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Abstract

We have developed a new theoretical model for deuterium (D) retention in tungsten-based
alloys on the basis of its being trapped at dislocations and transported to the surface via the
dislocation network with parameters determined by ab initio calculations. The model is used
to explain experimentally observed trends of D retention under sub-threshold implantation,
which does not produce stable lattice defects to act as traps for D in conventional models.
Saturation of D retention with implantation dose and effects due to alloying of tungsten with,
e.g. tantalum, are evaluated, and comparison of the model predictions with experimental
observations under high-flux plasma implantation conditions is presented.

Keywords: tungsten, retention, plasma

(Some figures may appear in colour only in the online journal)

1. Introduction

The current choice of materials to be used in ITER plasma-
facing components includes tungsten (W) and beryllium [1].
The sputtering yield of tungsten is much lower than that of
beryllium, while its melting point is significantly higher.
However, the practical use of W is hindered by its high
ductile-to-brittle transition temperature, and therefore
risk of brittleness between plasma pulses in the course of
operation. In order to improve the mechanical properties,
tungsten alloys are considered. One of the issues still to be
clarified is the retention of hydrogen (H) isotopes (including
deuterium and radioactive tritium) in tungsten alloys, as the

0953-8984/14/395001+10$33.00

plasma-facing components are supposed to sustain high-
flux plasma.

As hydrogen isotope ions are neutralized and thermal-
ized following the implantation, further evolution depends on
hydrogen solubility in W —i.e. the energy of H solution in W,
which is positive. According to the phase diagram of a W-H
system, in the temperature region of 300-1,000K, relevant
for ITER conditions, an equilibrium concentration of H dis-
solved in a-W ranges from 107!8 to 10%at.% [2]. Above this
solubility limit (e.g. under plasma exposure that implants H
ions into material), H does not form hydrides with W, but pre-
cipitates in the bubbles filled with H, molecules [2]. However,
the thermodynamic diagram does not indicate the ways of the
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bubble formation, which occurs via diffusion, trapping, nucle-
ation and growth. The critical issue here is to determine the
mechanisms of trapping and nucleation of H bubbles, which
basically define the retention of hydrogen in material.

Recently a significant amount of works have been dedicated
to both computational assessment of hydrogen permeation in W
(see e.g. [3—6]) and experimental characterization of this phe-
nomenon (see e.g. [7-12]). Experimental investigations of trap-
ping and release of D in pure tungsten (W) and tungsten-tantalum
(W-Ta) alloys [6-8] show that there is a considerable amount of
trapped D in the bulk within a depth of several microns, which
is similar to the case of He trapping in W. However, the essen-
tial difference between hydrogen and helium agglomeration
in tungsten is that the binding energy between two hydrogen
atoms is an order of magnitude lower than that for helium. It
means that, in a marked contrast to He, a homogeneous nuclea-
tion of D clusters is highly improbable. Accordingly, nucleation
of hydrogen clusters requires binding cites. In current models
dealing with deuterium (D) retention in tungsten [2], it is argued
that the nucleation of D-complexes is determined crucially by
the concentration of radiation-produced vacancies, which act as
traps for fast-migrating D atoms. One vacancy has been argued
to trap up to 5-6 hydrogen atoms [3-5]. At sufficiently low tem-
peratures considered in ref. [2], vacancies are immobile while
self-interstitial atoms (SIAs) diffuse and become trapped with
impurity atoms (mainly carbon, C) or are absorbed by disloca-
tions. Thus, the result strongly depends on the dislocation density
and C-SIA trapping energy, which have to be high enough to trap
SIAs so that the remaining vacancies can trap D atoms and act
as nucleation cites for D-clusters. This model was developed to
describe ion implantation with energies of 5-30keV, but cannot
be applied (even qualitatively) to nucleation of D-clusters at
sub-threshold implantation conditions, i.e. when the ion energy
is too low to produce stable vacancy-SIA pairs in the crystal
bulk, and the operating temperature range is too low (<500K) to
induce any significant concentration of thermal vacancies. The
sub-threshold implantation conditions are important, however,
since they correspond to the plasma-wall interaction regime
expected to occur in the ITER and experiments involving high-
flux, high-temperature deuterium plasmas with ion energies of
up to several tens of eV [6, 7]. Hence, the description of the
trapping of D at these irradiation conditions requires alternative
mechanisms to those considered in the current models.

In this work, we analyze the trapping of hydrogen on typ-
ical microstructural features such as dislocations and compare
the efficiency of this mechanism with the homogenous self-
trapping mechanism (conventionally considered for helium
retention). Based on the available ab initio results, we con-
struct a theoretical model to evaluate the retention of D on dis-
location lines. The model is then applied to describe thermal
desorption spectroscopy (TDS) results, which are used to
verify activation energies of deuterium detrapping.

2. Homogeneous self-trapping of deuterium
in the bulk

Ab initio calculations [5] show that two hydrogen atoms trap
each other weakly with a binding energy E, ~0.01eV, (as
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Figure 1. Trapping and detrapping frequency for D-D pairs in W
bulk as a function of depth. Implantation conditions correspond to
those applied in [6, 7], i.e. D flux Fp = 10**m=s~! and temperature
T =460K.

compared, e.g. with helium forming strong pairs with a binding
energy of E, ~1eV). Figure 1 shows detrapping frequency, wge,
for D-D pairs based on these estimates, as compared to trap-
ping frequency, wpp, i.e. the frequency of collisions of one D
atom with others having concentrations of C% in the crystal
bulk, given by the following expressions:

4z (3w )"
wpp = appCh, app = —(—) D}, (D
o\ 4rn
Eb
Db ~ b2wyexp| ——2 |, 2
D 0 p( kBT) ( )
b
Wae = Woexp bt En , wo = 10571, 3)
kgT

where @ ~ 0.5b% is the atomic volume, b is the lattice spacing,
D} is the bulk diffusion of D atoms, wy is the attempt-fre-
quency prefactor, EJ is the bulk migration energy and kT has
the usual meaning.

One can see that the trapping frequency decreases with dis-
tance (depth) from the surface due to decreasing C} (see the
next section), and it is several orders of magnitude lower than
that of detrapping. So a homogeneous nucleation of D (or H)
clusters is indeed questionable in such implantation conditions,
and one needs an alternative trapping mechanism for D atoms
at some intrinsic defects to provide the nucleation sites for the D
clustering. Grain boundaries were suggested as nucleation sites
for bubbles [9]; however, the retention also takes place in the
recrystallized W [10], and even in single crystal W [11]. What
is more, the presence of different impurities does not result in
any significant difference in the D depth profiles, either [6, 7].

In the next section we consider a model of D retention
mediated by dislocations, which are proven to act not only
as trapping sites, but also as pathways for preferential D dif-
fusion through bulk. This complex trapping-detrapping D
diffusion along dislocation lines results in the removal of D to
the exposure surface and in-bulk penetration.
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Figure 2. The schematics of core atoms in a2 < 111 > screw dislocation in 3D (left figure) and projection onto the (111) plane (right
figure). The black arrows indicate the difference between displacements of neighboring < 111 > columns forming the dislocation core.

The length of the arrow is proportional to the magnitude of displacement difference, and the direction of the arrow indicates the sign of the
displacement difference (i.e. the column that the arrow points to has a larger displacement than the column on the other end of the arrow).
Among the three atoms that surround the centre of the dislocation, the arrows form a closed circuit. Note that while the arrows reveal a
displacement component in the (11 1) plane for convenience of visualization, the displacement component they represent is strictly out of
the plane. The three ground state positions in, and six ground state positions next to, the dislocation core are schematically shown in the right
figure by light- and dark-blue balls, respectively. The red arrow connecting three light-blue balls reveals the migration path for H inside the
SD core. The red arrow connecting one light-blue with two dark-blue balls represents the migration path along the dislocation core.

3. Trapping of hydrogen isotopes mediated by
dislocations

3.1. Ab initio calculations

The microstructure of tungsten below 0.1 7,,, (melting temper-
ature) is characterized by long ap/2 < 111 > screw dislocation
lines [13], as is usual for BCC metals, where ag is the lattice
constant. Density functional theory (DFT) calculations have
been applied to compute the interaction of D with the screw
dislocation (SD) core in our previous work [14]. Here we
extend these calculations further to assess Hy-SD interaction
for different configurations of hydrogen clusters. We used the
Vienna Ab-Initio Simulation Package (VASP [15]). The pro-
jected augmentation wave [16] and the generalized gradient
approximation (GGA [17]) were used for the pseudopotential
and the exchange-correlation potential, respectively. The 1s
state for H and 5d6s states for W are treated as valence states
in the calculations. The atomic relaxation is carried out using
the conjugate-gradient algorithm with the force convergence
criterion of 0.03eVA™.

It has been shown that there are at least three positions
for D inside the core, in which D is trapped with the binding
energy E} = 0.6eV. In addition, there are six positions for D
adjacent to the dislocation core, in which the binding energy
is only slightly lower (i.e. being 0.55eV). The schematic pic-
ture showing the core structure of ag2< 111 > screw dislo-
cation and location of D atoms is presented in figure 2. The
calculations of the migration barrier between in-core positions
provide the migration barrier for the H diffusion along the dis-
location line. The two migration paths (inside and adjacent
to the SD core, as shown in figure 2) were analyzed, and the
resulting migration barrier, EZ, was computed to be ~0.1eV.

The in-core migration energy is essentially lower than
the bulk migration energy, Ef, = 0.4eV [2], which means the
travel path of H diffusing along the dislocation line before
detrapping, LY, is expected to be significant. The latter can be
estimated as follows [18]:

“)

El — EZ + E]
LY =bexp LY |
2kyT

AtT < 460K, L exceeds 10um (typical size of subgrains
in polycrystalline W), implying that D atoms trapped at dis-
locations will remain until they reach another microstruc-
tural feature (e.g. a free surface, dislocation junction or grain
boundary). Condensation of migrating D atoms on dislocation
lines will result in the formation of D, clusters also attached to
dislocations, as DFT calculations suggest the presence of the
attractive interaction not only for an isolated D, but for small
clusters as well [14]. The growth of a Dy cluster starting from
D, will occur by its extension along the dislocation line. A
comparison of the interaction energy of D to a Dy.; cluster in
different configurations is presented in figure 3. The interac-
tion energies were computed following the standard definition
—1i.e. as the difference of the total energy corresponding to the
states of an atomic system that contains two relevant defects
together and apart. Following this definition a negative value
of the interaction energy corresponds to the attractive interac-
tion. The expressions for the interaction energy of a D atom
with a Dy cluster located in bulk, or placed on a dislocation
or dislocation jog are the following:

E(DP? + DR ) = ER + EP — EP |, - EP, (5)

E(D? + DP_)) = ER + E® — Ep_, — EP, (6)
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Figure 3. The interaction energy of DX — D¥_,, where symbols X and Y imply the location of interstitial D and Dy_; clusters. This
correspondingly could be B=bulk, D=dislocation, J=jog on dislocation. The interaction energy is measured as the difference of the total
energy of configurations, including two objects together and apart. With this notation, the negative value of the interaction energy implies
attractive interaction (i.e. positive binding energy). Positive values (for DB+Dy.; P) favour dissolution of Dy (for N > 2) into smaller ones
without leaving the dislocation core, while the formation of Dy on a dislocation jog is an energetically favourable process.

E(DP + Dj,_)) = E}, + E’ — EJ,_, — EP, (7)

E(D® + D{_,) = E}, + E® — E|_, — EP, (8)

where EP is the total energy of the crystal containing the screw
dislocation (containing m W atoms), and EZ is the total energy
of the perfect crystal with the same dimensions and number of
W atoms as were used to create the screw dislocation. Cohesive
energy of a single W atom, defined as E,,, = EB/m; EB, is the
total energy of the crystal containing a single interstitial (tetra-
hedral) hydrogen atom relaxed in a perfect crystal; EP and Ef
are the total energy of a crystal containing a single interstitial
hydrogen atom or a cluster of N hydrogen atoms placed at the
most favourable position(s) on the screw dislocation line and
relaxed; Ej| is the total energy of the crystal containing a cluster
of N hydrogen atoms placed in the jog on the screw dislocation.

Results in figure 3 show that on a perfect dislocation line,
the accumulation of D clusters into a compact 3 D structure is
not a favourable process, and D atoms would prefer to form
chains decorating the dislocation core. (Note that D chains
also remain trapped by the dislocation). It means that the for-
mation and growth of compact larger Dy clusters will require
the presence of nucleation sites, such as jogs or dislocation
intersections, in which D atoms will also become immobi-
lized. To validate this hypothesis, we generated a vacancy jog
on a screw dislocation line and assessed the interaction of Hy
clusters with that jog. The interaction energy of D with a Dy
cluster located on the jog is also given in figure 3 and table 1.

Table 1. The interaction energy of DX — D)_,, where symbols X
and Y imply the location of interstitial D and Dy cluster.

Number of D

atoms in

cluster DE—-DB_, DE-DR, D®-Dj_, D’ -Dj_,
2 —-0.0652 -0.56 -1.11 -0.62
3 0.02 -0.48 -1.18 -0.69
4 0.11 -0.38 -0.83 -0.34
5 0.16 -0.34 -0.89 -0.4
6 0.16 -0.34 -0.73 -0.24
7 0.39 -0.11 -0.42 0.08
8 0.36 -0.14 -0.66 -0.16
9 0.16 -0.34 — —

The figure shows that a compact cluster can grow (being fed
by D coming from both bulk and dislocation core) and accom-
modate at least eight D atoms.

The Dy clusters formed on jogs can grow and eventu-
ally reach a supercritical size, at which they transform into
a bubble by emission of secondary jogs that release neces-
sary volume for the cluster, as more D atoms will approach
the nucleus. The energetic analysis of this process was per-
formed in [14], where it is suggested that a ‘jog-punching’
mechanism operates once the cluster size exceeds Dg. (See
the relaxed configuration of a Dg cluster placed on a disloca-
tion jog in figure 4). Once the supercritical size is reached,
the cluster will grow as a macroscopic bubble by the classical
loop punching mechanism [19]. The dissolution of D bubbles
attached to the screw dislocation line may, however, occur by
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Figure 4. Relaxed configuration of an Hg cluster formed on the jog in a core of a %2 < 111 > screw dislocation. The dislocation line is
oriented normal to the paper, and the three W atoms marked by crosses form the SD core. See the atomic core structure in figure 2.

two channels: (i) emission of D into bulk or (ii) emission of D
on a dislocation line. The former is the classical process, and
its activation energy can be roughly estimated as the permea-
tion energy (which varies in the range 1.25-2.0eV following
DFT calculations for H in W [5]). Experimentally, the activa-
tion energy for this process is deduced to be ~1.5-1.7¢eV. (See
the section 4). Emission from bubble to dislocation requires a
lower energy barrier, since the emitted D would be bound to
the dislocation core and the corresponding activation energy
is lower by E} = 0.6eV. Taking the permeation energy from
the experimental assessment (~1.6eV), we shall consider that
the activation energy for the D emission from a bubble to the
dislocation line is ~ 1 eV. Even though there will be a signifi-
cant difference in the activation energy for the two emission
channels, they will compete with each other as temperature
rises (especially at high heating rates typical of TDS meas-
urements, which will be discussed further in section 4). The
reason for the competition originates from the essential dis-
crepancy of the effective emission surface, which is higher by
a factor of 47R?/2ay” for the bulk emission as compared to the
emission directly on the dislocation line. Hence, the first emis-
sion channel will also operate especially for large bubbles and
at high temperature.

Based on the above-presented DFT results, a model for D
trapping, transport by dislocation network (accounting for D
clustering along the dislocation lines) and detrapping at typ-
ical TDS conditions is described in the following.

3.2. Rate theory of D trapping and transport

The model of D-cluster nucleation and growth at dislocation
junctions is sketched in figure 5. The upper figure shows W
samples exposed to high-flux D plasma [7, 8] being inspected
by transmission electron microscopy (TEM [13]). A typical
dark field image shows screw dislocation lines decorated by
cavities (presumably D bubbles, as such features were not
detected in the pre-exposed samples). The amount of vis-
ible hydrogen clusters is rather low for an accurate statistical
determination, but based on the inspection of a considerable
number of images, a mean linear spacing of 100 + 20nm

was obtained. The lower picture illustrates a mechanism of
D-transport via the dislocation network, in which junctions
act as nucleation sites for D-clusters. The exposure surface is
on the left-hand side.

The trapping rate of an Ny, atom by a Dy.; cluster w;(x)
formed at such a nucleation site at the depth x can be estimated
as the product of the D flux from the bulk to the unit length of
the dislocation Jf, and the length along the dislocation, from
which each cluster is fed with migrating D-atoms, L:

Z
witx, 1) = JPLy,  JP = —dDg [Chx, n-C1].

1
Chh = exp[—i], 9)
kgT
where Z; ~ 1 is the dislocation capture efficiency for D-atoms
from the bulk [20], C4(x) is the mean bulk D-concentration
determined by trapping at dislocations, and C¥ is the thermal
equilibrium concentration determined by detrapping from dis-
locations. The maximum value of L, is determined by equa-
tion 4 (figure 3), but in reality it should be limited by the mean
distance between the clusters.

The bulk D-concentration Cj(x, ) depends on the distance
from the implanted surface, and can be evaluated by solving
diffusion problems in the effective medium (see e.g. [20]),
in which dislocations are the dominant sinks for D atoms
implanted at the surface (x = 0):

GCb d2Ch(x, ¢
DDﬁ K3DB[Chex, 1) — €],
0. 1 = 2220 = ), chon = (1)
D

where p, is the dislocation density. D concentration at the sur-
face C4(0, 1) is determined by the implantation flux Fp, strag-
gling Xp, and D-atom mobility, while deep in the bulk it is
assumed to be in thermal equilibrium with respect to detrap-
ping from dislocations.
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surface

Figure 5. Dark field TEM image of screw dislocations decorated
by D clusters (two examples are indicated by the white circles [14]),
and schematic illustration of D-transport via the dislocation network
with D-clusters separated by dislocation segments Lg.

At times larger than diffusion times through the region of
interest (~1s for 10 micron depth at an implantation tempera-
ture of 460K), a steady-state profile of C§(x) is established,
which is given by:

Ch(x) — C = [CB(0) — C!f' |exp(—xkp). (12)

The concentration profile is shown in figure 6(a) for dif-
ferent dislocation densities ranging from annealed to cold
worked state. It is significantly lower than the profile of the
D retention measured experimentally [7-9] (figure 6(b)),
which implies that the transport of D atoms along dislocations
to the surface should be lower than the transport in the bulk.
This could be accomplished via formation of traps — stable

D-clusters attached to dislocations, in the vicinity of which
the activation energy for D migration is significantly enhanced
compared to that in a ‘bare’ dislocation core.

Let us evaluate a steady-state profile of the concentration
of D atoms attached to dislocation, which is determined by the
balance between D absorption from the bulk and migration
along the core:

d d 20d
9CHw) _ (dCB0) _ CDz(x) _o. a3
ot ), dx
d b Dg b h
CH0) = CD(O)D_’ Cp(o0) = CJ, (14)

D

(15)

dCg (x)
dt

) = Zap, D[ Ch(x) — CI].
b

The solution of equation (13) with boundary conditions
(14) is given simply by:

Db
Ci(x) — Ch = D—{;[Cg(m — CiF|exp(—xkp) ~ (16)
D

which differs from the bulk concentration (12) only by the
ratio of the bulk-to-dislocation diffusion coefficients D/D§.
Let us estimate D§ by the following expression:
Td

which assumes that migration along the dislocation occurs by
quick ‘jumps’ (i.e. fast diffusion) between the D-clusters attached
to the core at spacing Ly, from which D atoms can escape with
an effective activation energy E&T. Figure 6 shows the resulting
profiles for the bulk concentration and retention of D at dislo-
cations, taking ES=1eV and different cluster spacing ranging
from 250 to 80nm. Decreasing L; may be attributed to the
increasing concentration of D-clusters with implantation time
rising from 70 to 1,400s. The choice of Egi'is motivated by the
discussion provided in the previous section and the estimation of
the activation energy for the D emission from a bubble attached
to a dislocation line. (See also the discussion in section 3).

Now let us estimate the mean cluster radius corresponding
to the D retention at dislocations, which is given by the deute-
rium balance equation and shown in figure 7:

a0y \ 3
3LdCD(x)] ’ (18)

4”pd npy

Re(x) = [

where np, ~ 5 is the number of D atoms per vacancy in the
cluster, which is estimated from DFT calculations showing
that a vacancy can trap up to 5-6 hydrogen atoms [4—6].
Now the total D retention can be evaluated by integrating
Cg(x) over the depth, x, up to the depth L, from which deute-

L
rium can reach the surface during TDS: Re$, = /0 CA(x)dx.

If one assumes the following decrease of spacing L, with
implantation time due to nucleation of new clusters, which
saturates at 80nm (figure 8) in accordance with TEM obser-
vations (figure 5), then the retention first increases and subse-
quently saturates, as shown in figure 9.
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Figure 7. Mean cluster radius corresponding to the D retention at dislocations presented in figure 6(b).

The comparison with experimental data shows that the pre-
sent model can account for the observed saturation of the D
retention with implantation time that adjusts itself adiabati-
cally to changing cluster structure. Alloying W with Ta has
been shown to increase dislocation density [12], which can
explain the observed decrease in the total retention in the
W-Ta alloys compared to pure W.

4. Analysis of TDS results

In order to verify activation energies used in the present model,
let us consider results of thermal desorption spectroscopy
(TDS [7]) shown in figure 10(a). The rate of deuterium release

was measured as the sample temperature was increased at a
constant rate 0.5 K/s, which the defined characteristic time of
the temperature change as 7r &~ 2s. During this time, deute-
rium can be transported to the surface via dislocation network
from a depth x = ,/Dng, which allows one to estimate the
dependence of the desorption temperature on the depth and
desorption activation energy E&! as follows:

E ;lff

Tp(x) = —="
() In(worrL3/x2)

(20)

Figure 10(b) shows that desorption temperature ranges
from 450 to 700K, with depth increasing from 1nm to
1 micron, taking E&/ =1eV. The profile of retained deuterium
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Figure 10. (a) TDS spectra of the W sample after exposures to 1 plasma shot (70s) and 20 shots at high deuterium flux 5, = 102°m™2s~! [7].

(b) Calculated dependence of the temperature of desorption via dislocations on the depth, assuming EST = 1eV, versus the temperature of
desorption via bulk, assuming the activation energy of 2eV.

steeply decreases with depth, so the maximum of released process is given by the sum of detrapping and bulk migration
deuterium comes from subsurface layers, which explains the energies, and is equal to 2eV in order to fit the second peak
position of the first TDS peak near 460 K. The second peak at 750K (figure 10(b)). It does not depend on the depth since
lies near 750 K, which corresponds to the release of deuterium  the limiting process in this case is detrapping deuterium from
from clusters via bulk diffusion. Activation energy for this clusters rather than facilitating its diffusion to the surface. So,



J. Phys.: Condens. Matter 26 (2014) 395001

V | Dubinko et al

0.1 ————

0.01+

1E-3+

D retention at dislocations (at%)

Dislocation density

—— Typical 10° m?
— Cold worked 10" m?|]
— Annealed 10" m?* ||

1E-4 -

4

N

0

6 10

0

Depth (microns)

Figure 11. The prediction of the D retention on the dislocation network as a function depth for the same implantation conditions as

in figure 6.

taking the D migration energy in bulk E.= 0.4¢eV, the detrap-
ping activation energy is estimated as 1.6eV. This value cor-
responds well to the H absorption barrier (from vacuum to W
bulk) found by DFT to be 1.7 and 2.0eV for the (100) and
(110) surface [5].

Note that the second peak increases with rising implanta-
tion time, which implies that large bubbles formed at high flu-
ence cannot be emptied by deuterium release via dislocation
channels at the imposed heating rate. Apparently the second
mechanism (i.e. emission directly to bulk) comes into play at
sufficiently high temperature and competes with the emission
via dislocation lines.

5. Conclusions and outlook

We developed a model for D retention in W-based alloys
under sub-threshold plasma implantation conditions,
assuming the trapping of D at dislocation network. The latter
serves not only as the source of trapping, but also as a means
for D transport deeper in the bulk. The formulation of the
present model was realized with the aid of ab initio calcula-
tions and experimental estimates deduced from TDS mea-
surements. The model explains the observed saturation of D
retention with implantation dose and effects due to alloying
of tungsten by tantalum (which essentially changes grain
size distribution). Hence, this work provides a link between
the kinetics of D retention and microstructural features of the
exposed W samples. Further experimental tests may include
verification of a strong dependence of the D-penetration
depth on the dislocation density. The prediction of the pres-
ently developed model for the effect of cold work/deforma-
tion on the dislocation-mediated retention is presented in
figure 11. The validation of the prediction can be realized
by exposure and subsequent nuclear reaction analysis (NRA)
measurements, which offers excellent resolution up to a
depth of several microns.

As an outlook regarding further development of the
microstructure-mediated retention models, we consider that
mobility and ‘loop-punching’ processes on edge disloca-
tions, dislocation junctions and grain boundaries are the pri-
mary issues to be assessed. This information will provide a
much more accurate description of the nucleation and growth
kinetics of D-clusters in a wide range of exposure conditions.
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