cluster mobility: the SIA-cluster diffusivity is cal-
culated using the expressions in Ref. [53], Table I.
Molecular dynamics simulations were performed using
LAMMPS [54] to investigate cascade evolution in pure
nickel systems. The interatomic interactions were
described by the EAM potential [55], a primary knock-
on atom energy of 25 keV was selected.
The CD simulations track the evolution of both

vacancy-type clusters (Vy, y ⩽ N) and interstitial-type
clusters (Ip, p ⩽ N) through individual rate equations.
For larger defect clusters (y > N; p > N), the Fokker–
Planck (FP) approximation is implemented to describe
their evolution [49,56]. Vacancy-type clusters induced by
irradiation are modeled as spherical cavities, while
interstitial-type clusters are represented as dislocation
loops with a discoid morphology [30,47]. The FP
approximation treats the defect cluster concentration
CvðyÞ as discrete values evaluated at grid points y ¼ Y
within the size space. By performing a second-order
Taylor expansion of CvðyÞ around each grid point and

TABLE I. Parameters employed in the CD simulations.

Symbol Description Value in iron Value in nickel

a0 Lattice parameter (nm) 0.287 0.352
ρdl Dislocation density (m−2) 9 × 1013 [47] 5 × 1013 [57]
Zi Bias of interstitial-type defects for interstitials 1.05 [47] 1.05 [58]
η0 Cascade efficiency 0.2 [59] 0.1(MD)
fvðyÞ Clustering fraction of vacancy-type defect in cascade Eq. (8.2) in [60] MD
fiðpÞ Clustering fraction of interstitial-type defect in cascade Eq. (8.1) in [60] MD
Eb
vðyÞ Binding energy of vacancy-typedefect (eV) Eq. (6) in [61] Table 4 in [62]

Eb
i ðpÞ Binding energy of interstitial-type defect (eV) Eq. (1) in [63] Table 4 in [62]

Em
v ð1–4Þ Migration energy of vacancy-type defect (eV) [64] Table 3 in [62]

Em
i ð1–4Þ Migration energy of interstitial-type defect (eV) [64] Table 3 in [62]
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subsequently discretizing the resulting expressions, this
method enables efficient grouping of large defect clusters
(y > N) into size bins. In this work, we set N ¼ 200
based on convergence tests demonstrating that increasing
the number of discrete equations beyond this threshold
yields negligible differences. When helium is present, it
combines with vacancy-type clusters to form binary
complexes. The evolution of these complexes is simu-
lated using the combined 2D/1D domain approach pro-
posed by Brimbal et al. [56].

B. Ion irradiation experiment

Irradiation experiments were conducted using the
1.7 MV tandem accelerator at Peking University. Iodine
ions ðI3þÞ with an energy of 6.0 MeV were selected as
incident particles, owing to their tunable beam intensities
and minimal matrix disturbance [65]. The irradiation
damage distribution was calculated using SRIM, as shown
in Fig. 8 in Appendix A. To avoid interference from
surface effects and implanted ions, the analyzed region
was consistently defined as the subsurface layer spanning
200–400 nm beneath the irradiated surface. While iodine
ions constitute foreign impurities in pure Ni, their low
accumulated concentrations within this depth range ensure
negligible influence on the measured radiation effects.
Cross-sectional specimens for TEM analysis were

prepared via focused ion beam (FIB) milling, with speci-
men thickness determined by electron energy loss
spectrometry (EELS); cavities were characterized using
under-focused bright-field (BF) imaging, as detailed in our
prior studies [66].

III. RESULTS

A. Overview of the approach

This work follows a multiscale but intentionally reduced
workflow. The role of the CD simulations is to identify the
controlling physical mechanisms and to test the consis-
tency of the approximations that enable an analytical
prediction framework. In particular, the simulations pro-
vide physical support for the mean-size approximation
(MSA) and demonstrate that higher dose rates promote the
nucleation of irradiation-induced sinks. Guided by these
CD-based insights, we simplify the full rate-equation
system using the MSA and derive a relationship linking
cavity swelling to irradiation dose and dose rate at a fixed
temperature. The resulting expression contains only a
small number of parameters and is subsequently validated
against experimental swelling data across different alloys,
irradiation particles, doses, and dose rates. Finally, the
framework is used as a predictive tool: high-dose-rate ion-
irradiation data are used to determine the model param-
eters and to predict swelling under low-dose-rate neutron
irradiation at the same temperature.
The central physical mechanism underlying this work-

flow is the dose-rate dependence of irradiation-induced
defect nucleation. Under higher dose-rate conditions, more
defects are generated per unit time, leading to a higher
concentration of mobile defect clusters. This increases the
frequency of cluster–cluster and cluster–sink interactions
and promotes the nucleation of irradiation-induced defects,
such as cavities and dislocation loops, as consistently
observed in experiments [67–71] and mesoscale simu-
lations [47,72]. Figure 1 schematically illustrates this

FIG. 1. Schematic illustration of the dose rate effects in materials. At higher dose rates, PKAs generate defects more rapidly through
displacement cascades, which leads to a higher density of irradiation-induced defects, such as cavities and dislocation loops.
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mechanism, highlighting the higher densities of irradia-
tion-induced defects under higher dose-rate conditions.
Within the CD framework, this qualitative picture can be
described quantitatively.

B. Derivation of the quantitative relationship

This section establishes an analytical relationship link-
ing volume swelling to both irradiation dose and dose rate,
derived from a rational simplification of CD rate equations
and supported by simulation evidence. Within the full CD
framework, defects of each size are described by an
independent concentration variable. The multiplicity of
defect species introduces complexity into defect interac-
tion kinetics. To derive analytical solutions, we first
simplify the system by neglecting the size distribution
of defects. For large defects produced during irradiation,
the grouping scheme is generally utilized in CD simu-
lations [47,49,73, 74]. The FP method provides detailed
information on the size distribution of defect clusters,
while the MSA, as the simplest grouping approach, treats
TEM-visible defect clusters containing more than 50
constituent point defects as a single category, thereby
ignoring their size distribution. Small cavities, which are
not visible under TEM, exhibit a high thermal vacancy
emission rate, while this rate is significantly reduced when
they are stabilized by helium atoms produced from neutron
transmutation reactions. In contrast, for the large cavities

in the MSA size regime, the emission of vacancies can be
neglected due to the high binding energies, irrespective of
helium association, as shown in Fig. 9 in Appendix B.
Figure 2(a) compares the cavity diameters obtained from
the FP method and MSA, showing minimal deviation. The
corresponding cavity densities are shown in Fig. 10(a) in
Appendix B, and the same diameter data are included in
Fig. 10(b) for completeness. Therefore, the MSA is
applied to simplify the rate equations of TEM-visible
defects. While results from both methods are similar, the
FP method is employed as the default in subsequent CD
simulations for improved precision.
Both experimental and computational studies demon-

strate that irradiation-induced cavity and dislocation loop
densities initially rise rapidly with dose before saturating at
low doses [48,68,75–78]—a trend replicated in CD sim-
ulations, as shown in Fig. 11 in Appendix B. Consequently,
these densities are approximated as time-independent
constants during cavity growth. While mobile clusters
interact with multiple sinks, TEM-visible defects dominate
the total irradiation-induced sink strength, as shown in
Fig. 12 in Appendix B, allowing mobile clusters to be
considered as interacting primarily with TEM-visible
sinks. Figure 13 in Appendix B shows that the defect
flux responsible for cavity growth in the MSA size regime
is dominated by single vacancies and self-interstitials.
Therefore, it is sufficient to retain only point defects in the
rate equations used to describe cavity growth. Within the

FIG. 2. CD simulation results underpinning the derivation of the quantitative relationship. (a) Comparison between the cavity
diameter produced by the FP method and the MSA. (b) Dose-rate dependence of irradiation-induced cavity and dislocation loop
densities. (c) Comparison between the recombination rate of displacement point defects and the capture rates of displacement point
defects by sinks. (d) Dose-rate dependence of cavity size. Unless otherwise indicated, simulations are performed at 50 dpa, 450°C, and
1 × 10−3 dpa=s in BCC iron, with all non-varied parameters fixed at these values.

BRIDGING ION AND NEUTRON IRRADIATION:... PRX ENERGY 5, 033002 (2026)

033002-5



framework of MSA and building upon the above approx-
imations, the rate equations of interstitials and vacancies
are simplified as:

dCi

dt
¼ Gi − KivCiCv −DiCi

×
�
Si0 þ

π

Ω
ZiRloopρloop þ

4π

Ω
Rcavityρcavity

�
(1)

dCv

dt
¼ Gv − KivCiCv −DvCv

×
�
Sv0 þ

π

Ω
ZvRloopρloop þ

4π

Ω
Rcavityρcavity

�
: (2)

In the above equations, Ci and Cv are the concentrations
of interstitials and vacancies, respectively. Gi and Gv are
the production rates of point defects from cascades. Rloop

and Rcavity are the radii of the interstitial-type defect and
the vacancy-type defect in the MSA size regime, respec-
tively. Di and Dv are the diffusion coefficients.
The density of irradiation-induced defects has been

experimentally observed to increase with the dose rate
[67–70]. This trend is quantitatively captured by CD
simulations, which reveal that the defect densities
(ρcavity for cavity and ρloop for dislocation loop) exhibit
an approximately linear dependence on the dose rate, as
illustrated in Fig. 2(b). Results at different temperatures
are further shown in Fig. 14 in Appendix B. To derive a
practically usable analytical expression, this dose-rate
dependence is represented by a linear approximation rather
than by a strict fit to the full CD simulation data:

ρloop ≅ γiGdpa; ρcavity ≅ γvGdpa; (3)

where Gdpa is the dose rate, γ is a proportionality constant
representing the irradiation-induced defect nucleation
capability at a specific temperature.
Herein, we classify the defect sinks in the irradiated

alloys into two types: intrinsic sinks, with sink strength for
vacancies and interstitials denoted as Sv0 and Si0, respec-
tively, and irradiation-induced sinks, with sink strength for
vacancies and interstitials denoted as S0v and S0i, respec-
tively. CD simulations demonstrate that the concentrations
of vacancies and interstitials rapidly reach quasi-steady
states [48,56] enabling time-independent approximations
for MSA-size-regime sink strengths. Crucially, dose rate
variations predominantly alter defect densities (ρcavity,
ρloop) rather than cluster sizes (Rcavity, Rloop), establishing
defect density as the dominant factor in sink strength
evolution. As can be seen from Fig. 15 of Appendix B, the
sink strength also exhibits an approximately linear depend-
ence on the dose rate. These insights permit further
simplification of the rate equations governing defect

interactions. Using the approximate dose-rate dependence
of the irradiation-induced defect densities in Eq. (3), the
irradiation-induced sink strengths for interstitials and
vacancies can be written as

S0iðGdpaÞ ¼
π

Ω
ZiRloopγiGdpa þ

4π

Ω
RcavityγvGdpa ¼ δiGdpa;

(4)

S0vðGdpaÞ ¼
π

Ω
ZvRloopγiGdpa þ

4π

Ω
RcavityγvGdpa ¼ δvGdpa:

(5)

Here, δiand δv are proportionality coefficients that
convert the dose-rate-enhanced irradiation-induced defect
densities into the corresponding sink strengths for inter-
stitials and vacancies, respectively. The parameters Rcavity

and Rloop can be regarded as coefficients applied to
transform the densities of irradiation-induced defects into
their sink strengths for interstitials and vacancies. Since
the changes in sink strength of irradiation-induced defects
are primarily governed by variations in their densities
under different dose rates, the overall sink strengths of
vacancies and interstitials can be approximately expressed
as Sv ¼ Sv0 þ S0v ¼ Sv0 þ δvGdpa and Si ¼ Si0 þ S0i ¼
Si0 þ δiGdpa.
CD simulations reveal that at high doses, irradiation-

induced defect sinks exhibit significantly higher capture
rates for interstitials and vacancies than their mutual
recombination rates, as shown in Fig. 2(c). The complete
results are given in Fig. 16 in Appendix B. Therefore, the
dominant-sink-capture condition can be expressed as

KivCiCv ≪ DiSiCi; (6)

KivCiCv ≪ DvSvCv: (7)

Under this condition, the recombination term can be
neglected in the quasi-steady-state solutions for the point-
defect concentrations. The quasi-steady-state solutions to
the concentrations of interstitials and vacancies are deter-
mined as

Ci ¼
Gi

Di½Si0 þ S0iðGdpaÞ�
; (8)

Cv ¼
Gv

Dv½Sv0 þ S0vðGdpaÞ�
: (9)

Within the MSA framework, the growth equation for
TEM-visible cavities can be expressed as:
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dRcavity

dt
¼ 1

Rcavity
½DvCv −DiCi�: (10)

Substituting the concentrations of interstitials and
vacancies into Eq. (10), the growth equation of cavities
is simplified as

dRcavity

dt
¼ 1

Rcavity

�
Gv

Sv0 þ S0vðGdpaÞ
− Gi

Si0 þ S0iðGdpaÞ
�
:

(11)

It should be emphasized that the above growth equation
is valid after the incubation period, characterized by the
incubation dose Δ0. Therefore, the initial condition for the
above growth equation is found to be:

Rcavity

�
Δ0

Gdpa

�
≅ 0. (12)

Substituting Eqs. (4) and (5) into the solution of
Eq. (11), the mean radius of cavities is solved as

Rcavity ¼
�
2ðηv − ηi

bÞ
Sv0

1

1þ δv
Sv0

Gdpa

�
1=2

ðΔdpa − Δ0Þ1=2;

(13)

where ηv ¼ Gv
Gdpa

; ηi ¼ Gi
Gdpa

, ηv and ηi represent the cascade

efficiency ratios for vacancies and interstitials surviving
athermal annealing, respectively. In the full CD simula-
tions, the total numbers of vacancies and self-interstitials
produced in cascades are identical. However, the cascade-
produced defects are partitioned into isolated point defects
and vacancy-/interstitial-type clusters. Therefore, the
source efficiencies of freely migrating single vacancies
and self-interstitials in the reduced description, denoted by
ηv and ηi, are retained separately to reflect cascade damage
partitioning under ion and neutron irradiation. This nota-
tion does not imply that continued cavity growth is
dominated by production bias. Indeed, flux analysis in
the full CD simulations shows that, during the cavity-
growth stage, the ratio of vacancy flux to interstitial flux
absorbed by growing cavities is above unity and remains
below the prescribed interstitial-sink bias. Thus, the net
vacancy flux required for cavity growth is mainly gen-
erated by sink bias. The parameter b is the total bias factor,
defined as b ¼ Si=Sv. A key mechanism is that increased
dose rates enhance irradiation-induced sinks, leading to a
reduction in cavity size. Although multiple approximations
were made in the derivation, CD simulations confirm that
cavity size decreases with increasing dose rate in Fig. 2(d),
and the same trend remains valid for Fe–9Cr, Ni, and cases
with different intrinsic dislocation densities, as shown in
Fig. 17 in Appendix B.

From the definition of cavity swelling, Swelling ¼
ρcavity

4
3
πRcavity

3, and using the approximate relation in
Eq. (3), the swelling can be expressed in terms of dose and
dose rate. Introducing an effective dose-rate-dependent
swelling coefficient α, which collects the prefactors
associated with irradiation-induced cavity density and
cavity-growth kinetics, the swelling relationship is
obtained as:

SwellingðGdpa;ΔdpaÞ ¼ αðΔdpa − Δ0Þ3=2: (14)

The coefficient α is given by

α ¼ α0
Gdpa

ð1þ kGdpaÞ3=2
;

α0 ¼ 4

3
πγv

�
2ðηv − ηi

bÞ
Sv0

�
3=2

;

k ¼ δv
Sv0

: (15)

Through CD simulations, W. G. Wolfer et al. revealed
that the incubation dose Δ0, which roughly marks the
transition to steady-state swelling and is strongly depen-
dent on both irradiation temperature and dose rate, is
closely related to and even controlled by the evolution of
the dislocation structure [72]. Their theoretical predictions
show excellent agreement with the systematic experimen-
tal results reported by F. A. Garner et al. [35]. Physically,
Δ0 should be regarded as an effective incubation dose
governed by the combined competition among cavity
nucleation, dislocation-loop evolution, intrinsic sinks,
and the redistribution of vacancy and interstitial fluxes
between cavities and dislocation networks during irradi-
ation. In this work, the parameter d is introduced to
quantify the influence of dose rate on this competition
for a given material at a specific temperature. Following
the work of F. A. Garner et al. [35], we express the
incubation dose as:

Δ0 ¼ cþ d lgðGdpaÞ: (16)

Parameters c and d are material parameters independent
of dose rate.
The cavity growth equations derived above result from a

rational simplification of the CD rate equations, guided by
empirical trends observed in simulations. This approach
was intentionally adopted instead of directly applying
conventional rate theory, which typically relies on numer-
ous a priori assumptions. By grounding the simplifications
in simulation-based evidence, the present formulation
minimizes the introduction of unverified assumptions
while retaining the essential physics governing irradia-
tion-induced swelling.
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C. Swelling induced by energetic heavy-ion and
neutron irradiations

This section demonstrates that the derived relationship
consistently captures the dose dependence of swelling
across different alloys and irradiation conditions and quan-
titatively describes its systematic variation with dose rate
using a single set of material-specific parameters. These
formulas provide the quantitative dependence of volume
swelling on different parameters at a fixed temperature,
including model parameters (α0, k, c, d), as well as the
irradiation variables: irradiation dose (Δdpa) and dose rate
(Gdpa). The parameter α0 and k are complicated functions of
material characteristics (including intrinsic sink strengths,
defect diffusion barriers, and so on) and temperature. The
incubationΔ0 is governed by the capability of cavities to be
nucleated, expected as a complicated function of materials’
characteristics and irradiation parameters (including dose
rate and temperature).
Equation (14) predicts a nonlinear relation between

cavity swelling and irradiation dose. When dose rate
effects are not considered, α is constant, and the values
of α0 and k cannot be determined. Figure 3 shows the good

fitting of experimental irradiation data to Eq. (14) for
different conditions, including varying materials, temper-
atures, and pressure [4,32,33,34]. The successful fitting
with parameters α and Δ0—both of which are indepen-
dent of the irradiation dose—demonstrates that the
parameter separation in the relationship is effective.
Moreover, the consistent 1.5-power dependence observed
under all investigated conditions confirms that the pro-
posed relationship provides a robust description of the
dose dependence of cavity swelling in structural alloys (a
more thorough validation is provided in Appendix C).
Dependence observed under all investigated conditions
confirms that the proposed relationship provides a robust
description of the dose dependence of cavity swelling in
structural alloys (a more thorough validation is provided
in Appendix C).
Figure 4 demonstrates that a single set of fixed param-

eters (α0, k, c, and d) in Eqs. (14)–(16) successfully
describes the cavity swelling of a given material at a fixed
temperature across a range of dose rates [11,17,35,36].
This formulation originates from recognizing that while
the parameter α in Eq. (14) is independent of dose, it
inherently depends on dose rate; therefore, α is separated

FIG. 3. Validation of the derived quantitative relationship using available irradiation data in different alloys and under various
conditions, where each curve is fitted with its own values of α and Δ0. (a) Fe-20Ni-xCr and Fe-35Ni-xCr irradiated by neutrons at
538°C [32]. (b) Cold-worked AISI 316 stainless steel irradiated by neutrons at different temperatures [32]. (c) Annealed AISI 304L,
cold-worked AISI 316, and D9 austenitic stainless steel and 9%–12% Cr tempered ferritic/martensitic steel irradiated by neutrons
[4,32,33]. (d) AISI 316Ti irradiated by neutrons at different pressures [34].
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into a dose-rate-independent part α0 and a dose-rate

function, Gdpa

ð1þkGdpaÞ3=2, with α0 and k being intrinsic material

parameters unaffected by dose rate. The successful fitting
in Fig. 4 confirms that this parameter separation is
effective. Importantly, the validation in Fig. 4 covers the
major classes of structural alloys for which systematic
swelling data at different dose rates are available, includ-
ing fcc austenitic stainless steels and bcc ferritic/marten-
sitic steels, demonstrating the general applicability of the
proposed dose-and-dose-rate relationship to structural
materials. Notably, Fig. 4(b) and 4(e) further shows that
the data from both ion- and neutron-irradiation can be
captured by the same formulation. The fitting results
shown in Figs. 3 and 4 demonstrate that the established

relationship well captures the dependence of cavity swell-
ing on both irradiation dose and dose rate for different
complex alloys under neutron and heavy-ion irradiation
conditions, within the same elevated temperature in the
normal experimental temperature range.
The capture of the dose dependence of swelling, shown

in Fig. 3, makes it possible to predict swelling at high
doses based on low-dose irradiation data. In addition, the
fitting results in Fig. 4 indicate the quantitative correlation
of the swelling with irradiation dose at different dose rates
(Gdpa), or with different energetic particles, making the
equivalence possible between different energetic particles,
especially between heavy-ion and neutron irradiations in
terms of volume swelling in the same material at the same
elevated temperatures.

FIG. 4. Validation of the proposed quantitative relationship using available irradiation data with different dose rates for the same alloy
(α0, k, c, and d hold constant for a given alloy). (a) AISI 304 irradiated with different dose-rate neutrons [11], (b) AISI 304L irradiated
by neutrons and 3.5 MeV Feþ [36], (c) Fe-15Cr-16Ni irradiated with different dose-rate neutrons [17], (d) Fe-18Cr-10Ni-Ti irradiated
with different dose-rate 2 MeV Crþ [35], and (e) HT9 irradiated by neutrons in FFTF [79–81] and 3.5 MeV Feþ [82]. The solid lines
are our fitting results.
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D. Prediction method of volume swelling

Building on the validated relationship, this section
demonstrates that (i) volume swelling at high irradiation
doses can be quantitatively predicted from low-dose data at
a given dose rate and (ii) swelling at one dose rate can be
extrapolated from data obtained at a different dose rate,
enabling predictions beyond experimentally accessible
regimes. This capability is particularly important for rapid
screening and evaluation of structural materials, given that
acquiring high-dose neutron irradiation data typically
requires many years of irradiation and PIE. In Fig. 5(a),
the parameters α and Δ0 are calculated using irradiation
data from the dose range of 40–70 dpa [37] (parameter
values are provided in Appendix E). Using these param-
eters, Eq. (14) is then applied to predict the swelling
behavior in the 70–85 dpa range. The predicted swelling
shows excellent agreement with the practical experimental
data, validating the dose-extrapolation capability of our
approach.
Irradiation at different dose rates results in different

swelling levels at the same dose under the same temper-
ature. The concept of equivalent dose is introduced to
achieve identical swelling at different dose rates by
adjusting the irradiation dose under the same temperature.
Based on Eqs. (14)–(16), the equivalent dose can be
derived as follows:

Δdpa2 ¼
1þ kGdpa2

1þ kGdpa1

�
Gdpa1

Gdpa2

�2
3

×½Δdpa1 − Δ0ðGdpa1Þ� þ Δ0ðGdpa2Þ: (17)

To reach a specific swelling level, a dose of Δdpa1 is
required at a dose rate Gdpa1, while an equivalent dose
Δdpa2 is needed at a different dose rate Gdpa2 to achieve the
same swelling level under the same temperature. By fitting
the available experimental data, the values of k and

parameters c and d for the same alloys can be determined.
This equation serves as the basis for predicting the
swelling level for an identical alloy at the same or similar
elevated temperature at given irradiation conditions.
Figure 5(b) illustrates the derivation of the equivalent
dose corresponding to the same swelling level. In
Fig. 5(b), the parameters k, c, and d for CW AISI 316
are determined from two sets of irradiation data at
different dose rates (black symbols) [37,38], where
neutron-irradiation data below 50 dpa and ion-irradiation
data are used for fitting, while the high-dose neutron data
are reserved for validation. Based on these fitted param-
eters, the irradiation dose required to produce the same
swelling at 5 × 10−7 dpa=s can be deduced from the data
at 1.74 × 10−3 dpa=s. Although the low-dose neutron
data exhibit substantial scatter, the equivalent-dose points
calculated from the ion-irradiation data lie within the
range of the high-dose neutron measurements. Therefore,
these examples suggest that our derived relationship is
capable of predicting volume swelling at high doses from
the low dose data, correlating the irradiation dose with
different given dose rates, and predicting the equivalent
dose for low-dose-rate irradiation from high-dose-rate
experiments.

E. Experimental validation of prediction method:
From ion irradiation to neutron irradiation

This section provides a stringent experimental valida-
tion of the proposed framework by demonstrating that
neutron-irradiation-induced swelling can be quantitatively
predicted using ion-irradiation data alone, despite dose-
rate differences spanning approximately four orders of
magnitude. In the preceding analysis, the concept of an
equivalent dose was shown to enable prediction of high-
dose neutron swelling from ion-irradiation data when
supplemented by limited low-dose neutron irradiation data
in the parameter fitting. While this represents an important

FIG. 5. Quantitative prediction of swelling level. (a) Prediction of swelling in CWAISI 316 from low to high doses. The parameters
are calculated using the first 60% of the low-dose neutron irradiation data (black symbols), while the remaining neutron data are
reserved for validation [37]. (b) Prediction of swelling in CWAISI 316 at a low dose rate (5 × 10−7 dpa=s) using data obtained at a high
dose rate (1.74 × 10−3 dpa=s) at the same swelling level. The parameters are calculated from the low-dose neutron irradiation and ion
irradiation data (black symbols) [37,38].
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step toward correlating ion and neutron irradiation, it does
not address a more fundamental and long-standing chal-
lenge in the field: whether neutron-irradiation-induced
swelling can be predicted without recourse to any neutron
data, relying exclusively on ion-irradiation experiments
conducted at much higher dose rates. To assess the
potential of our approach in addressing this fundamental
challenge, ion irradiation experiments must be performed
at different dose rates and doses.
To eliminate confounding factors arising from material

variations (e.g., composition differences and manufactur-
ing processes), we selected pure metals to establish and
validate the prediction method. This ensures identical
material properties between ion- and neutron-irradiated
specimens. Considering that FCC metals exhibit more
pronounced swelling compared to BCC metals, pure Ni
was chosen as the model material. Pure Ni specimens were
irradiated by 6 MeV I3þ ions at 450°C. The irradiation
conditions and the mean swelling and the corresponding
standard deviation are listed in Table II, and the specific
experimental procedures are discussed in the Methods
section.
The parameters can be determined by fitting the exper-

imental data listed in Table II. Because of the inherent
uncertainties in repeated TEM observations, a Monte
Carlo method was employed to evaluate the associated
errors [83,84]. The detailed procedure and the fitted
parameters are provided in Appendix E. Using these
parameters, Eqs. (14)–(16) were applied to predict swell-
ing under neutron-irradiation conditions at 450°C, as
reported by Budylkin et al. [85]. While neutron irradiation
inevitably produces transmutation gases, our prior ion
irradiation experiments [66] on pure Ni at 450°C indicate
that their influence on swelling is relatively minor. Based
on the work of Ayanoglu et al. [27], the helium generation
rate for pure nickel in the BOR-60 fast reactor is estimated
to be 3 appmHe=dpa. CD simulations under correspond-
ing neutron irradiation conditions reveal that while helium
enhances cavity nucleation, the resultant increase in
swelling is only 23% compared to the helium-free case,
as detailed in Fig. 20 in Appendix D. This result provides
further support for the conclusion drawn from our prior ion
irradiation experiments, confirming the secondary role of
helium in swelling compared to the dose rate effect.

Therefore, in the present analysis, only displacement
damage is considered.
The neutron irradiation conditions and swelling results

from the literature, along with the predictions, are sum-
marized in Table III. The data from Tables II and III are
plotted in Fig. 6(a) for direct comparison. Despite the four-
order-of-magnitude difference in dose rate and the two-
order-of-magnitude variation in swelling, the predicted
neutron swelling values are within a factor of two of the
experimental measurements. This agreement demonstrates
that the proposed dose-and-dose-rate relationship can
predict neutron-induced swelling using ion-irradiation data
obtained at the same temperature. A comparison with the
traditional invariance-theory-based temperature-shift
approach is provided in Appendix F.
The stark contrast between our model’s accuracy and the

classical theory’s massive deviation demonstrates that our
approach can reliably predict neutron-induced swelling
based on ion-irradiation data. This capability is particu-
larly significant for accelerating the development of
radiation-resistant materials, as it provides a robust,
physically grounded way to predict long-term neutron
effects through rapid and cost-effective ion irradiation
experiments.

TABLE II. Ion irradiation conditions and swelling results for
pure Ni under 6 MeV I3þ ion bombardment at 450°C.

Dose (dpa) Dose rate (dpa=s) Swelling (%)

5.5 2.0 × 10−3 0.109� 0.046
5.5 6.5 × 10−3 0.047� 0.009
5.5 1.2 × 10−2 0.031� 0.011
16.4 6.5 × 10−3 0.197� 0.022
16.4 1.2 × 10−2 0.099� 0.017

FIG. 6. Prediction of neutron-induced swelling in pure Ni
at 450°C. The model parameters are determined using ion-
irradiation data obtained at different dose rates at 450°C and are
then used to predict swelling under neutron-irradiation condi-
tions at the same temperature. The neutron-irradiation data are
taken from Ref. [85].

TABLE III. Neutron irradiation conditions and swelling results
for pure Ni at 450°C in BOR-60 fast reactor [85] and predictions.

Dose (dpa) Dose rate (dpa=s) Swelling (%) Prediction (%)

38 3.7 × 10−7 3.9 6.2� 1.3
51 3.3 × 10−7 6.0 8.4� 1.8
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F. Swelling resistance of different materials

The preceding results demonstrate that the formulas
developed in this study can reliably describe the swelling
response of different materials under irradiation.
Nevertheless, a key remaining question is how to com-
pare the irradiation resistance among these materials.
Irradiation effects in materials are complex processes,
including defect production and evolution. Previous
works have established that volume swelling can be
influenced by different properties of materials, e.g.,
compositions and their atomic weights, crystal structures,
grain boundaries and interfaces, atomic bonds, solute
segregation and precipitation, the diffusivity of defects,
and sink strength. [17,86]. To establish a unified descrip-
tion of irradiation swelling behavior across different
materials, we use the simple parameter ratio of Δ0=α
as an index to characterize the relative swelling resistance
of materials under neutron irradiation at similar dose
rates. The overall swelling of materials relies on both Δ0

and α since the dose-dependent swelling includes an
initial nucleation/incubation period, followed by a growth
stage [87,88]. A material with enhanced swelling resis-
tance would have a high Δ0 but a low α so that there are a
prolonged incubation period and a low growth rate. With
this definition, higher values of Δ0=α correspond to better
swelling resistance in a material.
A summary of Δ0=α values for different materials under

neutron irradiation is demonstrated in Fig. 7, together with
the temperature at which Δ0=α is obtained. Among all the
materials, Cu exhibits the lowest Δ0=α due to its poor
swelling resistance. On the other hand, MA957, a type of
oxide dispersion strengthened (ODS) steel, possesses the
highest Δ0=α among the materials examined, suggesting
that its excellent ability to suppress swelling is due to the
high density of nanoparticles that provide numerous defect
sinks to absorb the mobile vacancies. For the same material
AISI 316, the curve of Δ0=α with the temperature at

reactor-relevant dose rates is in accordance with the
experimental swelling peak at about 510°C. Note that
Δ0=α also depends on the dose rate, and the comparison in
Fig. 7 is made at similar dose rates.

IV. DISCUSSION

While computational methods such as CD and OKMC
simulations have provided profound mechanistic insights
into irradiation damage evolution, their predictive power
for engineering alloys is often constrained by two intrinsic
challenges. First, they require a large set of physical
parameters—many of which are difficult to measure or
calculate accurately beyond pure metals or simple model
systems. Even for pure metals, reliable parameters may be
challenging to obtain. In tungsten, for example, conven-
tional DFT predicts repulsive divacancies, yet experiments
observe vacancy clustering into voids—a contradiction
resolved only by accounting for entropic effects at finite
temperature [89]. Second, and more critically, explicitly
modeling the complex, heterogeneous microstructure of
real alloys (e.g., precipitates, grain boundaries, and dis-
location networks) within these computational frameworks
remains a formidable problem.
A widely used route for bridging ion and neutron

swelling is the temperature-shift concept rooted in invari-
ance theory. This framework is fundamentally derived for
steady-state swelling conditions [90], whereas swelling
evolution over the full dose range is intrinsically nonlinear,
progressing through incubation, transient growth, and
steady-state regimes. As a result, even when a temperature
shift can be defined for steady-state rates, it does not
directly quantify dose-dependent differences—particularly
the incubation behavior that often dominates a material’s
swelling resistance, as illustrated in Fig. 7. Moreover,
although in principle the temperature shift can be
expressed in terms of defect energetics and kinetic regimes
[90], in engineering alloys these regime assignments and
the relevant defect energetics are often uncertain. Notably,
even for pure metals, the predicted shift can vary sub-
stantially when alternative recommended values of key
transport mobilities are used, resulting in an uncertainty on
the order of ∼50 °C [90]. In steels, the situation is further
complicated by impurity–vacancy interactions: solute
atoms can drag moving vacancies, markedly reducing
vacancy mobility, yielding an effective vacancy migration
barrier as high as ∼1.37 eV [48], whereas previous
temperature-shift analyses have sometimes employed
the pure-Fe value (∼0.62 eV) when estimating shifts for
steels [24].
In contrast, the approach developed here provides an

alternative route by integrating the qualitative physical
principles revealed by such simulations with quantitative
experimental data, thereby yielding an explicit dose-
and-dose-rate relationship at fixed temperature and cap-
turing the full dose-dependent evolution of swelling.

FIG. 7. Swelling resistance (characterized by Δ0=α) of differ-
ent materials at different working temperatures under neutron
irradiation [4,17,33,36,32,91–94]. The irradiation dose rates are
similar.
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Accordingly, the duration of the incubation period is
quantified directly within our formulation rather than
inferred indirectly from steady-state shifts. The key
material-specific information is embedded in the exper-
imentally measured swelling response under high-dose-
rate ion irradiation. Consequently, our approach does not
rely on explicitly defining every microscopic parameter;
instead, it leverages the material’s own behavior as the
ultimate descriptor. This enables the derived relationship
to be directly applicable across diverse materials and,
most importantly, provides a validated pathway for
extrapolating high-dose-rate results to predict long-term
swelling under low-dose-rate neutron irradiation. More
broadly, the success of the same functional form in
describing swelling across multiple alloy classes suggests
that the framework captures common kinetic features
governing cavity swelling in structural materials. In this
sense, the fitted parameters are not merely empirical
constants for individual datasets, but compact descriptors
of material response that can be used to compare swelling
resistance across alloys, as illustrated by the swelling-
resistance index in Fig. 7.
Our approach developed herein is application-oriented

and is based on a simplified description of irradiation-
induced volume swelling in alloys by simplifying the rate
equations within the framework of CD and by simplifying
the dose-rate-enhanced defect nucleation based on CD
simulations. However, this description does not hold in all
cases. For example, in deriving the cavity growth equa-
tions, thermal dissociation of TEM-visible cavities was
neglected because, at typical irradiation temperatures, the
thermal dissociation rate is negligible compared to irra-
diation-driven defect fluxes [47]. However, as temperature
increases, the thermal dissociation rate rises exponentially,
eventually becoming significant even for TEM-visible
cavities. Therefore, neutron-induced swelling exhibits a
temperature window [95–97]. At temperatures well above
recovery stage V, irradiation tends to generate a high
concentration of dispersed vacancies rather than stable
cavities, making swelling unlikely to occur [97]. This
high-temperature limit corresponds to the swelling cutoff
temperature. Correspondingly, conditions near or beyond
this cutoff may violate the assumptions of our model.
Hence, it is beneficial to constrain the applicable temper-
ature range of the approach for predicting neutron irradi-
ation swelling. For the present purpose, this temperature
range should be defined with respect to the target neutron
dose rate. Since the peak swelling temperature increases
with dose rate [35,95,96,98], the temperature range in
which high-dose-rate ion irradiation produces significant
swelling may be shifted above the corresponding neutron-
irradiation swelling window. Therefore, a conservative
criterion is to apply the present framework at temperatures
around the peak swelling temperature corresponding to the
neutron dose rate, provided that the condition remains

within the swelling-active regime. Near the swelling cutoff
temperature, decreasing the dose rate can make stable
cavity nucleation increasingly difficult; for example, the
CD simulations in Ref. [72] show that, at high temper-
atures, reducing the dose rate can cause the incubation
dose to increase substantially or even become effectively
very large. Under such conditions, observable cavity
swelling may be absent, and the assumptions underlying
the present reduced description may no longer be satisfied.
The present framework should be regarded as a

swelling-focused description for materials and conditions
where cavity swelling is experimentally observable. The
diversity of materials, especially advanced alloys with
complex intrinsic sinks (e.g., grain boundaries, precipi-
tates, or dispersed nanoparticles), introduces additional
variables that may significantly alter defect evolution
dynamics [99]. However, in this study, the intrinsic sinks
are not studied in depth, most of the literature data that can
be used to validate the irradiation condition dependence
are for pure metals and mature alloys. Meanwhile, some
advanced alloys show excellent swelling resistance with-
out observable cavities. How to establish a reasonable
prediction method for such situation is still a challenge.
Therefore, for advanced alloys where data are lacking
or without swelling, the effectiveness of this approach
requires further investigation.

V. CONCLUSIONS

By focusing on dose-rate-enhanced defect nucleation
and leveraging CD and rate equations, we establish a
relationship that describes volume swelling in alloys
irradiated by different energetic particles over a wide
range of dose rates at a given temperature. CD simu-
lations and experimental results show that the densities of
irradiation-induced defects increase with dose rate, owing
to higher concentrations of mobile clusters that promote
defect nucleation. This enhanced nucleation modifies
cavity growth and leads to pronounced differences in
swelling under different dose rates at the same accumu-
lated dose.
The proposed relationship quantitatively captures the

dependence of swelling on both irradiation dose and dose
rate across diverse materials and irradiation conditions.
Validation using extensive literature data and dedicated
ion-irradiation experiments confirms that the framework
enables reliable prediction of low-dose-rate swelling from
high-dose-rate data, including extrapolation from heavy-
ion to neutron irradiation.
Although CD simulations are restricted to model

metals, the derived relationship successfully describes
swelling behavior in multicomponent alloys, indicating
that the underlying mechanisms of defect nucleation and
growth revealed by CD remain operative in engineering
materials. Based on this framework, the combined
parameter Δ0=α is proposed as a quantitative metric to
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compare the swelling resistance of structural alloys
under reactor-relevant conditions.
Overall, this work provides a physically grounded and

practical predictive framework for evaluating irradiation-
induced swelling, offering a rapid screening approach for
assessing the long-term performance of structural mate-
rials in advanced nuclear energy systems. Future work
could explore its extension to predict other irradiation-
sensitive properties, such as irradiation-induced harden-
ing or irradiation-enhanced creep, provided the dominant
microstructural features governing those properties are
identified and incorporated.
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APPENDIX A: SRIM CALCULATION

The irradiation damage distribution and implanted
ion concentrations were calculated via SRIM simulations,
as shown in Fig. 8. The quick Kinchin-Pease mode
was adopted, and the displacement threshold energy and
the lattice binding energy were set to 40 and 0 eV,
respectively [100].

APPENDIX B: CD SIMULATION
UNDERPINNING THE DERIVATION

This section summarizes the CD simulation results that
underpin the derivation of the quantitative relationship.
Figure 9 shows that only small, TEM-invisible cavities
exhibit significant thermal emission, whereas the thermal
emission rate for larger cavities is negligible.
Figure 10 presents the effect of neglecting cavity size

distribution: the CD model using the Fokker–Planck
method incorporates the size distribution of TEM-visible
cavities, while the mean-size approximation ignores it.
The results indicate that the difference between the two
approaches is minimal.
Figure 11 displays the evolution of defect density,

revealing that defect nucleation occurs at low doses and
essentially ceases at high doses. Consequently, the density
of irradiation-induced defects can be approximated as
constant during the cavity growth stage.
Figure 12 illustrates the contribution of defects of

different sizes to the total irradiation-induced sink
strength. At high doses, where cavity growth occurs,
TEM-visible defects dominate, while the contribution
from invisible small clusters is negligible.
Figure 13 presents the proportion of defect fluxes,

indicating that point defects constitute the majority of
the flux driving cavity growth.
Figure 14 demonstrates that an approximately propor-

tional relationship exists between irradiation-induced
defect density and dose rate, which holds across various
temperatures. As discussed before, swelling occurs within
a temperature window that shifts to higher temperatures
with increasing dose rate; thus, for a given temperature,
only a finite dose-rate window produces non-negligible
swelling. Accordingly, a swelling level of 0.01% is taken
as the lower bound for physically meaningful simulations.
Although sink strength has two components—defect

density and size—the component enhanced by dose rate
for nucleation remains dominant when the dose rate
changes. This is reflected in the sink strength, which also

FIG. 8. SRIM simulated profile of the dose and ion concen-
tration with respect to depth for Ni under 6 MeV I3þ irradiation.

FIG. 9. Rate of thermal vacancy emission from cavities in BCC
iron at 500 °C. JIn;NetV and JDissV denote the net vacancy capture
rate and the thermal emission rate of a cavity, respectively.
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FIG. 10. Comparison between the cavity characteristics produced by the mean-size approximation (MSA) and the Fokker–Planck
method (FP) in BCC iron. (a) Cavity density. (b) Cavity mean diameter. The irradiation dose is 50 dpa and the dose rate
is 1 × 10−3 dpa=s.

FIG. 11. Evolution of the densities of irradiation-induced dislocation loops and cavities with irradiation dose in BCC iron under
typical ion and neutron irradiation conditions. (a) Ion irradiation condition: 1 × 10−3 dpa=s and 450 °C. (b) Neutron irradiation
condition: 1 × 10−6 dpa=s and 340 °C.

FIG. 12. Fraction of total irradiation-induced sink strength (S0v) from TEM-visible defects (Sv;loop0 þ Sv;void0) in BCC iron under
typical ion and neutron irradiation conditions. (a) Ion irradiation condition: 1 × 10−3 dpa=s and 450 °C. (b) Neutron irradiation
condition: 1 × 10−6 dpa=s and 340 °C.
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FIG. 13. Contribution of point defects to total defect flux in BCC iron under typical ion and neutron irradiation condition. (a) Ion
irradiation conditions: 1 × 10−3 dpa=s and 450 °C. (b) Neutron irradiation condition: 1 × 10−6 dpa=s and 340 °C.

FIG. 14. Dose-rate dependence of irradiation-induced cavity and dislocation loop densities in BCC iron at 50 dpa for different
temperatures. The alteration of defect density ρ with dose rate Gdpa is fitted to ρ ¼ γGdpa (a) 500 °C. (b) 450 °C. (c) 400 °C. (d) 350 °C.

FIG. 15. Dose-rate dependence of sink strength at 500 °C and 50 dpa in BCC Fe. The alteration of defect density Sv0 with dose rate
Gdpa is fitted to Sv0 ¼ δvGdpa.
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exhibits an approximate proportionality to the dose rate, as
shown in Fig. 15.
Although a recombination term exists in the defect

concentration equations, Fig. 16 indicates that this term is
negligible at high doses.

Figure 17 further shows the variation in cavity density
and size with dose rate. As expected, cavity size decreases
with increasing dose rate. Moreover, the approximately
proportional relationship between defect density and dose
rate remains valid in FCC materials.

FIG. 16. Comparison between the recombination rate of displacement point defects and the capture rates of displacement point
defects by sinks (clusters in the MSA size regime). (a) Ion irradiation condition: 1 × 10−3 dpa=s and 450 °C. (b) Neutron irradiation
condition: 1 × 10−6 dpa=s and 340 °C.

FIG. 17. Dose-rate dependence of cavity size and density at 450 °C and 50 dpa. The alteration of defect density ρ with dose rate
Gdpa is fitted to ρ ¼ γGdpa (a) BCC Fe. (b) FCC Ni and BCC Fe–9Cr with intrinsic dislocation densities of (c) 9 × 1012 m−2
(d) 9 × 1013 m−2.
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APPENDIX C: OTHER FITTING EXAMPLES

The relationship between cavity swelling and irradi-
ation dose is further illustrated here. The neutron irradi-
ation results, as shown in Fig. 18, along with the ion

irradiation results presented in Fig. 19, demonstrate that
the quantitative relationship accurately describes the dose
dependence of swelling across different materials and
temperatures.

FIG. 18. Swelling induced by neutron irradiation in different materials under various conditions. (a) AISI 304L alloys at 445–670 °C
[33], (b) AISI 304L alloys at 450–560 °C [33], (c) 20% cold-work 316 stainless steel at about 500 °C [41], (d) AISI 316Ti alloys
in different temperature ranges [34], (e) Fe-18Cr-9Ni alloy at ∼374 °C [40], (f) EM12 alloy at 400 °C [41], (g) AISI 304L alloys at
400–435 °C [33], and (h) AISI 304L alloys at 450–490 °C [33].
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APPENDIX D: EFFECT OF HELIUM IN
NEUTRON-IRRADIATED NICKEL

Ayanoglu et al. [27] reported a helium generation rate of
1appm He=dpa for a Fe-21Cr-32Ni austenitic alloy in the

BOR-60 fast reactor. Based on this, the helium generation
rate for pure nickel in BOR-60 is estimated to be
3 appm He=dpa. Accordingly, CD simulations of cavity
evolution were performed at the corresponding neutron

FIG. 19. Swelling induced by ion irradiation in different materials and under various conditions. (a) MA957 [42] and 12Cr ODS [43]
alloys at 450 and 475 °C, respectively, (b) ADIP alloy at 700 °C [44], (c) AISI 316 at 625 °C [45], (d) NiCoFeCr at 500 °C [45], and
(e) AISI 316 and AISI 316Pt alloys at 500 °C [46].

FIG. 20. Helium effects on (a) cavity density and (b) swelling in neutron-irradiated nickel obtained from CD simulations.
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irradiation dose rate, considering both the helium-free
condition and scenarios with 3 and 10 appm He=dpa (the
latter accounting for uncertainty in the estimated helium
generation rate). As anticipated, helium significantly
enhanced cavity nucleation, leading to a marked increase
in cavity number density as shown in Fig. 20(a). However,
its impact on macroscopic swelling was minimal: at
3 appm He=dpa, the swelling increase was merely 23%
compared to the helium-free case as shown in Fig. 20(b).
This marginal effect is negligible when contrasted with the
orders-of-magnitude difference in swelling induced by
variations in dose rate.

APPENDIX E: FITTING PARAMETERS

Tables IV, V, and VI record the fitting parameters
for Figs. 4 and 5. The uncertainties associated with
TEM-characterized ion irradiation swelling data were
addressed through Monte Carlo simulations (10,000
iterations) to evaluate their propagation to neutron irradi-
ation predictions [83,84]. Each iteration involved:

(1) random perturbation of mean experimental swelling
values using normal distributions (standard deviation ¼
measurement error), and (2) subsequent nonlinear least-
squares fitting of the modified dataset.
The incubation stage refers to the initial irradiation

period characterized by extremely slow swelling growth.
Consequently, the incubation dose in the formulation must
explicitly satisfy the condition: Δ0 ¼ cþ d lgðGdpaÞ > 0.
It is critical to note that although the incubation dose
decreases with reduced dose rates, the condition must be
rigorously enforced when extrapolating ion irradiation
data to predict neutron-induced swelling. In this work,
parameter bounds were predefined prior to implementing
the MATLAB function lsqcurvefit. From the experimental
results, it is clear that the incubation dose should be less
than 5 under ion irradiation conditions, while the incuba-
tion dose should be greater than 0 under neutron irradiation
at the lowest dose rate, i.e.

�
cþ dlg ð1.1 × 10−2Þ < 5

cþ dlg ð3.3 × 10−7Þ > 0
: (E1)

It yields a strict upper bound d < 1.1055. Coupled with
the positive correlation between dose rate and incubation
dose, the physically admissible domain is constrained to:
0 < d < 1.1055. Using the method described above, the
calculated fitting parameters and predicted values are
listed in Table VII and plotted in Fig. 6.
For Fig. 7 the incubation dose is also required to have a

clear physical meaning and therefore must remain positive.
However, for materials that swell readily, the fitted
incubation dose approaches zero, so that even small
experimental uncertainties can lead to order-of-magnitude
variations in the ratio Δ0=α. To ensure numerical stability
while preserving physical consistency, a lower bound of
0.1 dpa was imposed on the incubation dose during the
fitting procedure for Fig. 7.

APPENDIX F: MANSUR’S INVARIANCE
THEORY

Mansur’s invariance theory posits that the higher dose
rates typical of ion irradiation, relative to neutron irradi-
ation, can be offset by an appropriate increase in the
irradiation temperature. To establish equivalence between
the two irradiation modalities, the irradiation variables

TABLE IV. Fitting parameters for Fig. 4.

α0 k c d

AISI 304, 373–388 °C 29191974.90 336524735.6 24.127 2.958
Fe-15Cr-16Ni, ∼400 °C 21843197.30 29533280.10 52.135 7.333
Fe-18Cr-10Ni-Ti, 590 °C 348675.809 470049.545 132.25 41.13
AISI 304L, ∼500 °C 95966.135 129044.023 26.336 2.851
HT9, ∼420 °C 611.707 53425.041 264.576 31.05

TABLE V. Fitting parameters for Fig. 5(a).

α Δ0

CW AISI 316, 500–525 °C 0.0754 20.39

TABLE VI. Fitting parameters for Fig. 5(b).

α0 k c d

CW AISI 316, ∼575 °C 132803.17 292979.83 162.74 22.01

TABLE VII. Fitting parameters and predicted swelling for
Fig. 6. Prediction1: 38 dpa, 3.7 × 10−7 dpa=s; Prediction2:
51 dpa, 3.3 × 10−7 dpa=s.

Mean SD

α0 76921.09 22383.46
k 533603.59 44011.48
c 0.5234 1.0045
d 0.9586 0.3288
Prediction1 6.2197 1.2604
Prediction2 8.4462 1.8381
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must satisfy the following relationship [23]:

Tion − Tneutron ¼
kT2

neutron
Em
v þnEf

v
ln
�

Gion
Gneutron

�

1 − kTneutron
Em
v þnEf

v
ln
�

Gion
Gneutron

� (F1)

where T is the irradiation temperature, G is the dose rate, k
is Boltzmann’s constant, and Em

v and Ev
f are the vacancy

migration and formation energies, respectively. The
parameter n is determined by the dominant defect anni-
hilation mechanism: n ¼ 1 when the defect mutual recom-
bination rate is much lower than the defect absorption rate
at sinks, and n ¼ 2 when the recombination rate is much
higher than the sink absorption rate.
For pure Ni, the values of Em

v and Ev
f are 1.04 and

1.79 eV, respectively [101]. As demonstrated previously,
the rate of defect absorption by sinks vastly exceeds the
mutual recombination rate during the cavity growth stage;
thus, n ¼ 1 is applied in this analysis.
Under an ion irradiation dose rate of approximately

3 × 10−3 dpa=s [102], pure Ni irradiated at 600°C to a
dose of 20 dpa exhibits a swelling of 5.5%. Similarly,
irradiation at 650°C to 12 dpa yields a swelling of 17.6%.
Based on the invariance theory, the corresponding equiv-
alent neutron irradiation temperatures for these two con-
ditions are calculated to be 428 and 460 °C, respectively.
For comparison with neutron-irradiation data, the swelling
values are normalized by irradiation dose to obtain
swelling rates.

The prediction from the present framework is obtained
differently. Because the present model establishes a
relationship between swelling, dose, and dose rate at a
fixed temperature, the parameters are fitted using pure Ni
ion-irradiation data at 450 °C and then used to predict
neutron swelling at 450 °C directly. The prediction point
shown in Fig. 21 corresponds to the predicted swelling at
51 dpa in Table III, normalized by the dose, namely 8.4%
at 51 dpa.
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