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Abstract
This study employs an integrated experimental–numerical approach to assess the
microstructural evolution of irradiation-induced defects in tungsten (W), which is being
considered for fusion applications. A cluster dynamics (CD) model is utilized, and simulations
are performed for irradiated disk-shaped compact tension W specimens. Experimental results
indicate that the primary irradiation-induced defects in W at temperatures of 400 ◦C and 600 ◦C
include dislocation loops (1/2<111> and <100>) and voids. Both experimental and CD results
reveal that, at higher temperatures, the 1/2<111> loop population surpasses that of <100>
loops, primarily due to the higher formation free energy of<100> loops compared to 1/2<111>
loops. Given the high mobility of 1/2<111> loops in W, in the absence of traps, most 1/2<111>
loops are absorbed by sinks or coalesce with <100> loops, leading to a reduced 1/2<111> loop
population, as supported by the CD model. However, the introduction of traps results in an
increased 1/2<111> loop population. The long-term evolution of loops demonstrates that the
interaction between 1/2<111> and <100> loops facilitates the transfer of self-interstitial atoms
between loops with different Burgers vectors, causing shifts in the populations of both loop
types. The CD model reliably predicts the irradiation-induced microstructure in
neutron-irradiated W, considering loops, voids and C15 clusters, while integrating the current
state-of-the-art knowledge on radiation damage evolution and W energetics.
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1. Introduction

The future tokamak fusion reactors, namely the inter-
national thermo-nuclear experimental reactor (ITER) and
DEMOnstration tokamak (DEMO), are installed with in-
vessel components that are subjected to high fluence of
14 MeV neutrons and high heat flux loads [1, 2]. Tungsten
(W) is employed as armor material in the divertor of ITER and
DEMO due to its low sputtering rate, high melting temperat-
ure and high thermal conductivity [3, 4]. The hostile fusion-
relevant irradiation environment in the tokamak reactor dur-
ing operation leads to the formation of irradiation-induced
defects in W, such as dislocation loops, voids and transmuta-
tion products, due to primary knock-on atoms (PKAs) [5, 6].
Consequently, the W material undergoes degradation due to
irradiation-induced cascade damage and transmutation, which
alters the thermo-physical and mechanical properties at differ-
ent stages of its lifecycle during operation [7, 8]. In particular,
the irradiation-induced defect formation in W leads to vari-
ous issues, such as hardening, swelling and loss of ductility.
Moreover, these irradiation-induced defects contribute to an
increase in the ductile-to-brittle transition temperature inW [9,
10]. Due to these factors, W-based components in the tokamak
are prone to failure, which consequently reduces its lifespan
[11]. Therefore, efforts are required to gain some insights into
the formation and evolution of the irradiation-induced dis-
location loops and voids, and to utilize this information for
the development of W-based components for fusion-relevant
applications.

Studies have been carried out by many authors using exper-
imental analysis to investigate the underlying mechanisms of
themicrostructural evolution of irradiation-induced defect fea-
tures inW [12–16]. In a study carried out by Li et al, irradiation
experiments using 30 keV He+ were conducted onW samples
to understand the evolution of dislocation loops depending on
irradiation temperature, dose and thickness of the sample using
in situ transmission electron microscopy (TEM) [15]. The
study demonstrated that the pre-existing dislocation lines have
a significant influence on the Burgers vector, density and size
of the dislocation loops. Moreover, the role of the surface of
thin foil acting as sinks influences the overall density distribu-
tion of the dislocation loops. Using TEM analysis, Klimenkov
et al investigated W after neutron irradiation to about 1 dpa
at various irradiation temperatures and observed irradiation-
induced dislocation loops and voids [17]. In the experimental
work carried out by Chauhan et al on the neutron irradiated
W at about 1 dpa, coarsening of voids was observed when
increasing the post-irradiation annealing temperature and time
[16]. Dislocation loops and voids of size 10 nm and 10–65 nm,

respectively, were examined by TEM by Durrschnabel et al
[12] in W material irradiated at 800 ◦C and 1.25 dpa. The dis-
location loop populations of 1/2<111> and<100> are repor-
ted in various experimental studies [18, 19]. Only 1/2<111>
loops were observed in W irradiated with 15–85 keV He+ to 3
dpa at 500 ◦C in [20–22]. However, in some experimental stud-
ies, the coexistence of 1/2<111> and <100> loops has been
noted. The lower mobility of <100> loops contributes to the
irradiation hardening and embrittlement in W [15]. Molecular
dynamics (MD) simulations conducted by Sand et al [23] on
W irradiated with 150 keV W PKAs revealed that <100>
loops form as a result of cascade collapse. In other studies by
Yi et al [14, 24], W samples were irradiated with 150 keV
W ions at 500 ◦C and a dose of 1 dpa, where the majority of
loops were identified as 1/2 <111> loops, with <100> loops
accounting for 25% in post-irradiation analyses. A higher per-
centage of <100> loops was observed with the increasing
PKA energy in experimental works by Yi et al [24]. In the
study by English and Jenkins [25] on irradiated molybdenum,
an increase in the<100> loop density was reported due to the
higher deposited energy density. However, according to Sand
et al, at PKA energies above 200 keV, there is a decrease in the
deposited energy density due to cascade fragmentation [26].

The irradiation of in-vesselmaterials is currently being con-
ducted in surrogate fusion reactor facilities since actual fusion
environment material testing facilities are not yet available.
Moreover, employing only experimental testing to sort and
down-select candidate materials for in-vessel components is
expensive. In order to accelerate the development of fusion-
relevant materials, predictive models are useful as they can
emulate fusion irradiation conditions. This could aid in the
reduction of costs related to conducting irradiation experi-
ments. In particular, the irradiation damage in nuclear mater-
ials is multi-scale in nature and there is a need to understand
the long-term kinetic evolution of defects. In this regard, meso-
scale models like cluster dynamics (CD) and the kineticMonte
Carlo (KMC) method are usually employed to analyze the
evolution of irradiation-induced defect features inW [27]. Due
to constraints in the computational domain, theKMCapproach
can only accommodate defects of a few nanometers, while for
the CDmethod there are no constraints when incorporating the
size of the defect clusters and it can handle defects with lar-
ger cluster sizes. However, there is a need for higher computa-
tional resources in CD to perform simulations for larger defect
clusters. To overcome these difficulties, various mathematical
schemes have been developed to reduce the cost associated
with the CD method. In the work of Zhao et al, CD methods
have been employed to study the helium/hydrogen retention in
W [28]. In the numerical analyses conducted by Li et al [29]
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and Krasheninnikov et al [30], the nucleation and diffusion
of helium atoms in W were analyzed in detail using the CD
model. Using the spatially dependent CD method, Shah et al
[31] analyzed the formation of helium vacancy clusters in a W
monoblock and found that due to the emission of helium from
the surface, a lower retention of helium clusters is observed.
A similar study was conducted by Faney et al [32] using the
spatial dependent CD method to analyze tendril formation in
W exposed to helium. However, there are some limitations
to the CD model. The CD model for defect cluster evolution
incorporates numerous parameters, and uncertainties in these
parameters can impact the reliability of simulation results.
Reaction rates are influenced by various factors, such as the
capture radius, mobility, composition and morphology [33].
Therefore, an extensive database of fundamental properties is
required for defect clusters of different sizes. However, cre-
ating such a database poses significant challenges due to the
larger size ranges [33].

The defect characteristics in neutron-irradiated W vary
depending on the reactor type, even when irradiation condi-
tions are nearly identical [17]. Additionally, defect evolution
and growth are influenced not only by the neutron flux and
irradiation temperature but also by the characteristics of the
neutron spectrum [16]. As a result, each experimental irradi-
ation campaign yields distinct results, contributing to a broader
understanding of neutron radiation damage. This study aims
to explore the formation and evolution of irradiation-induced
effects in W as a function of the irradiation temperature.
Specifically, it focuses on experimental data of defect dens-
ities in W irradiated at 400 ◦C and 600 ◦C, where variations
in the relative population of 1/2<111> and <100> loops are
observed. As an initial step, a CD model for W is developed
using these experimental parameters, allowing for the examin-
ation of the evolution of irradiation-induced defects at 400 ◦C
and 600 ◦C. After validating the CD model against experi-
mental data, further investigations are conducted to analyze
the effects of trap elements, cascade overlap and loop reac-
tions (1/2<111> + <100>). Additionally, this approach can
be extended to study defect evolution at higher irradiation tem-
peratures (>600 ◦C), which is planned as the next step in our
research.

So far, based on previous computational modeling works
using the CD method in W, there has been no study investig-
ating the long-term evolution of dislocation loops and voids.
In order to address this aspect, an in-house CD method is
employed, which has the flexibility to integrate defect fea-
tures such as dislocation loops, voids, c15 clusters and impur-
ities as a function of the irradiation dose and temperature.
The present study aims at the investigation of the microstruc-
tural evolution of irradiation-induced defects using an integ-
rated experimental–numerical approach. Moreover, the inter-
action of loops of different Burgers vectors, 1/2<111> and
<100>, with voids, impurities and transmuted elements, and
the resulting influence on the overall evolution of defect pop-
ulations is studied. Dislocation loop variation due to the reac-
tion between 1/2<111> and <100> loops and trap-mediated
1D loop migration are also considered.

The paper is organized as follows: The next section
describes the CDmodel, and section 3 reports the experimental
results in comparison to those obtained using the CD-based
numerical simulations. Relevant discussions and conclusions
are reported in sections 4 and 5, respectively.

2. Model description

2.1. CD model

The CD method is a mathematical model based on a rate the-
ory approach to mimic and study the kinetics of the micro-
structural evolution of defects in materials [29, 34, 35]. It
provides insights on the mechanisms involved in the radi-
ation damage, which can be employed to analyze nucleation
of dislocation loops, void formation, precipitation and several
other irradiation-induced phenomena, such as swelling [36].
In the CD method/simulation, the microstructural evolution
of the system is described by means of a system of differen-
tial equations on the concentration of the cluster. It computes
the temporal evolution of the cluster size and concentration
based on the kinetic reaction of irradiation-induced defects
considered in the system. The evolution of the cluster con-
centration of irradiation-induced defects is represented by the
following equation:

dC(y)
dt

= GV, I−Lysink −
∑
x

kxyC(y)C(x)−
∑
x

gxyC(y)

+
∑
x

kxy′C(y ′)C(x)+
∑
x

gxy′ ′C(y ′ ′) (1)

where GV,I denotes the defect production rate. C(x) and C(y)
represent the concentration of defects of types x and y, respect-
ively, and Lysink signifies the loss rate of the defects through
sinks (surface, dislocation lines, grain boundaries). The inter-
actions among the irradiation-induced defects are defined in
terms of the reaction coefficients (kxy, g

x
y, k

x
y′ and gxy′ ′). k

x
y

describes the rate of defect y absorbing defect x, while gxy rep-
resents the rate of defect y emitting the mobile defect x. kxy′
denotes the generation of defect y due to the reaction between
defects y ′ and x. gxy′ ′ depicts the emission of defect x by defect
y ′ ′.

As a result of neutron irradiation, cascade events occur in
the material. To reproduce these damage events in the CD
model, the defect production rate has to be employed. Based
on the work of Sand et al, the defect production term is
expressed by a power law that relates the cluster size, n, and
defect production rate, GV,I [23, 37], as shown in equation (2):

GV,I (n) =
AV,I
nSV,I

. (2)

V is a vacancy, I is a self interstitial, AV,I is the pre-factor
related to the total production rate, and Gdpa. SV,I denotes the
scaling component [31, 38, 39]. The pre-factor, AV,I, of the
power law is calculated based on the total defect production
rate, Gdpa, and is written as
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Table 1. CD model mobility parameters for interstitial and vacancy defects.

Cluster Pre-exponential factor (m2 s−1) Migration energy (eV)

I1 (3D) D0( I1 ) : 9.981× 10−11 [43] 0.165 [43]
I2 (3D) 8.648× 10−10 [43] 0.222 [43]
I3 (3D) 3.47× 10−10 [43] 0.203 [43]
I4–I∞ (1D) D0( I1 )/n0.5, n is the number of SIAs in 1/2<111> loop [44] 0.1 [43]
V1(3D) D0( V1 ) : 177× 10−8 [44] 1.66 [44]
V2(3D) D0( V1 )/2 [45] 1.66 [44]
V3(3D) D0( V1 )/3 [45] 1.66 [44]
V4(3D) D0( V1 )/4 [45] 1.66 [44]
V5–V∞ (1D) 0 —

AV,I =
Gdpa

Nmax∑
n=1

n1−SV,I

. (3)

The parameters SV and SIare 1.63 and 2.20, respectively,
obtained from the work of Sand et al [23, 37]. The max-
imum number of interstitials and vacancies (Nmax) is set to
60, determined based on the average values of the DB and AJ
potentials, as described in the work of Wei et al [40].

The irradiation-induced defects in the CD simulation
domain consist of self-interstitial atoms (SIAs), self-interstitial
dislocation loop types of different Burgers vectors (1/2<111>,
<100>), c15 clusters, vacancy and voids (vacancy clusters)
[41, 42, 45]. SIA clusters comprising less than or equal to three
SIAs and vacancy clusters containing vacancies below 5 (⩽4)
have 3Dmotion. SIA clusters with size greater than 3 (⩾4) can
be 1/2<111> loops,<100> loops and c15 clusters. 1/2<111>
SIA loops can perform 1D migration while <100> loops and
c15 clusters are considered as immobile defects. Voids con-
taining more than 4 (⩾5) vacancies are treated as immobile
defects. Vacancy-type dislocation loops have not been taken
into account in the current study since the dislocation loops
detected in the current experimental analysis are considered
to be interstitial in nature. Moreover, in the experimental work
of Klimenkov et al [17] with similar irradiation conditions,
it was reported that dislocation loops are considered to be of
interstitial type. The largest size of the c15 clusters considered
in the CD model is 200 SIAs [41]. In the current CD, c15
clusters are nucleated through in-cascade clustering, and their
subsequent evolution is governed by the absorption of migrat-
ing SIAs (⩽3) or the emission of SIA. Due to the thermal
stability of c15 clusters, they collapse into loops when they
are above certain critical sizes. The density dynamically var-
ies due to the continuous nucleation and following collapse
after growth over the critical size. Therefore, the partitioning
of SIAs to c15 clusters was not high and relatively stable dur-
ing irradiation. However, since the nucleation of c15 clusters
constitutes a substantial proportion of all SIA clusters, their
collapse plays a significant role in loop evolution. The CD
model mobility parameters for interstitial and vacancy defects
are reported in table 1.

The reaction for 3D configurational structures, such as c15
clusters and 3Dmigrating defects (I1–I3, V1–V4), are modeled
using absorption coefficients, which are calculated using the

following equation:

kxy = 4π (Dy+ Dx)(ry+ rx) (4)

D is the diffusion coefficient and r is the reaction radius.
For the reaction between 3Dmigrating defects (x) and loops

(y) involving reactants with non-spherical volumes, the reac-
tion rate is evaluated based on equation (5) [46]:

kxy = (Dy+ Dx)
((

1−αxy
)
zLy,x+αxy z

V
y,x

)
(5)

where

αxy =

(
1+

(
ry

3(rx+rd)

)2
)−1

, rd = dislocation capture radius

zVy,x = 4π (ry+ rx+ rd)

zLy,x =
4π 2ry

log(1+ 8ry/(rx+ rd))
.

The interaction between 1D migrating defects is modeled
using the reaction rate [46]

kxy =
2Dyσy,x

λy
(6)

λy represents the mean free path of the 1D migrating defect
calculated by λ−1

y =
∑

ω σy,ωC(ω), where ω denotes the reac-
tion of all defects and sinks with 1D migrating defects.

σy,x denotes the cross-section of the reactants [46].
The emission coefficient (gxy) is calculated via the binding

energy, Exb, and absorption coefficient, kxy−x, and it reads

gxy =
1
Ω
kxy−xexp

(
−Exb (y)
kBT

)
(7)

where kB is Boltzmann’s constant.
In order to obtain the binding energy of the single SIA and

vacancy with the SIA and vacancy clusters, equations (8)–(11)
are employed. Ef (n) is the formation energy of SIA clusters
or voids, which consists of n SIAs or voids as shown in the
following equations.

Binding energy of SIA cluster with SIA:

ESIA
b,SIA (n) = ESIA

f (1)+ESIA
f (n − 1)−ESIA

f (n) . (8)
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Figure 1. Formation energy of <100> and 1/2<111> loop at 400 ◦C and 600 ◦C calculated using dislocation elastic theory.

Binding energy of SIA cluster with vacancy:

EVb,SIA (n) = EVf (1)+ESIA
f (n + 1)−ESIA

f (n) . (9)

Binding energy of vacancy cluster with SIA:

ESIA
b.V (n) = ESIA

f (1)+EVf (n+ 1)−EVf (n) . (10)

Binding energy of vacancy cluster with vacancy:

EVb,V (n) = EVf (1)+EVf (n − 1)−EVf (n) (11)

where EVf = 3.80 eV [47], ESIA
f = 9.46 eV [48].

In the case of voids, the formation energy is evaluated as

EVf (n) = 4π (rV)
2γ (12)

where 4
3π (rV)

3 =nv
a30
2 , a0 is a lattice parameter, and γ is the

surface energy.
The radii of the 1/2<111> and <100> loops [49] are cal-

culated as follows:

Radius of <100> loop:

r100 = a0

√
ni
2π

+∆Rc. (13)

Radius of 1/2<111> loop:

r111 = a0

√
ni√
3π

+∆Rc. (14)

∆Rc is the correction factor in the dislocation core posi-
tion. It is calculated as a0

2
√

6
and a0

4 for 1/2<111> and <100>,
respectively. ni is the number of interstitials in the loop.

The radius of the void is calculated [27] as

rv =
Drec

1+Z
+ ϵ+ a0

(
3
8π

) 1
3 (
n

1
3
v − 1

)
(15)

where
The recombination distance, Drec = a0

√
3

2 + ϵ
ϵ=0.01 [27].
The bias factor, Z = 1.2 [27].
nv is the number of vacancies in the void.
The loop formation energy, ESIA

f , for the 1/2<111> and
<100> loops is calculated based on the dislocation elastic the-
ory for irradiation temperatures 400 ◦C and 600 ◦C as shown
in figure 1 [50, 51]. The loop formation energies at 0 K were
also calculated and compared with density functional theory
(DFT) data for loop sizes smaller than 15 SIAs, showing good
agreement between the dislocation elastic theory and DFT
results [52]. In future work, the temperature-dependent sur-
face energy will be considered to refine void formation energy
calculations. The surface energy influences void stability and
growth, and in the CD model, it affects the vacancy emission
rate from a void by modifying the binding energy. Its temper-
ature dependence is expected to impact the predicted void size
distribution and overall defect evolution. By incorporating a
more accurate temperature-dependent surface energy model,
CD simulations will better capture the thermodynamic and
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kinetic behavior of void formation under varying irradiation
and thermal conditions.

Grain boundaries, dislocation lines and free surfaces are
employed as sinks in the current model for 1D and 3D migrat-
ing defects [27]. The sink strengths for the defects implemen-
ted in the current study are described as follows:

Sink of dislocation lines [27]:

Ldl,1D = 2(π (rd+rV,I) ρd)
2 (1D migrating defect) (16)

Ldl,3D =
2πρd(1 - ρ2)

ln( 1
ρ )− 0.75+ 0.25ρ2

(
4− ρ2

) (3D migrating defect)

(17)

where ρ= (rd + rV,I)
√
πρd.

Sink of grain boundary [27]:

LGB,1D =
15
R2
GB

(1D migrating defect) (18)

LGB,3D =
14.4
R2
GB

(3D migrating defect) . (19)

Sink of free surface [53]:

Lsurface,1D =
8cos2φ
l2

(1D migrating defect) ,

φ = 0 for the current work. (20)

Lsurface,3D =
2
l2

(3D migrating defect) (21)

where l is the thickness of the sample, φ is the angle of direc-
tion of loop migration and surface normal.

In experimental studies, it has been shown that irradiation-
induced defects, like dislocation loops, are trapped by intersti-
tial or substitutional atoms, which thereby impede its motion
[17]. Within the trap sites, loops perform random walks in
addition to the movement among lattice sites, and in order to
take into account this phenomenon, an additional diffusivity
term, Ddt

i , is incorporated based on equation (22) [36]:

Ddt
i = υdti

λ2
i

2N
(22)

where λ is the hop length to account for the jump between trap-
ping sites, which is assumed to be one-dimensional (N = 1),
and υdti is the activation frequency. The hop length, λi, is
inversely proportional to the trap density, ρt, ri is the radius
of the interstitial loop, and rt is the length between the trap and
mobile dislocation loop [36] as shown in equation (23):

λi = (4π rirtρt)
−1

. (23)

1/2<111> loops are treated as trapped and freely migrat-
ing loops in the present study. The free 1/2<111> loops are
modeled in CD in such a way that they can be trapped by the
trapping elements in the course ofmotion. TheCDmodel input
parameters for W are reported in table 2.

Table 2. CD model input parameters for W.

Parameters Value

Lattice parameter, a0 0.316 nm [31]
Atomic volume a30/2 [29]
Burgers vector, b 0.274 nm [29]
Dislocation density, ρd 4–6 × 1012 m−2 [31]
Grain size, d 3 µm [31]
Dislocation capture radius, rd 0.65 nm [45]
Dislocation bias, Z 1.2 [31]
Trap radius, rt 1.5b [46]

In the study of Liu et al [42], during cascade, the majority
of the dislocation loops formed in W are of interstitial type. In
particular, different groups of interstitial clusters are categor-
ized: (i) c15 clusters, (ii) 1/2<111> loops, (iii) <100> loops,
(iv) mixed structures comprising different Burgers vectors, (v)
‘None’ structures. At all PKA energies, most of the intersti-
tial clusters observed are 1/2<111> loop type, while at high
energy cascades, a few <100> loop type and mixed struc-
tures are noted. Furthermore, the probability of c15 cluster
formation increases with the increase of the PKA energy. In
another study conducted by Liu et al [41], a detailed MD ana-
lysis was carried out to analyze the formation and stability
of c15 clusters. In their study, it was shown that c15 clusters
are immobile and highly stable once nucleated in W, and can
collapse at high temperatures above 1500 ◦C to transform
to 1/2<111> loop type [41]. Moreover, in the event of col-
lapse of c15 clusters, before the conversion of c15 cluster into
1/2<111> loops at higher temperatures, the c15 clusters can
transform into<100> loops at lower temperatures [41]. Based
on the above study, the current work employed the forma-
tion of interstitial clusters, 1/2<111> and <100> loops, SIA
clusters of two and three SIAs and c15 clusters during irradi-
ation cascades. The study assumed the formation of 5% c15
clusters, 1% <100> loops and the remaining as 1/2<111>
dislocation loops and SIA clusters comprising 2–3 SIAs. The
dislocation loops (1/2<111>, <100>) and c15 clusters have
more than four SIAs. However, mixed and ‘None’ structures
are not taken into account in the irradiation cascade due to the
insufficient data. In order to incorporate their role in the evol-
ution of the defects, the percentage fraction of these intersti-
tial structures is included in the dislocation loops (1/2<111>,
<100>) and c15 clusters based on a similar approach to that
employed in the study of Gao et al [45] (figure 4). The size dis-
tribution of defects produced due to irradiation cascades based
on equations (2) and (3) is depicted in figure 2.

In the present study, the loop evolution in W by absorp-
tion and coalescence through interaction between loops of the
same and different Burgers vectors is considered, as shown in
figure 3. The following loop interactions are modeled in this
study based on previous studies. The dislocation loops of inter-
stitial type increase their size by absorbing SIAs or smaller
mobile loops since the SIAs have a higher strain field than
vacancies [14, 54]. Moreover, the growth of highly mobile
1/2<111> loops occurs by absorbing or coalescing with smal-
ler <100> loops. Similar mechanisms are considered for the
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Figure 2. Size distribution of defects produced due to irradiation cascades.

<100> loops, in which a larger size of <100> loops can
grow by absorbing smaller 1/2<111> loops. In fact, the popu-
lations of 1/2<111> and<100> loops are primarily governed
by interactions between loops, with coalescence or growth
resulting from the transfer of SIAs between them. The vari-
ants of 1/2<111> loops arise from the different possible ori-
entations of the loops within the bcc crystal structure. The
1/2<111> direction has multiple equivalent orientations, lead-
ing to different 1/2<111> loop variants such as 1/2<111>,
1/2<1̄11>, 1/2<11̄1> and 1/2<111̄>. Reactions between dif-
ferent 1/2<111> loop variants containing the same number of
SIAs to obtain <100> loops are rare. However, the current
study has incorporated this scenario and assigned a probabil-
ity of ∼3/8 (3 c/(8 c-2)), where c is the concentration of each
variant [45]. The remaining 5/8 between 1/2<111> loops of
different variants and identical size yields 1/2<111> loops
of larger sizes [45]. Reactions between loops with Burgers
vectors 1/2<111> result in the formation of a loop with a
Burgers vector of<100>, as shown in reaction (k) in figure 3.
This reaction is expected to generate 1/2<111> loops, but
instead, <100> loops are produced [55]. In this interaction,
each 1/2<111> loop glides within the habit plane of the other
interacting loop. Over time, both loops gradually merge into a
single loop with a Burgers vector of <100 >.

The presence of interstitial impurity atoms and substitu-
tional transmuted atoms in W plays an important role in the
evolution of irradiation-induced voids and loops. In the case
of pure W grade employed in the present study, despite hav-
ing 99.7% purity, interstitial impurities such as C, H, He,
N and O are observed with concentrations reported in the
study of Bakaev et al [56]. Moreover, transmuted elements
such as Re atoms are observed in the neutron-irradiated W
sample employed for the irradiation reported in the previous
and current studies [10, 16]. The impurities bind with vacan-
cies and interstitial clusters and impede their movements.
Therefore, the impurities act as traps for irradiation-induced
mobile defects, which influence the overall microstructure of
the material. It is thus important to incorporate interstitial
impurity atoms and substitutional transmuted atoms in the cur-
rent CD model. In the present study, trap elements with a con-
centration of 128 appm are employed as interstitial impur-
ity atoms [56]. In addition, transmutation-based atoms with a
density of 1.2× 1014 cm−3 [16] are also modeled as trap ele-
ments. Moreover, the CDmodel considers only the interaction
of 1/2<111> loops and mobile vacancies with the traps. The
following differential equation (equation (24)) is used in the
CD model to model the trapping of mobile 1/2<111> loops
and mobile vacancies by the trapping elements,
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Figure 3. Illustration of defect kinetics involved in the evolution of irradiation-induced dislocation loops and voids. (a) Depicts the
1/2<111> loop nucleation due to SIA migration, (e) depicts the nucleation of voids via migrating mobile vacancies, (b)–(c) illustrate the
cascade overlap with pre-existing voids and dislocation loops that were formed during processes (a) and (e), (d) represents the nucleation of
c15 clusters due to SIA migration, (f )–(k) depict the void or loop coalescence caused by 1D loop migration.

dCtrap

dt
=−k_trap_L111(ni)CtrapC111 (ni)

− k_trap_VAC(nv)CtrapCVAC (nv) . (24)

Ctrap is the density of trapping elements.
C111 is the concentration of the 1/2<111> loop.
CVAC is the concentration of the vacancy cluster (⩽4).
k_trap_VAC is the reaction rate between the trap andmobile

vacancy cluster calculated based on equation (5). The radius
of the trap is taken as 1.5b, where b is the Burgers vector.
k_trap_L111 is the reaction rate between the trap and

1/2<111> loop calculated based on equation (6).
ni is the number of interstitials.
nv is the number of vacancies.
The first reaction term represents the reduction in trap dens-

ity due to the trapping of 1/2<111> loops. In this model, each
trap is assumed to accommodate only a single loop, leading to
its permanent removal from the available trap population upon
capturing a defect.

During neutron irradiation, transmutation reactions gener-
ate helium atoms, which exhibit low solubility and highmobil-
ity within metal lattices [57]. Helium primarily affects the
mechanical properties of metals by promoting the formation

of helium-stabilized cavities along grain boundaries at elev-
ated temperatures [58]. A key role of helium is facilitating cav-
ity nucleation and growth, ultimately leading to void swelling.
Experimental studies and ab initio calculations in α-Fe reveal
a strong interaction between vacancies and helium atoms, as
well as helium–vacancy (He–V) clusters, highlighting the sig-
nificant contribution of helium to the stabilization of vacancy
clusters [58]. As helium accumulates within these voids, the
internal gas pressure increases, further driving void growth and
material swelling [59]. Additionally, helium influences void
coalescence, impacting the overall void distribution and struc-
tural stability [60]. In this study, helium production via the
(n,α) reaction is not explicitly considered in the simulation,
as the predicted helium generation rate under the given irradi-
ation conditions is low, estimated at 1–2 appm He/dpa.

2.2. Numerical algorithm

The model employs the Jacobian matrix of the ordinary differ-
ential equation (ODE) system using the analytical form, Jij =
∂
(
∂Ci
∂t

)
/∂Cj, where Ci and Cj are the densities of clusters.

The solution of the Jacobian matrix is evaluated by means
of python wrappers of the odespy package [61] based on
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the odepack algorithms [62]. In order to model large defect
clusters, a higher number of differential equations has to be
coupled to calculate the solution. To speed up the compu-
tational process and time, a grouping method is employed,
which implements two equations per cluster group to achieve
conservation of mass and the cluster density [63]. The present
study employs loop and void sizes of amaximum of 3000 SIAs
and vacancies in the CD model.

3. Results

3.1. Experiment

For the experimental analysis, an ITER-grade stress-relieved
IGP-W bar, dimensions 36 × 36 × 480 mm3 with 99.7 wt%
purity produced by PLANSEE SE, Austria, is implemented
[10]. Disk-shaped compact tension (DCT) W specimens with
4 mm thickness are fabricated using an electrical discharge
machining transverse to the forging direction [10]. Irradiation
experiments are performed on DCT specimens placed in the
fuel channel of the Material Test High Flux BR2 reactor
of SCK-CEN in Mol, Belgium. Experiments are performed
for irradiation doses of ∼1 dpa with the neutron fluence as
depicted in table 3 at irradiation temperatures of 400 ◦C
and 600 ◦C followed by TEM characterization of irradiation-
induced defect features. The calculation of the irradiation
dose in displacement per atom (dpa) units was performed
by MCNPX 2.7.0 [64] for a threshold displacement energy
of 55 eV in W. The ALEPH code of SCK-CEN [65] and
accessible nuclear databases are applied for the calculation
of transmuted elements such as rhenium (Re) and osmium
(Os) [66–68]. More details on these calculations can be found
in the study of Yin et al [69]. For microstructural investig-
ations, a FEI Scios focused-ion beam (FIB) scanning elec-
tron microscop was utilized to prepare TEM lamellae from
the undeformed region of the DCT specimens. Several TEM
lamellae were lifted out in situ and attached onto the molyb-
denum TEM half-grid by Pt deposition. Finally, the lamel-
lae were thinned down to electron transparency (to a thick-
ness of 50–150 nm) with multiple passes of a low-energy ion
beam. The FIB-induced damage wasminimized by optimizing
the cleaning pattern procedure parameters. A high-resolution
FEI Tecnai G2 F20 X-TWIN microscope operating at 200
kV equipped with a Gatan double-tilt holder and a high-angle
annular dark-field (HAADF) scanning TEM (STEM) detector
was employed for quantitative characterization of dislocation
loops and voids. For the statistical analysis of the dislocation
loops via the application of g •b criteria, weak-beam dark
field (WBDF) images were acquired for different diffraction
vectors g. An excitation error sg of approximately 0.2 nm−1

was employed. The identification of a void and its statist-
ics were obtained by the traditional through-focal series tech-
nique, where the contrast of the void changes from a white
dot with a black fringe in an under-focused image to a dark
dot with a white Fresnel fringe in an over-focused image. The
thickness of the areas of interest was determined by electron
energy loss spectroscopy with an uncertainty of ∼10%. The
estimated error involved in the measurement of defects using

TEMwas found to be±30% loop density viaWBDF,±0.6 nm
loop size viaWBDF,±5%void density and±0.2 nm void size.
In addition, a Thermo Fisher Scientific Talos F200X micro-
scope equipped with an energy dispersive spectroscopy (EDX)
detector was employed for analytical TEM to examine the spa-
tial distribution of the transmutation products.

3.2. TEM characterization of irradiation defects

Figures 4(a) and (b) show an overview of the dislocation
loop microstructure in the IGP-W after irradiation to 1 dpa at
400 ◦C. For the quantitative analysis of loops, several images
were acquired and analyzed under WBDF conditions. For
instance, a representativeWBDFmicrograph (figures 4(a) and
(b)) taken under g = {110} and {002} diffraction conditions
presents clear dislocation loop features with a mainly ellipt-
ical shape where the major axis of the loop is taken as a
measure of its size. Here, g = {110} and {002} diffraction
vectors were analyzed, resulting in a total loop density of
2.57 × 1016 cm−3 and a mean size of 3.50 nm. By apply-
ing the loop invisibility criteria and the statistical method for
Burgers vector determination, the visible loops were found to
be of both 1/2<111> and <100> types, with 53% and 47%
fractions, respectively. Owing to the resolution limit under
WBDF conditions, loop sizes less than 2 nm are excluded in
the statistical analysis. The size distribution of the dislocation
loops underWBDF conditions with g= {110} diffraction vec-
tor is presented in figure 7(b). Figures 4(c) and (d) present the
overall microstructure of the as-irradiated (1.06 dpa, 600 ◦C)
IGP-W acquired via the WBDF technique under g = {110}
and {002} diffraction conditions, manifesting a high dens-
ity of nm-sized black dots and interstitial dislocation loops.
Typical loop features with a circular/elliptical shape and cof-
fee bean contrast are identified. Black dots are not counted in
the WBDF micrograph. For the statistical analysis of loops,
the total dislocation loop density and mean size are found to be
∼ 3.10× 1016 cm−3 and 3.07 nm, respectively. Furthermore,
as most defects (≤2 nm) show black dot features, which are
difficult to resolve in TEM even via theWBDF technique, only
defects with characteristic features (figures 4(c) and (d)) were
counted as dislocation loops. Moreover, the<100> loop frac-
tion is found to be about 31%, which is calculated via the stat-
istical method for Burgers vector determination based on the
invisibility criteria (g · b = 0). The size distribution of dislo-
cation loops determined for the g = {110} diffraction vector
is presented in figure 7(c).

Similar to the high density of dislocation loops, the major-
ity of nano-sized voids were found to be uniformly distributed
in the as-irradiated sample, as presented in the under-focused
bright field (BF)-TEM micrograph in figure 4(e) for 400 ◦C.
The mean void diameter (fringe edge-to-edge distance) is
estimated to be 1 nm, and the density is determined to be 1.9 ×
1017 cm−3. Figure 9 shows the void size distribution in which
most voids are less than 2 nm. In addition, it is noteworthy that
many voids with sizes less than 1 nm are hardly determined
via the through-focal series technique with defocus conditions
of about ± 1 nm. WBDF imaging exhibits high sensitivity to
small defects by enhancing the contrast of lattice distortions,
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Table 3. Irradiation conditions in experimental analysis.

T irr (
oC) Irradiation time (days)

Flux (n cm−2 s−1)
(E > 0.1 MeV)

Flux (n cm−2 s−1)
(E > 1 MeV)

Flux (n cm−2 s−1)
(0.1 <E <1 MeV)

400 186 1.9× 1014 8.9× 1013 1.0× 1014

600 186 2.3× 1014 1.1× 1014 1.2× 1014

Figure 4. Dislocation loop and void microstructures in irradiated IGP-W. WBDF micrograph taken under (a) g = {002} diffraction
condition at 1.02 dpa, 400 ◦C, (b) g = {110} diffraction condition at 1.02 dpa, 400 ◦C, (c) g = {002} diffraction condition at 1.06 dpa,
600 ◦C, (d) g = {110} diffraction condition at 1.06 dpa, 600 ◦C manifesting a high density of black dots and dislocation loops with
near-circular, elliptical and coffee bean contrast (encircled); typical BF-micrographs presenting void distribution in irradiated IGP-W at (e)
1.02 dpa, 400 ◦C, (f ) 1.06 dpa, 600 ◦C.

allowing the detection of voids as small as 0.25 nm. Although
the focal series technique has limitations in resolving voids
below 1 nm, the WBDF imaging conditions used in this

study enabled the measurement of some sub-nanometer voids.
However, the detection of smaller voids (<1 nm) usingWBDF
imaging directly may involve non-trivial errors compared to
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Table 4. Dislocation loop and void statistics obtained from the experiment.

Type of defect T irr (
oC) Mean size (nm) Total density (cm−3) 1/2<111> (%) <100> (%)

Dislocation loop (interstitial type) 400 3.50 2.57 × 1016 53 47
600 3.07 3.10 × 1016 69 31

Void 400 1.00 1.90 × 1017 — —
600 0.90 2.10 × 1017 — —

Figure 5. Representative STEM-HAADF micrographs with inverted contrast, for irradiated (1.02 dpa, 400 ◦C) IGP-W along with
corresponding STEM-EDX spectrum images providing elemental mapping, with W highlighted in red and transmutation-induced Re in
green, along with Os in blue.

the focal series technique. For 600 ◦C, in addition to a few
dislocation loops/black dots, several marked voids are identi-
fied near the grain boundary (figure 4(f )). This indicates that
there is no clear void denuded zone near the grain bound-
aries in the as-irradiated condition. The mean void diameter
(fringe edge-to-edge distance) is estimated to be 0.9 nm and
the density is determined to be ∼ 2.1× 1017 cm−3. The size
distribution of voids is presented in figure 9. The statist-
ics regarding the dislocation loops and voids are reported in
table 4.

As the content of transmutation products Re (Os) in the as-
irradiated condition is expected to be at the level of 2 at% (0.2
at%) [66–68], STEM-EDX analysis was conducted to visu-
alize their distribution. No evidence of Re or Os decoration
or segregation at grain boundaries was observed at 400 ◦C,
as depicted in figure 5. Additionally, there was no evidence
of precipitation within the grains. Notably, the investigated

as-irradiated sample exhibited approximately 2.4 at% Re as
confirmed by elemental mapping.

Elemental mapping (figure 6) shows neither Re/Os decora-
tion/segregation nor precipitation at grain boundaries and/or in
the grains of the sample after irradiation at 600 ◦C. In addition,
elemental quantification analysis shows that about 1.9 at% Re
is detected in the selected grain (see marked frame in figure 6),
which indicates that Re, Os and their TEM-invisible clusters
are uniformly distributed in the sample.

3.3. Cascade parameters implemented for CD model

Irradiation damage in nuclear materials caused by collision
cascades is reported in several studies [70, 71]. During con-
tinuous irradiation of the material, the collision cascades over-
lap with the pre-existing defects and can actually change the
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Figure 6. Representative STEM-HAADF micrograph of irradiated IGP-W (1.06 dpa, 600 ◦C) showing grain boundaries. STEM-EDX
spectrum images show the corresponding elemental mapping of W (red) and transmutation induced Re (green) and Os (blue).

morphology and the size of the defect clusters in the irradi-
ated material [70]. In fact, there is a reduction in the defects
formed during cascade overlap in an irradiated material with
respect to the number of defects produced in a pristine mater-
ial during the initial cascades, which is corroborated in vari-
ous studies [70, 71]. Moreover, the cascade overlaps can be
categorized into partial overlaps and full overlaps [70]. In the
case of partial cascade overlap, there is a drastic decrease in
the defect cluster size, while for full cascade overlap the aver-
age decrease in the defect cluster size is lower. The present
study incorporates the influence of full cascade overlap on the
pre-existing defect distribution in the W material. In order to
realize a cascade overlap event, the transformation of the SIA
cluster (1/2<111> and <100>) type is implemented in the
CD model by means of transformation coefficients as imple-
mented in the following governing equation for 1/2<111> and
<100> loops (equation (25)). The transformation coefficients
represent the probability of transformation of the 1/2<111>
and <100> loop into <100> or 1/2<111> loop types. The
information regarding the transformation coefficients is taken
from the study of Byggmastar et al [70]. In the event of cascade
overlap, there are also changes in the defect cluster morpho-
logy, with the formation of mainly 1/2<111>, <100>, mixed
and ‘None’ clusters. In fact, mixed clusters include disloca-
tion loops of different Burgers vectors (1/2<111>, <100>).

The presence of mixed clusters is observed in the collision
cascade simulations [70]. However, these mixed clusters are
unstable and can transform into other loop types after anneal-
ing. In the case of ‘None’ structures, there is no information
regarding their stability during a cascade overlap event in W.
Due to scarce data on the mixed and ‘None’ clusters regard-
ing their morphology and size, the current study has not con-
sidered their in the cascade overlap event. Moreover, the cas-
cade overlap event on the c15 clusters and its transformation
are not considered since there is insufficient information on
the transformation coefficients.

It is important to emphasize that defect production
decreases when a cascade overlaps with SIA clusters [70].
Additionally, the size of the SIA cluster is reduced compared
to its original size after an overlap event. These effects are
not included in the CD model because the number of overlap-
ping events is expected to be minimal in relation to all cascade
events. Furthermore, SIAs lost from the original clusters dur-
ing the cascade overlap are expected to diffuse and be absorbed
by nearby SIA clusters [45]. In the current work, the influence
of full cascade overlap is taken into account to understand the
microstructural evolution of loops and voids in W. In order to
incorporate the full cascade overlap event, the cascade over-
lap rate (Fol) is included in the CD model, which considers
the probability of a full cascade overlap event per unit time
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Figure 7. (a) PKA spectrum from SPECTRA-PKA across the DCT specimen based on the experimental irradiation conditions. Total loop
density vs loop size obtained from experimental and CD model at (b) 400 ◦C (loop sizes from the CD model that fall below the observable
limits of experimental testing are considered as black dots.) (c) 600 ◦C (loop sizes from CD model below the observable limits of
experimental testing are considered as black dots) for 1.02 dpa. (d) 1/2<111> and <100> loop density from CD model at 400 ◦C and
600 ◦C for 1.02 dpa.

based on equation (25) [45]:

dC100 (n)
dt

= ϵ+ f111 to100 (n)Fol (n)C100 (n)

− f100 to111 (n)Fol (n)C111 (n) (25)

where ϵ represents the terms on the right-hand side
of equation (1), and f111 to100 (n) and f100 to111 (n) rep-
resent the transformation of a 1/2<111> loop to a
<100> loop and a <100> loop to a 1/2<111> loop,
respectively, during cascade overlap. Similarly, differen-
tial equations are also employed for <100> loops and
voids.

In the present study, the cascade overlap rate is calcu-
lated based on approximation in terms of the experimental
flux and volume of the cascade-induced molten domains in the

damaged region. In a previous study conducted by De Backer
et al [72] using numerical models, cascade simulations were
carried out to formulate a relationship which shows that there
is a linear relationship between the total volume of the molten
domain (Vmol ) and the PKA (EPKA) energy, Vmol = a∗EPKA

and a = V fr/Efr, where V fr is volume of the molten domain at
the cascade fragmentation energy (Efr), which is 160 keV [72].
V fr is 106 Ao3 at the threshold Efr.

In order to obtain Fol, the neutron flux spectrum from the
experiment (reported in table 3) is employed in SPECTRA-
PKA [73] code to analyze the PKA spectrum for a range
of PKA energy. The PKA spectrum is generated employing
TENDL-2017 [74] pre-processed nuclear data, which consist
of recoil matrices forW shown in figure 7(a). Based on the lin-
ear relationship, Vmol = a∗EPKA, and Vmol is calculated using
EPKA and multiplied by the PKA spectrum for values above
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Efr to obtain the average cascade overlap rate, Fol, which is
around 5× 10−7 s−1.

3.4. Comparison of CD model results with experimental data

Figures 7(b)–(d) and figure 9 depict the total loop and void
density distribution and their comparison between the exper-
iment and numerical results at irradiation temperatures of
400 ◦C and 600 ◦C. The results obtained from the numer-
ical model are able to reproduce the trend of dislocation loops
(1/2<111>+<100>) and voids from the experimental data in
terms of the loop and void sizes (figures 7(b)–(d) and 9). The
CD simulation is able to predict the loop sizes up to 10.5 nm
as observed in the experimental observations for 400 ◦C.
However, for 600 ◦C, higher loop sizes are noted in the CD res-
ults, which are not observed in experiments. This could be due
to the use of only a limited number of temperature-dependent
parameters. In future work, attempts will be made to calculate
more temperature-dependent parameters (similar to the cal-
culation of formation free energy) to improve the CD model.
Moreover, loop sizes less than 2 nm are not measured in the
experiment, while in the numerical results, loop sizes less than
2 nm are included. The treatment of trapped elements such as
interstitial impurities and substitutional transmuted elements
in the CD model also influence the results. Since the concen-
tration of impurities is less due to the 99.7% pure W sample,
the role of irradiation-induced transmuted elements can influ-
ence the numerical results. In order to study the actual migra-
tion of the transmuted elements and their interaction with the
loops and voids, separate ODEs are required for transmuted
elements, which need to be coupled in the CD model, which
can be computationally expensive. Since the main objective of
the current study is to analyze the long-term evolution of the
loops and voids in W material, transmuted elements are only
considered as traps. Moreover, due to the lack of data on the
mixed and ‘None’ clusters and based on some assumptions,
these clusters are integrated in 1/2<111>, <100> loops and
c15 clusters as percentage fractions.

A comparison between the experimental and numerical res-
ults of loop density is shown in figures 7 (b) and (c). In the
case of the numerical results, loop sizes of less than 10 nm
and 7 nm are obtained in the model at irradiation temper-
atures of 400 ◦C and 600 ◦C, respectively. A <100> loop
size up to 8.5 nm and a 1/2<111> loop size of less than
10 nm are predicted in the model, as depicted in figure (7(d).
However, based on the experimental observations, the differ-
ence between the total loop density at 400 ◦C and 600 ◦C is
not very significant (2.57×1016 cm−3 (400 ◦C) and 3.10 ×
1016 cm−3 (600 ◦C)). It should be noted that the main differ-
ence for the irradiation temperatures of 400 ◦C and 600 ◦C is
the 1/2<111> and <100> loop population. As mentioned in
the loop statistics from the experiment reported in table 4, at
600 ◦C, the 1/2<111> loop population (69%) is higher than
the <100> loop population (31%). At 400 ◦C, the difference
between the 1/2<111> and <100> loop population is rel-
atively smaller (47% <100> and 53% 1/2<111>). In terms
of the ratio between the 1/2<111> and <100> loop dens-
ity, ratios of 1.1 and 2.3 are obtained for 400 ◦C and 600 ◦C,

respectively. Based on the experimental observations, a sim-
ilar trend in the 1/2<111> and <100> loop populations is
observed in the numerical results. In particular, from the CD
model results, the ratio between the 1/2<111> and <100>
loop density is around 5.43 and 13.5 at 400 ◦C and 600 ◦C,
respectively (figure 7(d)). Additionally, both the experimental
and numerical results show that the 1/2<111> loop density
at 600 ◦C is higher than at 400 ◦C. The formation energy of
1/2<111> loops is lower than that of <100> loops. As the
temperature rises, the formation energy of 1/2<111> loops
decreases further, implying that less energy is needed for their
formation. This makes them more likely to form at elevated
temperatures compared to <100> loops.

At the early stages of irradiation, higher SIA diffusivity
facilitates nucleation by allowing mobile SIAs to aggregate
more efficiently into small clusters before being absorbed by
sinks [75]. This leads to a higher initial density of 1/2<111>
loops, where enhanced defect mobility promotes the forma-
tion of new loops. However, at later stages of irradiation, when
the nucleation phase is complete, higher diffusivity is expec-
ted to favor growth rather than further nucleation. Therefore,
more mobile SIAs should contribute to the continued enlarge-
ment of existing loops instead of forming new ones. Despite
this, the growth of 1/2<111> loops may not be significantly
enhanced due to SIA–vacancy recombination, absorption by
<100> loops and sinks such as grain boundaries, dislocation
networks and surfaces [76].

At higher temperatures like 600 ◦C, vacancies become
more mobile, leading to faster recombination with SIAs, redu-
cing the effective flux of SIAs available for loop growth.
Additionally, larger<100> loops serve as stronger sinks, cap-
turing mobile SIAs, which limits the growth of 1/2<111>
loops. Over time, other microstructural sinks such as dislo-
cations, grain boundaries and surfaces absorb SIAs, diverting
them away from loops and reducing their chances to grow.

Figures 8(a)–(c) illustrate the evolution of 1/2<111> and
<100> loops in terms of density, average size and the number
of SIAs (NSIAs) accommodated by the loops as a function of
the irradiation dose. Figure 8(d) depicts the fraction of inter-
stitials associated with loops, sinks (grain boundaries, dislo-
cation network and surface) and c15 clusters. The CD model
predicts that the average size of 1/2<111> and <100> loops
ranges between 1.5 and 3.5 nm (figure 8(b)).

At 400 ◦C, there is an increase in the 1/2<111> loop
density up to 0.2 dpa with a consequent decrease in NSIAs

(figures 8(a) and (c)). The peak that arises in the NSIAs is due
to the reduction in 1/2<111> loop density at 400 ◦C bey-
ond 0.2 dpa (figures 8(a) and (c)), which occurs as smal-
ler 1/2<111> loops are progressively absorbed by enlarged
immobile <100> loops. This absorption leads to a decline
in NSIAs within 1/2<111> loops (figure 8(c)), while simul-
taneously promoting an increase in the size of <100> loops
(figure 8(b)). As irradiation continues, the nucleation of newly
formed <100> loops results in a net increase in their dens-
ity (figure 8(a)), which is further accompanied by an increase
in NSIAs, as seen in figure 8(c). At 400 ◦C, the availability of
smaller 1/2<111> loops diminishes due to their high mobility,
leading to their absorption by <100> loops and sinks (grain
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Figure 8. CD model results as a function of irradiation dose (dpa) for (a) 1/2<111 > and <100> density, (b) average loop size, (c) SIAs in
1/2<111> and <100> (in cm−3), (d) fraction of interstitials accommodated by sink (grain boundaries, dislocation network and surface),
c15 clusters, 1/2<111> and <100> loops.

boundary, dislocation network, surface) (figure 8(d)). This
reduction in available SIAs slows down the further growth of
the size and density of<100> loops, leading to a near steady-
state behavior at a dpa above ∼0.5, as shown in figure 8(c).

At 600 ◦C, the increased mobility of SIAs facilitates their
clustering, resulting in a higher nucleation of 1/2<111> loops.
Consequently, this leads to a higher density of 1/2<111> loops
(figure 8(a)). However, despite the increased density at 600 ◦C,
the growth of existing 1/2<111> loops is not significantly
enhanced. The greater mobility of vacancies at this temper-
ature accelerates SIA–vacancy recombination, reducing the

number of mobile SIAs available for further loop growth.
Although 1/2<111> loops may form further, their contin-
ued expansion is suppressed as SIAs are absorbed by lar-
ger <100> loops and sinks (grain boundary, dislocation net-
work, surface), limiting their overall growth. Regarding the
evolution of c15 clusters, the fraction of SIAs accommod-
ated by 1/2<111> loops is higher than that by c15 clusters
(figure 8(d)). Up to approximately 0.5 dpa, the fraction of
SIAs in c15 clusters decreases at both 400 ◦C and 600 ◦C as
more migrating SIAs are absorbed by loops (1/2<111> and
<100>), reducing the number available for c15 clusters. After
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Figure 9. Void density vs void size obtained from experimental and CD model at 400 ◦C and 600 ◦C for 1.02 dpa (top), CD model results
as a function of irradiation dose (dpa) for void density (left, bottom) and average void size (right, bottom).

0.5 dpa, the fraction of SIAs in c15 clusters increases due to
the higher absorption of mobile SIAs (figure 8(d)).

In the case of voids, the model predicts well the density
distribution at 400 ◦C and 600 ◦Cwith respect to experimental
observations (figure 9). The density and average size of voids
from the CD results as a function of the irradiation dose at
400 ◦C and 600 ◦C are depicted in figure 9 (bottom). It should
be noted that at 600 ◦C, the void size increases compared to
at 400 ◦C. This is primarily because, at higher temperatures,
mobile vacancies (⩽4) exhibit increased diffusivity, allowing
them to coalesce with immobile voids and thereby increase
their size.

3.5. Influence of the cascade overlap

To analyze the overlap of the cascade with dislocation loops
and voids and the consequent change in the overall defect
population, CD simulations are performed, and a compar-
ison is made between the cases with overlap events and no
overlap events. Figures 10(a)–(d) illustrate the loop and void
density distributions at 400 ◦C and 600 ◦C at 1 dpa, while

figures 11(a)–(d) present the evolution of loops as a function
of the irradiation dose. The variation in loop density during
cascade overlap is influenced by two key factors: (i) during a
full cascade overlap, a fraction of the <100> loops transform
into smaller <100> and 1/2<111> loops, while a fraction of
the 1/2<111> loops also transform into<100> and 1/2<111>
loops. These transformations are quantified using transforma-
tion coefficients, as detailed in section 3.3. It is important to
note that the fraction of 1/2<111> loops formed through cas-
cade overlap with 1/2<111> and<100> loops is higher com-
pared to the fraction of <100> loops formed, and these frac-
tions are taken from the study of Byggmastar et al [70]; (ii)
The interactions between 1/2<111> and <100> loops lead
to coalescence, which results in changes in the overall loop
densities.

At both 400 ◦C and 600 ◦C, cascade overlap results in
an increased distribution of 1/2<111> and <100> loops.
Specifically, at 400 ◦C, the 1/2<111> loop density increases
from 8 × 1015 cm−3 to 1 × 1016 cm−3 (approximately 20%)
at 1 dpa, whereas the <100> loop density decreases from
2 × 1015 cm−3 to 3 × 1015 cm−3 (approximately 33%),
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Figure 10. Influence of loop density vs loop size from CD model due to cascade overlap at (a) 400 ◦C and (b) 600 ◦C for 1.02 dpa.
Influence of void density vs void size from CD model due to cascade overlap at (c) 400 ◦C and (d) 600 ◦C for 1.02 dpa.

as depicted in figures 10(a), 11(a) and (c). The increase in
1/2<111> loop size and density is primarily driven by the
absorption of smaller 1/2<111> loops and <100> loops
formed during cascade overlap. The average size of loops is
higher in the event of cascade overlap (figure 11(b)). The size
of the<100> loops increases through the absorption of smal-
ler 1/2<111> loops and mobile SIAs (⩽3). Consequently, the
nucleation of new <100> loops leads to an increase in their
density (figure 11(a)). However, because some of the <100>
loops have already been transformed into smaller <100> or
1/2<111> loops, this transformation causes a net increase in
the <100> loop density. Moreover, due to the higher popu-
lation of 1/2<111> loops compared to <100> loops, migrat-
ing SIAs and smaller 1/2<111> loops are more likely to be
absorbed by 1/2<111> loops than by <100> loops. At a
higher temperature of 600 ◦C, the increase in 1/2<111> loop
density is observed during overlap (figures 10(b) and 11(a),
(c)). Furthermore, the formation of 1/2<111> and <100>
loops derived from the transformation of 1/2<111> loops is
higher at 600 ◦C due to the higher initial 1/2<111> loop dens-
ity. These smaller<100> loops are subsequently absorbed by

1/2<111> loops, leading to a higher 1/2<111> loop density
compared to that under no-overlap conditions. Additionally,
the coalescence of smaller 1/2<111> loops with larger<100>
loops contributes to an increased <100> loop population
under cascade overlap conditions. Since there is an increase
in the loop densities during cascade overlap, the number of
migrating SIAs is lower for c15 clusters. Therefore, the ratio
of SIAs in c15 clusters to SIAs in loops is lower for cascade
overlap events when compared to no cascade overlap events
(figure 11(d) at 400 ◦C and 600 ◦C). In the case of voids, there
is an overall decrease in the void density at 400 ◦C and 600 ◦C
(figures 10(c) and (d)). This is attributed to the fact that the
migrating SIAs and 1/2<111> loops formed during the cas-
cade overlap event interact and recombine with the voids, thus
reducing the void density.

3.6. Influence on loops and voids due to trapped elements

Figure 12 depicts the 1/2<111> loop, <100> loop and void
density distributions for irradiation temperatures of 400 ◦C
and 600 ◦C. The results demonstrate the comparison between
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Figure 11. CD model results as a function of irradiation dose (dpa) for (a) 1/2<111 > and <100> density; (b) average loop size; (c) SIAs in
1/2<111> and <100> (in cm−3); (d) ratio between SIAs in c15 clusters and SIAs in 1/2<111> and <100 >.

the presence (with traps) and absence (without traps) of the
trapped elements. It is obvious from figure 12 that in the pres-
ence of interstitial impurity and substitutional transmuted ele-
ments, a higher density and size distribution of 1/2<111>
loops are observed [17], which are trapped by the intersti-
tial and transmuted elements. In the case without the inclu-
sion of the trap elements, the 1/2<111> loop density distribu-
tion is smaller. Due to the high mobility of 1/2<111> loops

in W, some of the 1/2<111> loops during their long-range
movement are absorbed at sinks (grain boundaries, disloca-
tion line, surface), and most of the remaining 1/2<111> loops
are absorbed by <100> loops. In the case of <100> loops,
their density and size in the absence of trap elements are lower
than in the case with the presence of trap elements. However,
a higher density and size of <100> loops are obtained in the
presence of trap elements when compared to 1/2<111> loops.
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Figure 12. Influence due to trapped elements on 1/2<111> and <100> loop density from CD model for 1.02 dpa (top); influence due to
trapped elements on void density from CD model for 1.02 dpa (bottom).

This is due to the fact that, as mentioned before, most of the
1/2<111> loops are subsumed by <100> loops. It is inter-
esting to note that in the presence of trap elements, most of
the mobile 1/2<111> loops are impeded by the presence of
traps. Therefore, their coalescence with voids is reduced, and
a higher density and size of voids is noed. In the case without
trap elements, the highmobility of 1/2<111> loops gives them
the possibility to coalesce with voids, which leads to a reduc-
tion in the density and size of voids when compared to the case
with the interaction of 1/2<111> loops with traps. A similar
scenario is also noted at the temperature of 600 ◦C.

Since the 1/2<111> loop density is lower when there are
no trap elements, it is expected to have a very low <100>
loop density. The source of <100> formation comes from
irradiation cascades and cascade overlap events. A fraction
of the 1/2<111> loops are transformed to <100> loops dur-
ing the cascade overlap events and the <100> loop size and
density varies based on the coalescence of smaller 1/2<111>

loop clusters with <100> loops. In order to understand the
number of <100> loops formed by the coalescence of smal-
ler 1/2<111> loop clusters with <100> loops, CD analysis
is carried out, not taking into account the reaction between
1/2<111> loops and<100> loops (reaction ‘off’). The results
obtained from reaction ‘off’ conditions are compared against
reaction ‘on’ (considering the 1/2<111> and<100> reaction)
as shown in figure 13. It is clear from figure 13 that there
is a decrease in the <100> loop population under reaction
‘off’ conditions, which corroborates the fact that the reaction
between 1/2<111> and<100> loops promotes an increase in
the population of loops of both types (1/2<111>, <100>).

Figures 14(a) and (b) illustrate the fraction of interstitials
accommodated by sinks (grain boundaries, dislocation net-
work, surface), c15 clusters and loops (1/2<111> and<100>)
as a function of the irradiation dose and temperature, both in
the presence and absence of traps. Additionally, loop sizes are
shown in figures 14(c) and (d). Notably, the fraction of SIAs
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Figure 13. 1/2<111> (left) and <100> (right) loop density from CD model for reaction ‘off’ and reaction ‘on’ conditions. (Reaction ‘on’
condition refers to reaction between 1/2<111> and <100> loops, reaction ‘off’ condition refers to no reaction between 1/2<111> and
<100> loops).

accommodated by 1/2<111> loops is significantly higher in
the presence of traps compared to the case without traps. This
occurs because the number of mobile defects available for
sink absorption is less when traps are present. However, in
the absence of traps, the fraction of interstitials of 1/2<111>
loops decreases after approximately 0.0005 dpa, as most of the
SIAs in 1/2<111> loops are absorbed by sinks and <100>
loops (figures 14(a) and (b)) [76]. In the absence of traps, the
high mobility of 1/2<111> loops causes their size to increase
during the early stages of evolution (up to 0.0005–0.001 dpa)
(figure 14(c)). However, beyond this point, their absorption by
sinks and <100> loops leads to a gradual decrease in their
size, while <100> loops continue to grow until ∼0.01 dpa
(figure 14(d)) [75]. As the irradiation progresses, the number
of smaller 1/2<111> loops declines due to their high mobil-
ity, leading to absorption at sinks and interaction with<100>
loops. This reduction in available SIAs slows the conversion
of 1/2<111> loops into <100> loops, ultimately resulting in
a decline in the <100> loop size (figure 14(d)).

3.7. Influence of loop reaction

In order to understand the influence of 1/2<111> loop and
<100> loop interaction on the overall defect population in W
material, simulations are performed for reaction ‘on’ and reac-
tion ‘off’ conditions. Reaction ‘on’ corresponds to the reac-
tion between the 1/2<111> and <100> loops, while reac-
tion ‘off’ does not take into account the interaction between
1/2<111> and <100> loops. Figure 15 depicts the loop and
void density distribution in reaction ‘on’ and reaction ‘off’
conditions. Figures 16(a) and (b) depict the ratio between
SIAs in 1/2<111> and SIAs in<100> loops, and figure 16(b)
depicts the ratio of the number of SIAs in c15 clusters to
the number of SIAs in loops. To analyze the density of c15

clusters, the ratio between SIAs in c15 clusters and SIAs in
1/2<111> + <100> loops is also evaluated, as shown in
figure 16(b).

For irradiation temperatures of 400 ◦C and 600 ◦C, the
density distribution of 1/2<111> loops is higher in the reaction
‘off’ condition when compared to the reaction ‘on’ condition,
as shown in figure 15. The density decreasing in the reaction
‘on’ condition is attributed to the reaction between 1/2<111>
loops and <100> loops, while reaction ‘off’ means not tak-
ing into account the interaction between 1/2<111> loops and
<100> loops. At an irradiation temperature of 400 ◦C under
reaction ‘off’ conditions, a higher <100> loop density is
observed for a loop size less than 3 nmwhen compared to reac-
tion ‘on’ conditions. However, at a loop size greater than 3 nm,
no<100> loops are observed for the reaction ‘off’ case. In the
case of 600 ◦C, a higher <100> loop density is noted at loop
sizes less than 3 nm for reaction ‘off’ conditions compared
with reaction ‘on’ conditions. A similar trend is observed for
1/2 <111> loops, which shows that for the reaction ‘on’ con-
dition, the interaction between 1/2<111> and <100> loops
promotes the growth of <100> loops (figures 15(a) and (b)).
It is quite obvious from figures 15(c) and (d) that a lower dens-
ity of voids is observed in the reaction ‘off’ condition at tem-
peratures of 400 ◦C and 600 ◦C at a size greater than 1 nm
since the SIAs from loops coalesce with the vacancies. At
400 ◦C, in the absence of 1/2<111> and <100> loop inter-
actions (reaction ‘off’ condition), the reduced vacancy diffus-
ivity at this temperature compared to 600 ◦C limits vacancy
recombination and the coalescence of vacancy clusters into
larger voids, leading to an overall increase in small void form-
ation (<0.6 nm) (figure 15(c)). Furthermore, since the pop-
ulation of 1/2<111> loops is lower under the reaction ‘off’
condition compared to the reaction ‘on’ condition, the total
absorption of mobile vacancies (⩽4) by loops is reduced. As
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Figure 14. CD model results as a function of irradiation dose (dpa) for SIAs in 1/2<111> and <100> at (a) 400 ◦C, (b) 600 ◦, (c)
1/2 <111> loop size, (d) <100> loop size.

a result, more vacancies remain available to cluster into small
voids (⩽0.5 nm), further contributing to their higher density
under the reaction ‘off’ condition.

At 600 ◦C, the suppression of small voids (<0.5 nm) under
the reaction ‘off’ condition can be attributed to two key factors.
Firstly, the higher diffusivity of vacancies (⩽4) at this elev-
ated temperature allows them to migrate and contribute to the
growth of larger voids but with lower density compared to the
reaction ‘on’ condition (figure 15(d)). Secondly, the higher
1/2<111> loop population in the reaction ‘off’ condition at
600 ◦C compared to 400 ◦C enhances vacancy absorption
(⩽4), which consequently leads to a greater reduction in the
number of vacancies available for small void nucleation. As a
result, the formation of small voids is suppressed.

The NSIAs accommodated by the 1/2<111> and <100>
loops are evaluated based on the ratio between SIAs in the
1/2<111> and<100> loops (figure 16(a)). Under the reaction
‘on’ condition, the reaction between 1/2<111> and <100>

loops promotes 1/2<111> and<100> loop growth by accom-
modating NSIAs by both types of loops. In fact, the number
of SIAs gained by <100> loops is higher with respect to
1/2<111> loops and, therefore, a decrease in the ratio between
SIAs gained by 1/2<111> and <100> loops is observed as a
function of the irradiation dose at both irradiation temperat-
ures. However, under reaction ‘off’ conditions, at 400 ◦C and
600 ◦C, there is an overall reduction in the <100> loop pop-
ulation due to the absence of reactions between the 1/2<111>
and <100> loops for the growth of loops. This leads to
an increase in the ratio of NSIAs in reaction ‘off’ conditions
compared with reaction ‘on’ conditions. Since there is no
transfer of SIAs between 1/2<111> and <100> loops under
reaction ‘off’ conditions, more SIAs are accommodated in
the c15 clusters with respect to the reaction ‘on’ condition
(figure 16(b). Moreover, at higher temperatures, fewer SIAs
are accommodated by loops than c15 clusters. The density of
voids is influenced by the SIAs involved in the formation of the
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Figure 15. Influence of loop density vs loop size from CD model due to reaction conditions between 1/2<111> and <100> loops at (a)
400 ◦C and (b) 600 ◦C for 1.02 dpa. Influence of void density vs void size from CD model due to reaction conditions between 1/2<111>
and <100> loops at (c) 400 ◦C and (d) 600 ◦C for 1.02 dpa. (Reaction ‘on’ condition refers to reaction between 1/2<111> and <100>
loops, reaction ‘off’ condition refers to no reaction between 1/2<111> and <100> loops).

loops. Since there is no transfer of SIAs between 1/2<111>
and <100> loops, most of the SIAs will either be absorbed
by c15 clusters or voids.

4. Discussions

There are several mechanisms involved in the formation of
<100> loops in irradiated W. One such mechanism for
the formation of <100> loops is the interaction between
1/2<111> loops of identical size. However, such reactions are
rare. Since the formation energy of 1/2<111> loops is lower
than that of <100> loops, the probability of the formation
of <100> loops is lower with respect to the formation of

1/2<111> loops [15]. The model has considered a probabil-
ity of ∼3/8 for the formation of <100> loops resulting from
the reaction between 1/2<111> loops of the same size, but
the proportion of <100> loops formed through this interac-
tion is much less in the present study. Therefore, in the current
model, the main source for the formation of <100> loops is
the generation directly in irradiation cascades and full cascade
overlap with pre-existing defects. The density of 1/2<111>
loops is found to be higher than that of <100> loops at
various irradiation temperatures. The formation of 1/2<111>
loops and <100> loops by means of c15 cluster collapse is
not considered in this study since the irradiation temperature
employed in the experimental and numerical study is not suf-
ficient for the collapse of c15 clusters in W, as explained in the
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Figure 16. CD model results for (a) ratio between SIAs in 1/2<111> and <100>; (b) ratio between SIAs in c15 clusters and SIAs in
1/2<111> and <100>; (c) SIA transfer rate to <100> loop; (d) SIA transfer rate to 1/2<111> loop; (e) total SIA transfer rate of <111>
loop to form <100> loop; (f ) total SIA transfer rate of <100> loop to form 1/2<111> loop.

previous work of Liu et al [41, 42]. However, there are only a
few studies available in the literature regarding the stability of
c15 clusters inW, which can influence the long-term evolution
of 1/2<111> and <100> density and size.

The temporal evolution of the defect features is influ-
enced by the interaction with the trap elements (impurity
atoms + transmuted elements). Due to these interactions, the

size and density of loops and voids have an influence on
the material behavior, as explained in section 3.6. Since the
sample used in this study is a bulk material, the surface effects
are not important. Therefore, the highly mobile 1/2<111>
loops can be sunk at grain boundaries or be incorporated
into dislocation lines. In particular, with the inclusion of the
trap elements, the model can capture a higher concentration
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of 1/2<111> loops. This kind of scenario is highlighted in
the experimental work of Klimenkov et al [17]. Moreover,
a detailed study is required to include Re atoms in the CD
model to understand the long-range interaction of Re atoms
with loops and voids.

In order to increase the rate of interaction between
1/2<111> and <100> loops, the influence of the mean free
path is relevant, which depends on the population of 1/2<111>
and <100> loops. To understand the evolution of the loops
at extended irradiation fluence, there is a need to gain some
insights into the mutual transfer of SIAs due to the reaction
between 1/2<111> and <100> loops. The overall loop pop-
ulation also depends on the reaction between 1/2<111> and
<100> loops, which fosters the loop population via absorp-
tion or coalescence reactions. In fact, the change in the loop
population results in SIA transfer between the loops and influ-
ences the SIAs in the loops with respect to their initial micro-
structure. The SIA transfer rate between the 1/2<111> and
<100> loops is studied based on a similar approach to that
used by Gao et al [45], and the expressions for the SIA transfer
rate for 1/2<111> and<100> loops are calculated as follows
in equations (26) and (27):

Tran111 (j) =
∑
j>i

kjiC111 (j)C100 (i) .i

−
∑
j<i ′

kji ′C111 (j)C100 (i
′) .j (26)

Tran100 (j) =
∑
j>i

kjiC100 (j)C111 (i) .i

−
∑
j<i ′

kji ′C100 (j)C111 (i
′) .j. (27)

The SIAs received by 1/2<111> loops by absorbing
the smaller loop size of <100> type are depicted in the
kjiC111 (j)C100 (i) .i term, while the kji ′C111 (j)C100 (i ′) .j term
depicts the <100> loop of larger size absorbing the smal-
ler loop size 1/2<111> type. A positive value of Tran111 (j)
depicts the gain of SIAs by 1/2<111 > of size j from <100>
loops through the ‘1/2<111>+ <100>’ reaction. In the case
of negative Tran111 (j), there is a loss of SIAs from the
1/2<111> loop. The terms in equations (26) and (27) have a
similar depiction for <100> loops.

Figures 16(c) and (d) depict the SIA transfer rate to form
1/2<111> and <100> loops. It is worthwhile to note that in
general both 1/2<111> and <100> loops gain SIAs due to
their reaction due to the positive Tran111 and Tran100, which
corroborates the fact that the SIA transfer promotes the vari-
ation in the loop densities of 1/2<111> and <100>. The rate
at which the SIAs are gained by the <100> loop is higher
with respect to the 1/2<111> loop at both irradiation temper-
atures (400 ◦C and 600 ◦C). <100> loops achieve a larger
gain of SIAs due to the higher production of smaller 1/2<111>
loops as a result of SIA aggregation and in-cascade cluster-
ing. In particular, SIAs gained by <100> loops increase with
the dose at 400 ◦C. However, at 600 ◦C, the amount of SIAs

gained by <100> loops is lower compared with that at the
irradiation temperature of 400 ◦C. Therefore, the ratio of SIAs
in 1/2<111> loops to <100> loops is higher at 600 ◦C. The
lower density of the higher sized loops (1/2<111>, <100>)
is due to the low transfer rate of SIAs. Moreover, with
the increase in the irradiation dose, the SIAs gained by the
1/2<111> loop are decreased. For this reason, the reduction in
SIA gain of 1/2<111> loops promotes an increase in gain in
SIAs for <100> loops. The total SIA transfer rates, obtained
by summing the contributions from the 1/2<111> and<100>
loops, offer valuable insights into themechanisms driving loop
evolution under irradiation (figures 16(e) and (f )). At 400 ◦C,
the transfer of SIAs from 1/2<111> loops to <100> loops
increases up to 0.2 dpa due to the progressive absorption of
smaller 1/2<111> loops by larger <100> loops. This redis-
tribution of SIAs supports the continued growth of <100>
loops in the early stages of irradiation. Beyond 0.2 dpa, the SIA
transfer rate declines, mainly due to interacting defectmechan-
isms. As the irradiation dose increases, vacancy accumulation
and recombination with mobile SIAs reduce the overall avail-
ability of SIAs for loop absorption. Additionally, the absorp-
tion of SIAs by sinks such as grain boundaries and dislocation
networks further limits their contribution to loop growth. A
similar trend is observed for the transfer of SIAs from<100>
loops to 1/2<111> loops over 0.2 dpa, but the magnitude of
this transfer is lower than that from 1/2<111> loops to<100>
loops. Since the primary mechanism of loop evolution is the
absorption of 1/2<111> loops by <100> loops, the reduced
availability of SIAs limits the transfer from <100> loops to
1/2<111> loops. At 600 ◦C, the increased mobility of SIAs at
this temperature, compared to 400 ◦C, enhances loop absorp-
tion, resulting in a higher transfer rate of SIAs from 1/2<111>
loops to<100> loops up to approximately 1 dpa (figures 16(e)
and (f )). Moreover, at higher doses, accelerated vacancy diffu-
sion promotes faster recombination between SIAs and vacan-
cies, reducing the net availability of mobile SIAs. As a result,
the rate of SIA transfer from<100> to 1/2<111> loops is less
at around 1 dpa as recombination with vacancies and defect
sinks becomes increasingly significant.

5. Conclusions

Neutron irradiation-induced defects pose the main challenge
in the design and development of in-vessel components in
fusion reactors due to alteration of the material proper-
ties. Moreover, studies addressing the behavior of W-based
components in fusion-relevant conditions are still ongo-
ing. In order to understand the microstructural evolution of
irradiation-induced defects in W, the present study included
an integrated experimental–numerical analysis on neutron-
irradiatedW. Regarding the experimental analysis, TEM char-
acterization was carried out for W irradiated up to 1 dpa
at 400 ◦C and 600 ◦C. The CD method, developed in this
study, was employed to investigate the long-term evolution
of 1/2<111> loops, <100> loops, voids and c15 clusters by
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assigning the irradiation conditions implemented for experi-
mental analysis. The numerical results obtained from the CD
method are compared with the experimental data. The follow-
ing statements highlight the findings obtained in this work:

(1) In the CD model developed for W, the evolution of cluster
densities (loops/voids) depends on various factors, such as
the defect production rate, initial defect production num-
bers and fraction of loops (1/2<111>,<100>), voids pro-
duced during irradiation cascades, the boundary condition
of loops and voids (number of SIAs and vacancies) ini-
tialized for the CD computations, the energetics of defect
densities (formation energy, migration energy) and the dif-
fusion coefficient of defect densities. The CD results for
400 ◦C are in good agreement with the experimental res-
ults. However, there are larger loops obtained for 600 ◦C
in the CD results, which are not observed in the experi-
mental results. This is a better case scenario that the cur-
rent study has obtained for 400 ◦C and 600 ◦C in the CD
model since the relative population of the 1/2<111> and
<100> loops at 400 ◦C and 600 ◦C follows the same trend
as that of the experimental results. Concerning the exper-
imental results, loops of less than 2 nm and black dots
are not counted in the TEM analysis at both 400 ◦C and
600 ◦C. The types of defects regarding black dots are yet
to be verified. As the temperature increases, the forma-
tion energy of 1/2<111> loops decreases, requiring less
energy for their formation and making themmore likely to
form than <100> loops. Moreover, the formation energy
of 1/2<111> loops remains consistently lower than that of
<100> loops. As a result, the density of 1/2<111> loops
is expected to be higher than that of <100> loops.

(2) Irradiation cascades overlapping with pre-existing SIA
clusters in W contribute to the nucleation of <100>
and 1/2<111> dislocation loops, impacting the long-term
evolution of defects. The variation in loop density is driven
by the formation of <100> and 1/2<111> loops during
cascade overlap, which are subsequently absorbed by lar-
ger 1/2<111> and <100> loops, thereby modifying their
densities. The characteristics of cascade overlap, such as
the fraction and type of clusters formed, depend on factors
such as the PKA energy and temperature. However, due
to the limited availability of cascade overlap data, partic-
ularly regarding changes in the fraction and type of pre-
existing clusters as a function of temperature, further stud-
ies using lower-scale models like MD are necessary. Such
data could be valuable for enhancing CD models to better
predict defect evolution under varying temperature condi-
tions based on cascade overlap events.

(3) Due to the high mobility of 1/2<111> loops in W, in the
absence of traps, most of the 1/2<111> loops are either
absorbed at sinks (dislocation lines, grain boundaries, free
surfaces) or coalesced with<100> loops and voids, which
decreases the overall 1/2<111> loop population, as cor-
roborated in the CD model. With the inclusion of traps,

a higher 1/2<111> loop population is noted. The indica-
tion of the differences in the 1/2<111> loop density res-
ulting from the influence of traps, however, warrants fur-
ther detailed investigation focusing on the incorporation
of Re/Os atoms and their interaction with 1/2<111> loops
and voids in the CD model. On the basis of the current
work, our next work will focus on the employment of
concentration equations for transmuted elements (Re/Os),
transmuted elements–W interstitial clusters and trans-
muted elements–W vacancy clusters in the CD model to
provide more insights on the trapping of mobile 1/2<111>
loops and vacancy clusters by the transmuted elements and
to understand the consequent influence on defect cluster
evolution.

(4) During the long-term evolution of loops, the reaction
between 1/2<111> loops and <100> loops was recog-
nized as the source of transfer of SIAs between loops
of different Burgers vectors. The reaction facilitates the
modification in the loop population of both types. The rate
at which SIAs are gained by the <100> loop is higher
compared to the 1/2<111> loop. This enhanced SIA gain
in <100> loops is attributed to the higher production of
smaller 1/2<111> loops, resulting from the accumulation
of SIAs and in-cascade clustering. Specifically, for lar-
ger<100> loops, the SIA transfer rate decreases with the
increase in irradiation dose.

Based on previous studies employing the CD model, a key
tenet of the current work is the assessment of the long-term
evolution of 1/2<111> loops,<100> loops and voids. TheCD
model provides accurate predictions of the irradiation-induced
microstructure in neutron-irradiated W, including loops, voids
and C15 clusters, while incorporating the latest insights into
radiation damage evolution and W energetics. The hope is
that the parameters and results obtained from this integrated
experimental–numerical approach can be useful for providing
information for upper-scale models like dislocation dynam-
ics, finite element models for investigating the engineering
properties and thermo-mechanical behavior of fusion-relevant
components.
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