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ABSTRACT

Thermal evolution and elevated temperature annealing of the dislocation microstructure of an irradiated
metal, represented by an ensemble of elastically interacting interstitial dislocation loops, is explored us-
ing discrete dislocation dynamics simulations. The two fundamental microscopic processes driving the
evolution of dislocations are the pipe diffusion of atoms along the dislocation lines, giving rise to the
dislocation self-climb, and bulk diffusion of vacancies, resulting in the conventional dislocation climb.
Simulations show that the coalescence and coarsening of the prismatic dislocation loop microstructure,
observed at lower temperatures, is driven primarily by the dislocation self-climb. In tungsten, dislocation
self-climb gives rise to a pronounced change in the dislocation loop microstructure at temperatures close
to 800 °C, see Ferroni et al. (2015) [1], whereas a similar microstructural transformation of the dislocation
network driven by self-climb in «-iron is predicted to occur at ~ 270 °C. Simulations also show that the
diffusion of vacancies in the crystal bulk is able to explain the observed annihilation rates of interstitial

loops in tungsten.

Crown Copyright © 2022 Published by Elsevier B.V. All rights reserved.

1. Introduction

The development of quantitative predictive models for the ther-
mal evolution of microstructure of heavily irradiated materials is a
major scientific challenge in the context of design of fusion and
advanced fission power plants. Irradiation of many metals and al-
loys at relatively low temperatures, below approximately 350 °C
for structural steels [2], gives rise to radiation embrittlement. In
the intermediate temperature range, materials exposed to irradia-
tion exhibit radiation swelling [3], whereas at even higher temper-
atures the performance and lifetime of components is limited by
thermal and radiation creep [4,5]. The selection of candidate struc-
tural materials for fusion applications includes ferritic-martensitic
steels, vanadium, titanium, and copper alloys, silicon carbide, and
tungsten as a plasma-facing material [6,7].

Irradiation by high-energy neutrons or ions produces high,
many orders of magnitude higher than equilibrium, concentrations
of self-interstitial and vacancy defects in materials. The popula-
tions of defects produced by irradiation include single-atom de-
fects, for examples self-interstitial atoms and vacancies, as well as
clusters of defects [8]. If all the self-interstitial defects generated
by irradiation were to migrate directly to vacancies, they would
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annihilate fully since irradiation always produces vacancy and self-
interstitial defects in pairs, and the total numbers of opposite type
defects match each other exactly. In reality, self-interstitial and
vacancy defects, and clusters of defects generated by irradiation,
segregate [8-10]. As a result, self-interstitial and vacancy defects
never annihilate completely, and instead form spatially segregated
regions containing excess amounts of defects of either type. For
example, self-interstitial defects form interstitial dislocation loops
and extended dislocation networks, whereas vacancies remain rel-
atively randomly distributed in the bulk of the material [10-12].
In some materials, self-interstitial defects coalesce into small nu-
clei of Laves phases [13], whereas vacancies form vacancy clusters,
vacancy dislocation loops or voids [3,14,15].

The remaining mobile point defects are absorbed by the so-
called sinks, for example by the dislocation network or by grain
boundaries, or in a thin film geometry these defects migrate to sur-
faces. The numbers of defects migrating to sinks and those accu-
mulating in the bulk of the material as individual defects or clus-
ters of defects are not the same for vacancies and self-interstitials.
The asymmetry, or bias, in the observed behaviour of defects stems
from the elasticity effects [16], in particular from the significant
difference between the relaxation volumes of vacancy and self-
interstitial atom defects [17-19]. The spatial partitioning and clus-
tering of vacancy and self-interstitial defects results in the forma-
tion of spatially heterogeneous dislocation and vacancy microstruc-
tures observed in materials exposed to irradiation [10].
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The fact that the formation energy E; of a self-interstitial atom
defect is relatively high [20], for example in tungsten it is close to
10 eV and in iron to 5 eV, shows that the thermal equilibrium con-
centration of self-interstitial defects, proportional to exp(—Ef/kgT),
is negligible [21]. The thermal equilibrium concentration of va-
cancies at ambient conditions is also very low, but can be ap-
preciable at elevated temperatures [22,23]. The many orders of
magnitude difference between the negligible equilibrium and high
non-equilibrium, induced by irradiation, concentrations of self-
interstitial and vacancy defects creates a thermodynamic force that
drives the defects from the bulk to the available sinks, for exam-
ple to the interstitial loops and dislocations, vacancy loops, grain
boundaries, and surfaces.

The energy required to dissociate a self-interstitial atom de-
fect from a line dislocation or a mesoscopic dislocation loop is
close to the formation energy of the defect [20]. This renders self-
interstitial defects effectively locked in dislocations, and encour-
ages the growth of dislocation loops by the absorption of freely
migrating self-interstitial defects [24] or by their coalescence with
other loops [25].

Simulations and observations show that already at a relatively
low exposure to radiation at the level of 0.1 dpa, interaction be-
tween dislocation loops gives rise to the formation of an extended
dislocation network [10-12,26]. In situ thermal annealing [1] of
ion-irradiated tungsten shows that the dislocation network re-
mains largely static and stable below ~ 1000 K. Dislocations start
evolving at higher temperatures, in the range from 1073 to 1473 K,
where annealing of the dislocation microstructure can be observed
on the timescale of one hour or shorter. Also, since the 2 MeV
self-ion irradiation of tungsten used in experimental studies [1] in-
duces defects and dislocations only at a relatively shallow depth
< 200 nm below the surface, it is desirable to develop a model that
would enable extending the analysis of ion irradiation experiments
to the bulk conditions representative of the operating environment
for structural materials in a fission or fusion reactor.

We develop a computational model based on dislocation dy-
namics simulations and apply it to the simulation of evolution
and annealing of an ensemble of interacting interstitial disloca-
tion loops, where the dynamics of dislocations involves both self-
climb and vacancy-mediated climb. The latter is mediated by the
absorption of vacancies, which undergo thermally activated diffu-
sion in the bulk of the material, by the dislocations [27,28]. We
find that pipe diffusion along the dislocation lines [29], indepen-
dent of the vacancy atmosphere and responsible for the self-climb
of dislocations, accounts for the observed lower-temperature dy-
namics of coarsening of dislocation loops in tungsten and iron. At
the same time, dislocation self-climb appears to be not the only
rate-controlling process consistent with the microstructural evolu-
tion observed in experiment [1], and that vacancy-mediated climb
dominates the evolution of dislocation network at higher tempera-
tures.

2. The dynamics of climb and self-climb of dislocations
2.1. Vacancy-mediated climb

In a fully developed microstructure of an irradiated metal, va-
cancies are the only mobile point defects, the average concentra-
tion of which in the bulk of the material remains appreciable [10].
Thermal diffusion of vacancies drives the shrinkage and/or growth
of dislocation loops. Dislocation climb, involving the bulk diffusion
of vacancies (known as vacancy-mediated climb, VMC), is a well
established mechanism of evolution of dislocation structures. The
VMC velocity of a dislocation line segment is related to the va-
cancy concentration in the vicinity of a dislocation line C(x) via
a solution of the stationary diffusion equation V2C(x) = 0, which
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neglects the effect of the elastic field of a dislocation, and the fact
that the dislocation is in motion, on the diffusion of vacancies [30].
Noting the form of the Green function for the two-dimensional dif-

. . 1 .
fusion equation G(x) = 52D In(|x|), we find an analytical expres-

sion for the concentration C(x) of vacancies near a straight dislo-
cation line [31]

C) = G+ 1 EXE) ("") , (1)
() A

where Gy, is the concentration of vacancies at a large distance
from the line I'. C(xr), or equivalently Cr-(x), is the concentration
of vacancies in the immediate vicinity of line I" at a distance r,
which is the core radius of the dislocation. r., is the outer cut-off
radius, which is the distance from the dislocation I" to a remote
point in the microstructure. The VMC climb velocity is

27,
Vyme = TCDv (V-m)C(x) |,, s (2)
e c

where D, is the wvacancy diffusion coefficient D, =
Do(T) exp (—Em/kgT), Do(T) is a pre-exponential factor pro-
portional to the product of the attempt frequency and the square
of interatomic distance [32], Ep, is the vacancy migration enthalpy,
kg is the Boltzmann constant, and T is the absolute temperature.
n is the unit vector in the climb direction n= éi—:‘, where &
is the tangent unit vector to the dislocation line, and b is the
Burgers vector. Defining the edge component of the Burgers vector
as be =||& x b||, from Egs. (1) and (2) we find a convenient
expression for the VMC velocity [31,33]

2D
Vyme = beT(%‘) Cour — Cr) (3)
where Cp = Co(T) exp(—F/bekyT). Here, Co(T) = exp(—Es/kpT)
is the equilibrium concentration of vacancies per lattice site, Ef is
the vacancy formation energy, and € is the atomic volume. F is
the climb force per unit length acting on the dislocation line.

Dislocation dynamics codes incorporate the vacancy diffusion-
controlled dislocation climb into simulations through the climb ve-
locity given by Eq. (3). This expression was derived assuming a
straight line dislocation, and its form is local since it depends only
on the Peach-Koehler (P-K) force acting on a selected dislocation
segment. It does not apply to a general case of an arbitrary curved
dislocation.

Gu et al. [34] generalised the treatment of climb using an in-
tegral form of the diffusion equation. In this approach, extended
by Rovelli et al. [35,36] to include the treatment of free surfaces,
the local VMC climb velocity is evaluated from an integral equa-
tion for the concentration of vacancies, defined at the dislocation
lines and at internal and external surfaces of the material. The
model, involving a quasi-stationary approximation, in which the
field of vacancies is assumed to depend on time only through the
time-dependence of the positions of dislocation lines and surfaces,
treats the shape of the dislocation lines and their spatial configura-
tion explicitly. The self-consistent quasi-stationary equation for the
vacancy concentration, including dislocation climb, is [34-36]

/ be () v (X')
r

Xr — x| dl(X') = 47 Dy[Cpuiie — Cr (Xr)], (4)

Fl(xp) 2

where Cr(xr) = Cy(T) exp (_W

) in thermal equilibrium, or

1
Cr (Xr) = Gk €Xp (—mir);g) in a general case, and di(X') is a

differential segment of dislocation line T".
In the limit where the concentration of vacancies far from the
dislocation line is close its thermal equilibrium value Gy, = Co(T),
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Eq. (4) acquires the form
/ be (x) v (x')
r o |xr—x|
If the parameters entering the expression for the self-diffusion co-
efficient of vacancies DY, (T) = Do exp [ (Es + Em)/kpT] [23,37] are
determined from experimental observations, Eq. (5) can be writ-

ten as

/ be(X') vy (X') dl(x") = 4w D¥,(T) [1 - e(bj;;gk)?r)] (6)
r

dI(x") = 47 Dy[Co(T) — Cr (Xr)], (5)

[xp — x|

In applications, the self-diffusion coefficient DY, (T) can be de-
duced either from experimental observations or it can be esti-
mated from the values of parameters Ef, Em and Dy computed us-
ing density functional theory. Below, we solve the integral Eqs. (4)-
(6) for the dislocation climb velocities numerically, using a discre-
tised representation of dislocation lines.

Before proceeding with the treatment, we note that the quasi-
stationary approximation described above and adopted in our
treatment, imposes limitations on the range of validity of the
model. The model can be applied to the analysis of slow ther-
mal evolution of microstructure driven by its own internal inter-
actions but does not assume that the evolution of the dislocation
network involves the action of a significant or time-dependent ex-
ternal load. Indeed, the presence of such load would imply the oc-
currence of fast movement of dislocations, the velocities of which
are proportional to the respective, potentially high, Peach-Koehler
forces. In this case, there is no guarantee that the field of va-
cancies would be able to follow the configuration of dislocations
in the quasi-stationary sense, necessary to observe the validity of
Egs. (4)-(6).

In a material exposed to irradiation, the average volume con-
centration of defects can be as high as 0.1% [10,11] and is close
to the concentration of vacancies at melting [22,23]. This is many
orders of magnitude higher than the equilibrium concentration of
vacancies in materials over the range of operating temperatures
of fission or fusion reactors. Hence, the thermal equilibrium con-
centration of vacancies can often be neglected in comparison with
the concentration of defects produced by irradiation. This also en-
ables, where appropriate, using an approximate conservation law
where, during annealing, the number of free vacancies lost from
the medium equals the number of interstitial atoms eliminated
from the dislocation loops.

The total number of interstitial defects Ng;, contained in self-
interstitial dislocation loops can be evaluated from the ratio of re-
laxation volumes of the dislocation loops, computed in the elastic-
ity theory limit [18,38], to the atomic volume 23, namely Ngy =
Q,e1/S20- The relaxation volume of a dislocation loop is [38]

Qyet = % 7§b. (r x dl), (7)

where dl is a differential dislocation segment vector, dl = &dI, r is
the position vector of a dislocation segment, and b is the Burg-
ers vector of the loop. The sense of contour integration is chosen
in such a way that the relaxation volume of an interstitial loop is
positive, and the relaxation volume of a vacancy loop is negative.

In dislocation dynamics simulations, we use the boundary con-
ditions that assume that the dislocation structures are immersed in
an infinite homogeneous elastic medium. This model is reasonably
accurate for the dislocation lines in the bulk of the material. The
elastic stress generated by the loop segments is evaluated using
the non-singular expressions derived by Cai et al. [39]. Calculations
are performed in the adiabatic approximation [35,36] where va-
cancies are assumed to equilibrate on a timescale shorter than the
timescale of evolution of dislocation loops. The numerical imple-
mentation of the force and climb in Discrete Dislocation Dynamics
simulations is described in Appendix A.
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2.2. Pipe diffusion-mediated dislocation self-climb

Models for the dislocation loops evolving by self-climb have
until recently been restricted to the treatment of circular shapes,
where the dynamics of each circular loop was controlled by a lin-
ear mobility law, describing its interaction with the local gradient
of external stress [29,40]. Numerical parameters, describing pipe
diffusion, were derived either from experimental observations or
atomistic calculations [25,29,40,41].

Niu et al. [42] proposed a dislocation self-climb model suitable
for the implementation in a discrete dislocation dynamics frame-
work. In that model, self-climb conserves the volume of a disloca-
tion loop as the loop changes its glide surface. It also describes the
dynamics of volume-conserving interaction and the coalescence of
loops and dislocations.

The self-climb velocity of a dislocation segment, forming a part
of a pure prismatic loop, is [42,43]

d? Fl(xp) 2
Vse(Xp) = Coch@ exp <bk3T , (8)

where D, is the pipe-diffusion constant, s is the arc length, and
b = |b| is the length of the Burgers vector of the loop.

Recently, the authors of Refs. [44,45] proposed another ap-
proach to the treatment of self-climb derived from a finite-element
representation of diffusion in the dislocation core. Niu et al
[46] also developed a phase field model for the self-climb of pris-
matic dislocation loops.

The numerical implementation [43] of dislocation self-climb in
a finite difference scheme gives the velocity of a node on a dislo-
cation line P; in the form

qPi)—qP) _ qP)—-q(Pi,)

Ve (P:) = CoD.- b Liin Liyi 7 9
se(Py) = Cobe (Lic1i+Lig1)/2 ®)

b

a segment joining nodes P; and P; ;. This formulation maintains
the relaxation volume of the loop as a conserved quantity as the
loop evolves in a stress field [47]. In the approximation where
a loop evolving by self-climb is assumed to maintain its shape
[25,29,40,41,48], the loop undergoes a rigid translation in an exter-
nal spatially varying stress field. The velocity of the translational
motion equals [40,41]

where q = exp (—%) and L;;,¢ = |[P;,; —P;| is the length of

2v exp (—,fﬁ)aS dE (%)
JTkBTR3 dx

where R is the loop radius, E(x) is the spatially varying energy of
the loop interacting with an external stress field, v is the attempt
frequency, a is the lattice parameter and Egc is the activation en-
ergy for self-climb.

Using Eq. (8) for the local self-climb velocity, Niu et al.
[43] derived an analytical expression for the average translation
velocity of a circular prismatic loop moving under the action of
stress gradient

o+ )2
CoDc exp <(kﬂ)> Q dE(X)

wkgTR3 dx

The functional form of this equation agrees with Eq. (10). Compar-

ing the coefficients in Egs. (10) and (11), and neglecting the depen-
00 _HTself Q
<33k3$)> on stress, we find that their

Ve = — (10)

(11)

Use = —

dence of ¢y and exp(

product equals 4va2 exp (—f‘%) Hence, it becomes feasible to de-

termine the self-climb velocity of a dislocation in a bec (2 = a3/2)
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metal at a node P; as

, Esc Q(PiTi)i;CI(pi) _ ‘I(pi)L?ql(‘pm)
ve(P) = v exp (~ %) b—(- S — (12
Using extensive molecular statics calculations and kinetic Monte
Carlo simulations, and exploring the energy landscape of pipe dif-
fusion around irregular SIA prismatic loops in iron and tungsten,
Swinburne et. al. [40] showed that the rate-controlling activation
energy parameter in Eqs. (8)-(12) for the 1/2(111) or (100) loops
equals 2 or 2.5 times the vacancy migration energy E;. This pro-
cedure enables computing the self-climb velocity of a segment on
a dislocation line using Eq. (12).

In a time-dependent simulation, the positions of nodes on a
dislocation line are updated using the Euler forward method as

l',‘(t+At) =ri(t)+viAt s (13)
where
Vi = Vyme + Vsc (14)

is the velocity of node i, and vy and v are given by Eqs. (4)-(6)
and (12), respectively. The size of the time step At is determined
by the maximum displacement rule applied to the highest velocity
node.

3. Numerical simulations
3.1. Aluminium

To assess how well the predictions derived from the above
model for the vacancy-mediated climb agree with the annealing
times of dislocation loops observed experimentally, we simulate
the thermal annealing of dislocation loops in face-centered cu-
bic aluminium. Silcox and Whelan [28] observed the dynamics of
annealing of prismatic vacancy dislocation loops in thin foils of
quenched aluminum. A vacancy loop is formed when excess vacan-
cies, produced by the rapid quenching of the material, condense
into a disc-like cavity, which subsequently collapses into a loop
bound by a dislocation line.

In a thin sample, surfaces act as sinks for vacancies emitted by
the loops. The distance between a dislocation loop and the surface
of a thin foil is of the order of ~ 103 A, and hence a vacancy emit-
ted by a loop reaches the surface before the next vacancy is emit-
ted by the same loop. The vacancy supersaturation resulting from
the emission of vacancies from dislocation loops is therefore very
small, justifying the approximation where a loop is assumed to be
embedded in a field of vacancies at thermal equilibrium. Hence,
we can use Eq. (6) describing the interaction of dislocations with
thermal equilibrium vacancies, to evaluate the rate of shrinkage of
vacancy loops.

When selecting the vacancy diffusion parameters in the climb
model (6), because of the exponential sensitivity of numerical re-
sults to the choice of migration and formation energies [36], there
is a notable difference between the self-diffusion rates predicted
from the tracer diffusion data [49] and the nuclear magnetic res-
onance (NMR) data [50]. Calculations by Sandberg et al. [51] of
the vacancy diffusion rates agree better with the tracer diffusion
data [49]. To assess the effect of variation of parameters on the
predicted dislocation evolution timescales, we have simulated the
evolution of a vacancy dislocation loop using both the tracer and
NMR vacancy diffusion data.

In the experiment [28], an isolated vacancy loop situated ~
1000 A away from the surface was observed shrinking under its
self-stress at T =470 K. Fig. 1 shows the comparison of anneal-
ing curves observed in experiments [28] and those derived from a
simulation of a vacancy loop evaporation as a function of time. The
error bars indicate the experimental uncertainty in the position of
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dislocation lines [28]. Since the self-diffusion coefficient was not
directly measured at 470 K, we have extrapolated its value from
calculations [51] and experiment [50]. The resulting self-diffusion
coefficients are D' = 6.082 A2[s and DVMR = 4234 A2[s. The Ar-
rhenius extrapolation is justified here since the self-diffusion co-
efficient follows the Arrhenius law in the temperature range from
500 to 800 K. Note that the experimentally observed vacancy for-
mation and migration energies in Aluminium are 0.68 eV and
0.61 eV, respectively [51].

The effective shear modulus (u = 23.498 GPa) and the Pois-
son ratio (v =0.353) of Aluminium were derived from the exper-
imentally measured elastic constants [52] using a homogenization
scheme [53]. The lattice parameter, and the corresponding atomic
volume, as well as the Burgers vector at T =470 K, were obtained
from Ref. [54]. The results illustrated in Fig. 1 and obtained from
Eq. (6) appear quantitatively different but are in fact qualita-
tively similar. We note that better agreement with experiment is
achieved if the tracer self-diffusion data [51] are used as input pa-
rameters.

Given the good agreement between the observed and simulated
vacancy loop annealing curves, and noting that the average dis-
tance between the loop and the surface is ~ 1000 A, as found in
experiment, it appears that the surface effect is not strong enough
to significantly affect the loop annihilation rate.

The form of the curves shown in Fig. 1 is similar, and this en-
ables a quantitative analysis of the annealing process. The rate of
shrinkage of the loop exhibits distinct features. As a function of
time, the process is not uniform, and it strongly depends on the
size of the loop. As the loop gets smaller, the rate of its shrink-
age accelerates and becomes extreme in the limit r — 0, in agree-
ment with experiment [28]. It proved not possible to follow the
evolution of very small loops because their rate of shrinkage was
too high. The very steep slope of the radius versus time curve in
the small radius limit was verified using the ciné-techniques, al-
though establishing an accurate functional form of the curve in
that limit was not possible. Observations agree well with the sim-
ulations based on the tracer vacancy diffusion data, with the slope
of the curve changing from 9 Afs at r = 100 A to 84 Afs at r = 50 A.

3.2. Tungsten (W)

Body-centered cubic tungsten is a candidate material for the
plasma-facing components of fusion plasma devices, including the
ITER divertor [55]. Un-irradiated tungsten exhibits relatively low
hydrogen isotope retention, it has a high melting point, low ero-
sion rate, and good thermal conductivity [56]. Pure crystalline or
industrially produced tungsten is brittle at room temperature, and
the brittle-to-ductile transition temperature (BDTT) of pure crys-
talline tungsten is relatively high ~ 673-773 K [57]. The BDTT tem-
perature increases further due to the accumulation of defects pro-
duced by irradiation. These defects are the dislocation loops, voids,
and transmutation products, and their accumulation result in the
general deterioration of thermo-mechanical properties [58-60].

There are five stages of recovery of electrical resistivity that are
commonly identified in tungsten irradiated by fast neutrons. Stages
I, IV and V are within the interval of expected operating temper-
atures of a fusion reactor from 773 K to 1273 K [61]. Stage III of re-
sistivity recovery, with the onset temperature of ~ 550 K, is related
to the onset of thermal diffusion of mono-vacancies [62-64]. Stage
IV is observed close to ~ 811 K, and is believed to be associated
with the dissociation of vacancy-impurity complexes [65-68]. The
origin of stage IV recovery! was a subject of debate [66,69] that
has now been resolved by density functional theory (DFT) calcula-

1 Ref. [65] refers to this stage as an intermediate recovery temperature region.
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Fig. 1. Radius of a vacancy loop in aluminium plotted as a function of the annealing time. Simulations were performed assuming T = 470 K. The curves were computed using
the activation energy parameters derived from the macroscopic-tracer (Tracer) experiments [51] and from the microscopic-nuclear-magnetic-resonance (NMR) self-diffusion

data [50].

tions. DFT calculations show that stable di-vacancies do not form
in tungsten [70,71]. The effective activation energy corresponding
to stage IV, obtained from the resistivity recovery measurements,
is close to 3.3 eV [G5]. DFT calculations predict that the dissolution
energy of carbon-vacancy complexes is in the range from 3 eV to
3.43 eV [68]. This is broadly similar to the activation energy found
in experiment [65], suggesting that stage IV of resistivity recov-
ery [65], corresponding to temperatures in the range from ~ 811 K
to 1143 K, is likely related to the dissociation and dissolution of
vacancy-carbon complexes. The temperature of stage V is close to
1143 K [67], and its nature is not entirely clear, although this stage
appears to be associated with the evaporation of defect clusters
and the formation and evolution of voids [67].

Several experimental studies [1,58,72] explored the effects of
radiation damage and dynamics of dislocations in tungsten. These
studies classified defects formed in collision cascades, and explored
the recovery of microstructure as a function of annealing temper-
ature and time. There are notable differences between the tem-
peratures quoted in literature at which dislocation loops evolve
and exhibit effects of thermal annealing. For example, Ferroni
et al. [1] found that dislocation loops vanish after 1 h at 1400 °C
(1673 K), whereas Hu et al. [58] observed a complete recovery of
dislocation microstructure after 1 h annealing at a lower tempera-
ture of 1000 °C (1273 K).

The microstructures studied by Ferroni et al. [1] were produced
by 2 MeV W+ ion irradiation exposure to a relatively high dose
of 1.5 dpa at T =500 °C, which is above the temperature of stage
IIl resistivity recovery in pure crystalline tungsten. The use of ion
irradiation for simulating effects of fusion neutron irradiation has
some limitations since ion irradiation produces a different spec-
trum of primary knock-off atoms (PKAs), in addition to the effects
of associated with the presence of the substrate [10] and the prox-
imity of the surface [36].

The experimental study by Hu et al. [58] explored single crys-
talline tungsten exposed to fission neutron irradiation at 90 °C to
the lower dose of 0.03 dpa. The defect microstructure produced
by irradiation was characterised using transmission electron mi-

croscopy following 1 h annealing at 500 °C, 800 °C, 1000 °C and
1300 °C. The study does not provide data on the annealing rates
but still offers a qualitative view of the effect of annealing on the
population of loops. Electron microscope images show a marked
reduction of the dislocation loop density after one hour anneal-
ing at 800 °C, and the complete absence of loops after one hour
annealing at 1000 °C. The study also noted that the loss of inter-
stitial loops occurring in the temperature range 500-800 °C was
correlated with the positron annihilation spectroscopy data, indi-
cating the reduction of the density of intermediate-size vacancy
clusters, and growth of large vacancy clusters, likely through the
Ostwald ripening process involving the emission of monovacancies
by smaller vacancy clusters and capture of vacancies by the larger
clusters.

Electron microscope characterization of dislocation loops pro-
duced in tungsten by self-ion irradiation [1] showed that the loops
predominantly were of the 1/2(111) type and were mostly in-
terstitial in nature. The dominance of the 1/2(111) loops corre-
lates with the results of high-temperature neutron irradiation [73],
and agrees with the notion that the (100)-type loops form in
high-energy cascades and subsequently get absorbed by the larger
1/2(111) loops through dislocation reactions [74,75].

3.2.1. Low doses, lower temperature irradiation

To model the thermal evolution of the dislocation loop mi-
crostructure formed at a relatively low dose and lower irradiation
temperature, we need to ensure that the microstructure modelled
in simulations is comparable with the microstructure formed in
experiment. For example, it is desirable to use the appropriate size
distribution of the loops. Indeed, the loop size affects their anneal-
ing rates and annihilation times. In simulations, we created a dislo-
cation loop microstructure consisting of 1/2(111)-type Burgers vec-
tor, as observed in experiment [58] (0.03 dpa and 90 °C), and used
the observed loop size distribution. The loop radii varied in the in-
terval between 10 and 25 A, and the volume density of loops was
close to 3.05 x 1022 loops/m?3. One hundred dislocation loops were
distributed homogeneously in a cubic simulation cell with linear
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dimensions of 1486 A. This dislocation loop microstructure corre-
sponds to the volume-average self-interstitial atom content G, of
5.83 x 10~ per lattice site. Simulations in this Section 3.2.1 were
performed using Eq. (4), describing the interaction of the disloca-
tion loop microstructure with supersaturated vacancies.

The values of the shear modulus, the Poisson ratio and the lat-
tice parameter used in the simulations were 161 GPa, 0.28 and
3.1795 A [76], respectively. The Burgers vector of the 1/2(111) loops
is 2.753 A.

We consider the case of high purity tungsten where the impu-
rity content is so low that the individual vacancies are not bound
to any foreign interstitial atoms. Monovacancies are assumed to
migrate freely, and interaction between the vacancies is not taken
into account. Positron annihilation spectroscopy experiments [64],
in agreement with the earlier data by Thompson [62] and Rasch
et al. [77], show that the diffusion of monovacancies is activated
at ~ 550 K, corresponding to the vacancy migration barrier of
Enm =1.85 eV.

Vacancy migration energies derived from DFT calculations for
tungsten vary in a relatively narrow range [20]. We note that
DFT calculations, apart from Ref. [78], do not aim at determin-
ing the diffusion coefficient, and only evaluate the energy barri-
ers for the migration of defects. In Ref. [78], the monovacancy mi-
gration energy was found to be close to E; =1.93 eV and the
pre-exponential factor was determined to be Dy =7 x 1013 A2/s.
Mundy and collaborators [79] investigated self-diffusion in tung-
sten and experimentally measured the self-diffusion coefficient
D, over the temperature range from 1700 K to 3400 K. The
DYy (T) = 4x10M exp(—s-‘ltzifv) A2/s term was found to dom-
inate the tracer diffusion curve at temperatures below 2400 K
and was identified as corresponding to self-diffusion mediated
by monovacancies [77,79]. In agreement with Mundy et al. [79],
Rasch et al. [77] found En =1.78 eV and Ef =3.67 eV. The use
of the above vacancy parameters over the range of temperatures
explored here is justified since the activation enthalpy of a mono-
vacancy can be taken as temperature-independent below 0.66Ty,
where only the single vacancy diffusion mechanism plays a part
[64,77,79].

At the the start of each simulation, Cp,;, was set to G, + Go(T)
where Gy = Gy = 5.83 x 107> per lattice site. Cp,, decreases as a
function of annealing time as vacancies are absorbed by the in-
terstitial loops. At the end of each simulation, when all the loops
vanish, the concentration of vacancies decreases to its thermal
equilibrium value Cy(T). Fig. 2(a,b) show the variation of the to-
tal length and the total relaxation volume of dislocation loops af-
ter 1 h isochronal annealing. The microstructure shows sensitivity
to temperature starting from 650 K where the loop volume loss
is 3.34% if the parameters used in the simulations are taken from
experimental observations [77,79]. Simulations describing the evo-
lution of loops at 750 K exhibit 4% volume loss if the input param-
eters are taken from DFT calculations [78].

Simulations show that approximately 2200 s are required to
completely anneal the dislocation microstucture at 873 K if the va-
cancy parameters are taken from experimental observations. The
~ 100 K shift of the curve marked by triangles in Fig. 2 stems from
the use of DFT data from Ref. [78], where the diffusion barrier for
monovacancies is slightly overestimated (1.93 eV) and where the
pre-exponential factor (Dg = 7 x 1013 A2/s) is 5.71 smaller than the
value found in experiment (namely, Dy = 4 x 1014 A2/s) [79]. The
comparison of curves in Fig. 2(a,b) illustrates the effect of vari-
ation of parameters Dy and E; on the microstructural evolution.
The predicted onset temperature of 650 K for the loop loss, de-
rived from the experimental input data, is relatively close to the
monovacancy migration onset temperature ~ 550 K [64] found us-
ing tungsten irradiated with 10-MeV H* ions at 35 K. This places
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the annihilation of interstitial loops, formed in pure tungsten at
low irradiation dose and very low temperature, firmly within the
stage Il resistivity recovery temperature range.

The difference between the recovery onset temperature (650 K)
found in simulations and that found in experiment [64] (550 K)
can be attributed to the fact that the interval spanned by the loop
radii 10-25 A, derived from Ref. [58], is relatively large. Also, the
initial bulk vacancy concentration Gy = Gy, = 5.83 x 10~ per lat-
tice site is relatively low.

New positron annihilation spectroscopy (PAS) measurements
[80] show that the vacancy defects, formed following room tem-
perature irradiation of tungsten by 2 MeV W+ ions to low dose
of 0.0085 dpa, were predominantly monovacancies. The PAS mea-
surements find that the concentration of monovacancies is close
to 10~3 per lattice site. Fig. 3(a,b) compare the effects of thermal
evolution of dislocation microstructure for Cp,, taken in the form
Cint + Co(T) or Cpyye = 1073, The dislocation loop microstructure ap-
pears sensitive to 1 h annealing already at 590 K, if the ~ 2.6% vol-
ume loss is taken as a criterion, provided that the starting vacancy
concentration of Cp,y = 103 is used. This brings our predictions in
agreement with observations described in Ref. [64]. We also note
that an independent study of ion irradiated tungsten [81] also con-
cluded that in the limit of high irradiation dose the average bulk
vacancy concentration was 3 x 1073, which is close to the value
used in the simulations described here.

Sensitivity of the annealing curves to the vacancy parameter used
We now try to rationalize the difference found in the simula-
tions of microstructural annealing performed using two different
vacancy and diffusion parameter sets in Fig. 2(a,b). The character-
istic timescale t of thermally activated microstructural evolution
follows the Arrhenius law [82]

U
_1 ~ — —
T v exp( kBT)’ (15)

where U is the activation energy for the dominant low-barrier
mode of evolution and v is the attempt frequency to cross the low-
barrier U. Vacancies are the only thermally mobile point defects in
irradiated tungsten in the temperature interval studied here, and
hence in the above Arrhenius equation U is the vacancy migration
energy En and v is the frequency of oscillations of an atom at a
lattice site in tungsten (v ~ 10 — 105 s~1). The temperature at
which the microstructure evolves into a certain reduced damage
state Dy after thermal annealing over a certain interval of time t,
can be derived from Eq. (15) as

1 En
L [ln(ra . v)] kg

As we compare microstructural recovery over a specific time inter-
val 7, for two different vacancy migration energies, similar level of
recovery Dy can be achieved at two different annealing tempera-
tures. The absolute difference between the two annealing temper-
atures is

(16)

1 | AEy|
[ln(to,-v)] kg

The total relaxation-volume loss curves in Fig. 2 were determined
using the vacancy migration energy barriers derived from experi-
ment 1.78 eV [77,79] and from ab initio calculations 1.93 eV [78],
hence corresponding to AEy, = 0.15 eV. The Arrhenius estimate for
the absolute difference between the two temperatures AT, result-
ing in similar damage recovery after t, =1 h, can be evaluated
from Eq. (17) to be ~ 43 K.

Other than the vacancy migration energies (1.78 eV versus
1.93 eV), the two-parameter set used in the simulations shown
in Fig. 2 also differ by the pre-exponential diffusion factors Dy
(4 x 10 versus 7 x 1013 A2/s). To draw a valid comparison with

AT, ~ (17)
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Table 1

Various damage recovery levels and the corresponding absolute temperature
difference AT evaluated from the annealing curves simulated assuming Dy =
4 x 10" A2/s and shown in Fig. 4.

Damage recovery (%) 334 9.86 2787 5454  85.81 95.20
AT (K) 50 51 53 57 60 62

the Arrhenius estimate for the absolute temperature difference
(ATy ~ 43 K), we performed new simulations for E;; = 1.93 eV and
Dy = 4 x 1014 A2/s. The results of new simulations together with
other annealing curves are shown in Fig. 4.

The total relaxation volume loss and damage recovery lev-
els extracted from the two annealing curves, simulated assuming
Do = 4 x 101 A2/s and shown in Fig. 4, are given in Table 1, to-
gether with the corresponding AT’s. The average absolute temper-
ature difference ATy derived from a set of AT values shown in

Table 1 is ~55 K, in agreement with the Arrhenius estimate of
AT, ~ 43 K, derived from Eq. (17). This shows that the compu-
tational model based on discrete dislocation dynamics simulations
can indeed describe reasonably accurately the thermal evolution of
a dislocation loop microstructure.

Number density, relaxation volumes and annihilation of the dislo-
cation loop microstructure

We now analyze the number density and the total relaxation
volume of dislocation loops as functions of temperature and time.
The results correspond to the simulations performed using the dif-
fusion input parameters derived from experiment [77,79], namely
Do =4 x 10 A?[s, E,, = 1.78 eV, and the initial condition Cp =
Cint + CO(T)-

Despite the fact that the population of loops start evolving al-
ready at 650 K, the volume density of loops remains almost con-
stant up to 723 K, as illustrated in Fig. 5. The figure also shows
that approximately half of all the loops vanish after 1 h annealing
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at 750 K, and very few loops remain after annealing above 823 K.
The smallest loops are eliminated first, and this is consistent with
that the elastic climb forces driving the evolution are the largest
for the small loops.

The curves, showing how the total relaxation volume of disloca-
tion loops varies with time, exhibit a common feature illustrated in
Fig. 6. Namely, the total relaxation volume varies non-linearly at a
rate that increases with temperature. This is particularly notable at
higher temperatures, where the curves exhibit two intervals of an-
nealing. The first interval, if we take the 823 K curve as an exam-
ple, is characterised by a very steep descent in the first 10 min, fol-
lowed by a longer interval where the curve appears to be levelling
off. As shown in the inset, the 823 K curve still goes downwards
over the second time interval, albeit at a slower rate than during
the initial short rapid annealing interval. The reason for the varia-
tion of the slope of the curve is the varying vacancy concentration.
At the start of annealing, the concentration of monovacancies in
the bulk is ~ 5.83 x 10> per lattice site. The majority of mono-
vacancies react with dislocation loops over the first 10 min of an-
nealing at 823 K, eliminating the smallest loops with radii from 10
and 15 A, and a significant fraction of larger loops with radii from
20 and 25 A. By this time the concentration of excess monova-
cancies decreases to ~ 0.32 x 103, which amounts to around 94%
reduction in comparison with the initial concentration of monova-
cancies.

The effective activation energies characterising the dynamics of
annealing of dislocation loop microstructure can be extracted from
the gradient of linear fits to the Arrhenius plots shown in Fig. 7.
This yields the activation energies in the range from ~1.78 eV to
~1.90 eV that are close to the monovacancy migration energies of

1.78 eV or 1.93 eV used in the simulations. These activation ener-
gies do not correspond to the monovacancy self-diffusion energy
Ef + Em, because the monovacancies responsible for the annihila-
tion of dislocation loops are generated by irradiation, and the dy-
namics of annealing process does not involve the thermal forma-
tion of vacancies at surfaces.

Loop annihilation: simulations versus experiment, and the role of
impurities We now attempt to explain the difference between the
loop annihilation temperatures found in simulations and in exper-
iment [58]. On the one hand, we find that the evolution of loops is
sensitive to the migration of monovacancies, with annealing start-
ing at 650 K (1 h annealing time), leading to their complete elimi-
nation at 873 K. On the other hand, Hu et al. [58] observed that
the full elimination of loops by annealing required reaching the
temperature of 1000 °C (1273 K). Transmission electron micro-
scope (TEM) images show the coarsening of loops after 1 h at 500
(773 K) and 800 °C (1073 K), where the number of large loops after
800 °C annealing was higher than after annealing at 500 °C. The
latter can be explained by reactions between the gliding loops and
by loops absorbing the mobile self-interstitial defects and small
self-interstitial defect clusters.

Chemical analysis of the samples showed non-negligible im-
purity content, including the presence of 20 ppm carbon. Carbon
impurities trap monovacancies, impeding their diffusion. For ex-
ample, a monovacancy can trap up to four carbon atoms to form
CnV (n=1,2,3,4) complexes, where C;V, C,V and C3V represent the
most stable configurations with binding energies of 1.93, 1.97 and
1.87 eV, respectively. These values are higher than the binding en-
ergy of the C4V configuration that, according to DFT calculations,
equals 1.54 eV [83]. Hence, a significant number of monovacancies
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Fig. 7. Arrhenius plots of annihilation times characterising the thermal evolution of interstitial dislocation loops in tungsten. The legend referring to each data set describes

the input parameters used and the choice of the initial bulk vacancy concentration C,y.

is expected to be trapped by carbon and other impurities below
1000 °C.

The size distribution of three-dimensional vacancy clusters de-
rived from positron annihilation spectroscopy (PAS) [58], shows
an increase of large vacancy cluster concentration after annealing
in the temperature interval between 400 °C (673 K) and 800 °C
(1073 K). This can occur by the absorption of monovacancies, sug-
gesting that free mobile monovacancies still exist in this tem-
perature range. However, mobile monovacancies do not annihilate
loops at 500 and 800 °C, indicating that the number of freely mi-
grating monovacancies below 1000 °C is not high. In fact, the total
concentration of various 3D vacancy clusters in the as-irradiated
state is about 2.8 x 1024 m~3 [58]. This is almost two order of
magnitude higher than the loop number density (3.05 x 1022 m~3).
The vacancy clusters, in addition to the interstitial loops, act as
sinks for mobile monovacancies. The high density of vacancy clus-
ters compared to the interstitial loops reduces the number of the
available free monovacancies able to diffuse to the loops and anni-
hilate them.

The fact that the experimental observations by Hu et al
[58] show the full annealing of loops only after 1 h at 1000 °C
(1273 K) could be explained by the dissociation of vacancy-
impurity complexes that produces a sufficient amount of free
monovacancies capable of annihilating the loops. This also explains
the difference between the predicted and observed temperatures
at which full annihilation of loop occurs.

To further explore the evolution of loops at 1273 K interacting
with thermal equilibrium vacancies, we simulated the evolution of
an interstitial loop of radius r = 10 A using Eq. (5). The loop’s ra-
dius corresponds to the smallest size of the loops noted in Ref.

10

[58]. The vacancy parameters used in the simulations were derived
from experimental observations [77,79], and are Dy = 4 x 1014A2/s,
Em =1.78 eV and Ef= 3.67 eV. We found that the loop remained
stable over a period of a few hours, further confirming that the
thermal evolution of dislocation loops observed in Ref. [58] could
only be explained by their interaction with the excess concentra-
tion of monovacancies generated by irradiation.

3.2.2. High irradiation dose and temperature

If a bulk tungsten sample is irradiated at a temperature above
that of stage Ill, corresponding to the onset of vacancy migration,
there is no reason to expect that excess vacancies would accumu-
late in a material during irradiation.

The process of annealing of interstitial loops in this case occurs
by the absorption of thermal vacancies, the concentration of which
at ambient or slightly elevated temperature is very small [22,23].
In thermal equilibrium conditions, if an interstitial loop climbs by
absorbing a thermal vacancy, the material recovers this vacancy
from a void in the bulk of the material or from the outer surface of
the sample. This mode of thermal annealing was observed in ex-
periments on EUROFER97 steels irradiated with neutrons to 15 dpa
[84], where the rate of annealing was found to be controlled by the
thermal equilibrium vacancies. Dislocation tangles were considered
as possible vacancy sources [84], although no specific attribution of
the vacancy sources is required for the interpretation of annealing
experiments performed under thermal equilibrium conditions.

Annealed bulk tungsten samples still showed the presence of
interstitial loops after one hour annealing at 1073 K, 1223 K and
1373 K, see Ref. [1]. The number density of loops and their size
distribution changed significantly as a function of the annealing
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temperature. The loops did not vanish until the annealing tempera-
ture reached 1673 K. The fact that such a high temperature was re-
quired to eliminate the loops indicates that annealing of loops in-
volved primarily the absorption of equilibrium thermally-generated
vacancies.

This scenario is corroborated by the analysis of thermal evolu-
tion of voids. The voids were observed already at 1073 K, at a high
density approaching 6 x 1026 voids/m?3, providing evidence that va-
cancy clusters initially scattered in the matrix did condense into
mesoscopic voids. The average diameter of voids (~ 15 Angstrom)
and their number density remained constant up to 1373 K. While
Ref. [1] provides no experimental data on loop annealing in the
temperature interval from 1373 K to 1673 K, observations at 1673 K
show a reduction of the void number density and increase of the
average size of the voids. Experimental observations indicate that
the voids size and density are related to the interstitial loops dis-
appearance observed at 1673 K.

We simulate a dislocation microstructure corresponding to high
dose (1.5 dpa) and high temperature irradiation (773 K) exper-
iment [1] by considering an ensemble of interstitial loops with
the 1/2(111)-type Burgers vectors, evolving via vacancy-mediated
climb. The dislocation microstructure is taken as the as-irradiated
loops size distribution, with the volume density of loops being
equal to that found in experiment [1]. We distributed one hun-
dred loops in a cubic simulation cell with linear dimensions of
3218 A. The volume density of loops is 3 x 102! loops/m3, whereas
the loop radii vary from several A to approximately 55 A. Similarly
to Section 3.2.1, the values of the shear modulus, the Poisson ratio
and the lattice parameter used in the simulations were 161 GPa,
0.28 and 3.1795 A [76], respectively. The Burgers vector of the
1/2(111) loops is 2.753 A. Simulations were based on Eq. (5) de-
scribing the interaction of the dislocation loop microstructure with
thermal vacancies. The vacancy parameters were derived from ex-
periment [77,79], namely, Dy =4 x 1014 A2/s, E, =1.78 eV, and
Ef =3.67 eV. Fig. 8(a,b) present the variation of the normalised to-
tal dislocation length of dislocation lines and the total relaxation
volume loss, in percent, as a function of the annealing tempera-
ture, after 1 h isochronal annealing. As shown in Fig. 8(a,b), the
dislocation loop microstructure is insensitive to 1 h anneal at in-
termediate temperatures. The normalised total length of disloca-

1

tion lines and the microstructure relaxation volume become sen-
sitive to 1 h anneal at 1523 K i.e. the number of thermal equi-
librium vacancies diffusing into the interstitial loops becomes in-
creasingly significant at temperatures > 1523 K at the level of
1 h anneal. The curves shown in Fig. 8(a,b) agree with the experi-
mental results reported by Ferroni et al. [1] for the bulk material,
specifically that the interstitial loops vanished in bulk samples af-
ter 1 h annealing at 1673 K. This suggests that vacancy-mediated
climb of interstitial loops involving thermal equilibrium vacancies
remains the most plausible mechanism explaining their total an-
nihilation in conjunction with the growth of voids observed at
1673 K.

The total annealing times of dislocation loop microstructures
interacting with thermal vacancies are given in Fig. 9 together with
the data derived from the simulations of the effect of interaction
with supersaturated vacancies.

The gradient of thermal vacancy Arrhenius plot Cy(T) yields
5.44 eV for the activation energy of the loop annihilation process,
which is close to the activation energy for self-diffusion Ef + Em
in tungsten [79]. The large increase in the activation energy, com-
pared to the case where loops were annihilated by vacancies pro-
duced by irradiation, stems from the additional thermal activation
associated with the generation of vacancies at external surfaces
and surfaces of voids.

3.2.3. Self-climb and vacancy-mediated climb

The coalescence of dislocation loops by self-climb was observed
in molybdenum [85], uranium oxide [41], aluminium [47,86], and
in ion-irradiated tungsten [1]. Experimental observations refer to
two or more loops progressively and steadily drifting towards each
other, on the timescale of minutes. The as-irradiated dislocation
microstructure of irradiated tungsten is characterized by a rela-
tively homogeneous distribution of interstitial loops, indicating no
pronounced clustering of loops. The loops spatially organise them-
selves into chains and clusters of loops when the microstructure
is annealed at relatively low temperatures. In tungsten this occurs
in the range of temperatures from 973 K to 1073 K. These chains
of dislocation loops and clusters are clearly visible in the bright-
field TEM images of microstructures formed after 1 h annealing at
1073 K, see Ref. [1]. This is consistent with simulations showing
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shown. In the self-climb process, the activation energy Esc =3.58 eV was used. In the vacancy-mediated climb process, the dislocation loops interact with the field of
thermal equilibrium vacancies Cy(T).
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Fig. 11. Coalescence time of two dislocation loops as a function of the radius R, of the second loop, evaluated for several temperatures (1 h annealing) in tungsten. The
radius of the first loop R; is kept constant at 250 A. The initial distance separating the two loops at their closest point is 20 A. The self-climb activation energy Esc used in

simulations was 3.58 eV.

that elastic interaction between the loops drives their spatial re-
arrangement and ordering into strings by glide [87,88].

To identify the contribution to the microstructural evolution
and coarsening observed in recent experiments on thermal recov-
ery of ion-irradiated tungsten [1], we performed a series of di-
rect dislocation dynamics simulations of the observed effects. A
set of ten dislocation loops was randomly positioned as shown in
Fig. 12(a). The loops size spans the range from 20 to 50 A, which
approximately corresponds to the observations of as-irradiated
specimens [1]. The loops were placed in a common habit plane.
This is consistent with the analysis showing that spatial ordering of
loops by pure glide, stimulated by elastic interactions, often brings
them into the same habit plane. By positioning the loops in the
same habit plane, we are able to focus on the role played by self-
climb, and explore its effect on the thermal evolution of micros-
ructure.

The loops evolve by self-climb and vacancy-mediated climb at
temperatures from 873 K to 1673 K. Simulations were performed
using Eq. (14), which describes the evolution of the dislocation
loop microstructure evolving via self (SC) and vacancy-mediated
(VMC) climb simultaneously.

In simulations, we used the self-climb activation energy de-
rived in Ref. [40], which for the pipe-diffusion along the edge dis-
locations equals Egc = 3.58 eV. Also, we employed the value used
in Ref. [40] for the attempt frequency v for vacancy diffusion in
tungsten, which is 1.2 x 10" s~ [89]. Similarly to Section 3.2.1,
the values of the shear modulus, the Poisson ratio and the lat-
tice parameter used in the simulations were 161 GPa, 0.28 and
31795 A [76], respectively. The Burgers vector of the 1/2(111) loops
is 2.753 A. The experimental self-diffusion law for the monovacan-
cies is DY (T) =4 x 1014 exp(—i‘ltgifv) A2[s [79].
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Fig. 10 shows the variation of the average radius of loops and
evolution of the relaxation volume computed as a function of tem-
perature, assuming the 1 h annealing time. Dislocation microstruc-
ture exhibits high sensitivity to the self-climb evolution mode,
leading to the coalescence of interacting dislocation loops when
the annealing temperature approaches 1273 K (Rqy = 34 A). It nat-
urally follows that the magnitude of the average loop radius pre-
dicted for different annealing temperatures is unique to the exam-
ple microstructure used here.

The microstructure of loops evolving by self-climb and vacancy-
mediated climb progressively coarsens, as illustrated in Fig. 10,
which shows that the mean loop radius increases with temper-
ature and is maximum at 1523 K. The SC to VMC transition
temperature (SVTT) in tungsten, at which the VMC mechanism
starts dominating the evolution of loops interacting with vacancies
that are in thermal equilibrium with the environment, is close to
1523 K.

We have also investigated how the pattern of evolution of
microstructure depends on the characteristic spatial scale of the
distribution of loops. If the radius of all the loops is scaled up
twofolds while keeping the distances between the loops the same
as in the microstructure simulated above, the coalescence of loops
starts at a lower temperature of 1073 K. This in fact is the tempera-
ture at which the coalescence of loops was observed in experiment
[1].

To investigate further the effect of loop size on the onset of
loop coalescence, we evaluated the coalescence time of two large
loops with radius = 250 A at different annealing temperatures. The
loops were initially separated by a small distance. No loop coales-
cence was found after 1 h annealing at temperatures below 1073 K.
Considering the large size of the loops and the small initial dis-
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Fig. 12. Snapshots illustrating the time evolution of a dislocation loop microstructure in tungsten at 1373 K simulated assuming the self-climb activation energy of Esc =

3.58 eV.

tance separating them, this test shows that regardless of the num-
ber density and the spatial distribution of dislocation loops, their
coalescence via self-climb, observed on the timescale of 1 h and
assuming Esc = 3.58 eV, can only start above a certain critical tem-
perature, in this specific case > 1073 K. Fig. 11 illustrates the effect
of loop size and temperature on the coalescence time between two
loops initially separated by a small distance. The radius of the first
loop Ry is kept constant at 250 A while the radius of the second
loop R, was allowed to vary between 50 and 250 A. The initial dis-
tance separating the two loops at their closest point is 20 A. The
results shown in Fig. 11 clearly demonstrate that no loop coales-
cence can occur, as a result of 1 h annealing, below 1073 K.
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As opposed to the non-conservative vacancy-mediated climb,
where interstitial loops shrink by absorbing vacancies from the
medium, in the course of self-climb the loops change their shape
and move due to the elastic stress exerted on them by other loops.
Loops separated by not very large distances, where one or sev-
eral of them have appreciable elastic field, tend to attract each
other. For example, loop A with the size bigger than loop B ex-
erts an elastic force on loop B. This disturbs the initially uniform
self-stress field along the line contour of loop B; consequently,
the elastic force profile along the loop B contour becomes non-
homogeneous. Loop B then changes its shape to accommodate the
effect of elastic force along its contour through self-climb. If loop
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Fig. 13. Variation of the average radius of loops evolving by self-climb in «-iron following an 1 h interval of isochronal annealing. The results were obtained assuming the
self-climb activation energy Esc of 1.42 and 1.775 eV for the 1/2(111) and (100) loops, respectively.

A is much larger than loop B, then loop B will move towards loop
A. On the other hand, loops of comparable sizes will move towards
each other at similar drift velocities. Upon the coalescence of loops,
the newly formed loop features a highly non-uniform shape with
a non-uniform self-elastic force profile along its contour. The new
loop continuously modifies its shape by self-climb in order to ho-
mogenize its self-elastic force profile. Eventually, the loop assumes
a stable nearly-circular shape with a uniform self-elastic force pro-
file along its contour.

Fig. 12 shows snapshots of dislocation microstructure simulated
at 1373 K assuming Egc = 3.58 eV. Depending on the loop size and
their initial separation distances, the evolving dislocation loops be-
come distorted by their elastic interaction. As noted above, after
coalescence the loops do not immediately relax their shape and
remain irregular, depending on the initial configuration of loops in-
volved in the coalescence process. For example, two loops of sim-
ilar size coalesce into a bone-like dislocation structure (panel b),
which progressively evolves into an elliptical-shape (panels c,d),
and finally becomes a circle (panel f). Two loops of different size
evolve into what loosely resembles a baseball bat (panel c) and
gradually develop an elliptical-shape (panel d). All the loops even-
tually evolve into circles once the distances between the loops be-
come large and elastic interaction between the loops becomes less
significant.

3.3. Dislocation self-climb effects in «-iron

In «-iron, interstitial loops with the 1/2(111) and (100) Burgers
vectors can perform one-dimensional stochastic Brownian glide in
the direction of their Burgers vector even in the absence of ex-
ternal stress. This was observed in transmission electron micro-
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scope (TEM) experiments [90] and molecular dynamics simula-
tions [116,117] [91]. One-dimensional motion of loops was observed
even in commercial ferritic steels [92]. Arakawa et al. [75] investi-
gated how two interstitial loops, performing one-dimensional mo-
tion along their 1/2(111) and 1/2(111) Burgers vectors at 660 K,
interacted and coalesced to form a larger loop. In a recent study,
Swinburne et al. [40] showed how a conservative core diffusion
process can drive the coalescence of interstitial loops in «-iron.
However, the effect of dislocation self-climb on the evolution of
ensembles of interstitial loops in «-iron and ferritic steels has not
yet been explored.

Reactor pressure vessel and structural fusion steels typically
contain of the order of 0.01% atomic percent of carbon. Trans-
mission electron microscope observations [75] and simulations
[93,94] show that carbon decorates dislocations and dislocation
loops, reducing their thermal mobility. It is known that the pres-
ence of carbon impurities also affects the evolution of dislocation
microstructure [95] and void swelling [96].

Individual carbon impurities become mobile above approxi-
mately 350 K, whereas below this temperature the dislocation
loops are trapped by carbon impurities or carbon-vacancy com-
plexes. Interstitial dislocation loops absorb vacancies from carbon-
vacancy clusters, leaving carbon free to enter the dislocation cores.
Above 350 K, interstitial loops interact with migrating carbon,
which also reacts with vacancies to form vacancy-carbon clusters
[97], some of which remain mobile. For example, VC, clusters are
mobile above 450 K, see Ref. [97]. Above 600 K, all the vacancy-
carbon complexes are dissolved [98]. The binding energy of a car-
bon atom to a 1/2(111) loop depends on the size of the loop, for
example it is close to 0.7 eV for a loop with radius of 10 A and
~ 0.5 eV for a smaller loop with the radius of 5 A [99].
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Fig. 14. Variation of the normalised average radius of dislocation loops at various annealing temperatures, determined by simulations (solid circles and triangles) and
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(100) loops, respectively.

Whereas it is well established that carbon atoms segregate to
dislocations and dislocation loops [94,95], the activation energy for
mass transport along a carbon-decorated line edge dislocation re-
mains unknown. In a pure bcc metal, the activation energy for the
mass transport along the 1/2(111) and (100) edge dislocations was
determined to be 2 and 2.5 times the vacancy migration barrier,
respectively, see Swinburne et al. [40]. The effective migration bar-
rier for a vacancy in the bulk of a carbon-doped «-iron is 1.28 eV
[100,101]. This is significantly higher than the migration energy of
vacancies in pure bcc Fe, suggesting that pipe-diffusion in iron and
steels is strongly affected by the presence of carbon.

To investigate the thermal evolution of the dislocation loop mi-
crostructure in pure bcc Fe via the self-climb mode, we used an ex-
ample microstructure consisting of ten loops (see Fig. 12(a)). Simu-
lations were carried using Eq. (12) describing the evolution of the
dislocation loop microstructure via self-climb.

The temperature-dependent lattice parameter and the corre-
sponding Burgers vector, and the shear modulus, were derived
from the experimental data given in Refs. [102,103], respectively.
The Poisson ratio of iron is 0.291 [104]. The attempt frequency v
for vacancy diffusion in bcc iron is 1013 s=1. The self-climb activa-
tion energy Egc for the 1/2(111) and (100) loops was determined
to be 1.42 and 1.775 eV, respectively, as derived from the vacancy
migration energy E; = 0.71 eV [105] in bcc Fe.

The microstructure of dislocation loops formed after 1 h
isochronal annealing, is shown in Fig. 13. It appears remarkably
different for the 1/2(111) and (100)-type loops. The mean radius
of the 1/2(111) loops increases faster than that for the (100) loops
since the former are able to migrate towards each other and co-
alesce at a greater rate. This difference in the coalescence rate of
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1/2(111) and (100) loops stems from their different self-climb ac-
tivation energies, where Es-({(100)) = 1.25 x Eg(1/2(111)). The an-
nealing curves presented in Fig. 13 clearly indicate that the onset
temperature at which loops start migrating by self-climb under the
effect of elastic interaction is ~550 K for the 1/2(111) loops and
~700 K for the (100) loops, respectively. This prediction is con-
firmed by in situ TEM observations [106], showing that in pure Fe,
the 1/2(111) dislocation microstructure coarsens in the tempera-
ture range from 450 to 700 K. Arakawa et al. [106] also showed
that the loops vanish above 700 K, an effect that can be attributed
to the elimination of loops by thermal vacancies [35,36].

The growth exhibited by the 1/2(111) dislocation microstructure
in Fig. 13 not only affects the density of loops but also the mor-
phology of the loops, since the rate of coarsening of the 1/2(111)
loops is higher than that of the (100) loops. This provides evi-
dence that, in addition to the loop glide, the coalescence of the
1/2(111) loops by self-climb might be one of the factors control-
ling the 1/2(111) to (100) loop ratio in irradiated iron. Note that
the magnitude of the average radius predicted at different anneal-
ing temperature for 1/2(111) and (100) loops in Fig. 13 is unique
to the example microstructure used here.

In addition to impurities and alloying elements, a large number
of helium atoms can potentially be produced in iron-based mate-
rials as a result of transmutation reactions initiated by the high-
energy neutrons. Experiments [107] showed that helium atoms
segregate to the perimeter of 1/2(111) interstitial dislocation loops
in bcc iron. Helium also interacts with vacancy defects, for ex-
ample, a helium atom forms a bound state with a vacancy, char-
acterised by a high binding energy close to 2.3 eV. The stability
of helium-vacancy clusters is controlled by the He-to-vacancy ra-
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tio, which for the equilibrium configurations is close to 1.3 [108].
The decoration of 1/2(111) dislocation loops by helium increases
the activation energy for loop migration, reducing the diffusivity
of loops.

The coarsening of interstitial loops in «-iron during annealing
was initially thought to occur via vacancy emission and absorption
[109,110], similarly to Ostwald ripening. Moll et al.[109] observed
the rapid growth of loops at around 850 K. Fig. 14 compares the
experimental [109] and simulation data based on the ten loops mi-
crostructure, illustrating the change in the loops normalised mean
radius during isochronal annealing. To perform a meaningful com-
parison with experiment, the dwell time in our simulations was set
to 1000 s at each temperature. The experimentally observed loop
radii corresponding to different temperatures were normalized to
the maximum radius observed at 850 K. Similarly, our self-climb
data were normalized to the maximum average radius predicted
at 800 K. Fig. 14 suggests that in addition to the vacancy emis-
sion/absorption argument given in Ref. [109], dislocation self-climb
represents an additional evolution mode contributing to the rapid
growth of loops observed at high temperatures.

Concluding this section, we would like to comment on the self-
climb process occurring within a realistic environment where al-
loying elements are also present, in addition to iron. EUROFER97
is adopted as the European reference structural steel for the First
Wall and the Breeding Blankets of a Demonstration fusion Power
Plant (DEMO). It contains a variety of alloying elements including
8.91%Cr, 1.08%W, 0.48%Mn, 0.20%V, 0.14%Ta, 0.12%C, expressed in
wt.% [111]. Some of these alloying elements segregate to the dislo-
cation loops formed under irradiation. The presence of these el-
ements within the core of the loop is expected to increase the
energy barrier associated with pipe diffusion of atoms along the
dislocation lines, and hence affect the dynamics of annealing of
radiation defects [112]. For example, a significant number of car-
bon atoms segregated to the perimeter of a dislocation loop would
likely increase the effective activation energy for self-climb. At the
same time, it is unlikely that the perimeter of loops would be com-
pletely saturated with the alloying elements. Due to the larger ac-
tivation energy for the self-climb of loops decorated by the alloy-
ing elements, the self-climb process in Fe-based alloys is expected
to be slower than in pure Fe. In principle, one might employ the
elasticity atomic size argument to determine the concentration of
alloying elements segregating to the loops, see e.g. the study by
Wrébel et al. [113]. This would require extensive molecular statics
and Kinetic Monte Carlo simulations to map the energy landscape
of pipe-diffusion processes to estimate the self-climb activation en-
ergy for the decorated loops. This is outside the scope of this study.
The question about the role of the solutes, in particular Cr, and the
effect of carbon segregation to the dislocation loop perimeters on
the kinetics of self-climb and the corresponding activation energy
is a significant topic that warrants further investigation.

4. Conclusions

Discrete dislocation dynamics simulations were performed to
investigate the slow dynamics of annealing of ensembles of in-
terstitial dislocation loops as a function of temperature and an-
nealing time. The two processes driving the thermal evolution of
defect microstructure, the self-climb of dislocations and vacancy-
mediated climb, were modeled using a Green’s function-based ap-
proach. We found that the vacancy-mediated climb model is able
to explain the observed annihilation rates of interstitial loops in
irradiated bulk tungsten samples. The onset temperature for self-
climb, at which the relatively small size loops start attracting each
other to form larger loops through coalescence, is found to be close
to 1073 K in tungsten for the 1 h isochronal annealing conditions.
In a-iron the onset temperatures for self-climb are close to 550 K
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and 700 K for the 1/2(111) and (100) loops, respectively. These
temperature values are expected to be revised upwards if the effect
of carbon impurities is taken into account in the simulations. Dis-
location self-climb may also contribute to the growth and coars-
ening of interstitial loops observed during thermal annealing of
helium-implanted bcc iron.
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Appendix A. Numerical implementation

The dislocation lines were discretized so that the dislocation
loop microstructure is defined by a set of nodes connected by
straight segments, enabling the numerical analysis of dislocation
dynamics. We use a node-based approach where nodes are con-
nected by straight line segments. Only a single dislocation config-
uration is considered at a given time and is used for determining
the force acting on a node. The nodes represent the fundamen-
tal degrees of freedom of a dislocation line. To handle the topo-
logical changes, we applied a set of remeshing rules [114] consist-
ing of multiple criteria, specifically concerning the segment length
and the area enclosed by the adjacent segments. Accordingly, the
number of nodes was adjusted to reflect the change in the length
and line curvature during the simulation. This was essential to re-
fine or coarsen the line representation of the dislocation loops as
they evolve in time; for example a line with high local curvature
needs to be discretized into finer segments and consequently more
nodes, whereas less nodes are needed in a region of low local cur-
vature.

Al. Numerical discretization for the forces acting on loops

In order to evolve the dislocation loop microstructure, the
forces acting on the nodes have to be computed. The total elas-
tic force acting on a node i is determined through integrating the
Peach-Koehler force fpg(x) = (6(x)-b) x £(x) where o (x) is the
Cauchy stress tensor, weighted by a line shape function N;(x) [114],
along the segments connected to node i i.e. h—iand i— j

flglastic _ /f;l for (X) ill\;ii(x) di(x) + /j fpi (X) IIIJIJ(X) di(x),

The linear shape function N;(x) is defined in such a way that it
assumes non zero values only when x lies on a segment connected
to node i. N;j(x) increases linearly from zero at node h (X =r},) to
one at node i (x=r;) and decreases linearly from one at node i
(x =r1;) to zero at node j (X =r;)

(A1)

- rhl

, A2
r; — 1y (A.2)
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where 1y, r; and r; are the position vectors of nodes h, i and j, respectively.
The Cauchy stress tensor o (x) entering the P-K force fpx (X) is the total internal stress field at point x. It is the sum of the stress fields
due to all the segments forming the dislocation loop microstructure

oX)=) 0(Xs-1), (A4)

o (x; s —t) is the stress field at point X generated by the straight segment connecting nodes s and t, and the sum is taken over all segments
in the dislocation microstructure. The non-singular analytic expressions for o (x; s —t) are derived by Cai et al. [39]. The total elastic force
acting on node i in Eq. (A1) is

J

lastic __ ! e b x h_Ai Lo b x i_i
£ _/h (;a(x,s t))b S(x)N,(x)dl(x)-f—/ (;a(x,s t))b £ N, (%) dI(x), (A5)

i

The dislocation core energy also contributes to the nodal forces and total energy. Obtaining the core force per unit length is not straight-
forward. Instead, we derive the core force acting on node i from the the core energy of the straight segments connected to i. In principle,
the core energy per unit length of the dislocation line at point X, E.(X), can be obtained using first-principles or atomistic methods as a
function of 6 (x), the angle between the line direction and the Burgers vector, known as the character angle. Alternatively, an approximate
analytical expression describing E.(x) can be employed. According to the deWit and Koehler model [115], the core energy per unit length
is given by

B = (=) [1-veostb0] (A6)
T 4r (1 =) Te ’ ’
The core energy of segment h —i can then be determined by integrating E.(X) as
; i pb? T 2 ghi
E.(h—i) = /h EC0dI) = 7t in (rT) [1 - veos? 6] 5 — 1y (A7)
The contribution of segment h —i to the core force at node i is
. 0E.(h —1)
ore(h _ i) — _
£ (h —1) ar, , (A.8)
For convenience, knowing that cos6 = b . Ehi —b- (I:IZ:ZI) where b = % is the Burgers unit vector, Eq. (A.7) can be written as
. 2
b.(rj—rp)
N LR Y RUUE <7
Eelh—i) = J s ln(rc> Tl (A9)
Then
ey o MP (r;.o) ( m-)A_ ( m)z hi
fore(h l)_4n(l—v)ln . 2v(b- & )b-(1+v(b-& &
_ pb? (Tg)[ hify 2 ghi hi]
_7471(1—v)ln - 2vcosf" b — (1+vcos® o) E" |, (A.10)

Similarly, the contribution of segment i — j to the core force at node i can be calculated as

. OE.(i—j) ub? Teo s 5 i s
core (i _ iy — _ _ _ ) y
feore (i — j) a1, 4n(1—v)ln<rc)[ 2vcos6¥ b + (1+vcos®6V) & ] (A1)
The total core force at node i is then
feore — L ln<r4’°> 2v(cos 0" — cos0)b — £" + £ — v( Meos2oh — ijcos@”) (A12)
! 4 (1-v) Te , .

The total force, acting on each node, needed to evolve the dislocation loop microstructure
fi — flglastic + ficore" (A.]3)
is evaluated from Egs. (A.5) to (A.12).

To model the climb evolution, the total force f; is projected along the climb direction at node i, hence le’ = f;.n;. Note that the climb

force F¢ involved in the vacancy-mediated climb VMC and self-climb SC Eqs. (4)-(6) and (12), respectively, is the force per unit length
acting on the line. The climb force per unit length, needed to evaluate the VMC and SC climb velocities, can be determined as

L
F% =L, Al4
P =7 (A14)
|t — | + Irj — 1
where £; =+ " _J U

2
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Fig. A.15. A dislocation loop microstructure example, showing an arbitrarily shaped loop numerically discretized into piece-wise straight segments connected by nodes P;.
ij% and P; 4y are the midpoints of the dislocation segments P;_;P; and P;P;,1, respectively. b is the Burgers vector of the dislocation loop microstructure.

A2. Numerical discretization for vacancy-mediated climb velocities

Gu et al. [34] presented an implementation of vacancy
mediated-climb VMC for a two dimensional 2D prismatic loop.
Here, we generalize the implementation for an ensemble of 3D
arbitrarily-shaped loops where dislocation segments have mixed
character; and include the core force contribution to the climb
force.

The Green'’s function formulation of the non-local VMC velocity
given by Eq. (4) is

/ be (X') vy (X')
r

|xp — x|
We showed earlier that every dislocation loop is discretized into a
set of piece-wise straight segments connected by nodes, as shown
in Fig. A.15. We also presented how we calculate the climb force Fid
at node i. Let’s note here that the above integral Eq. (A.15) holds at
eachnodei=1,2,3,..., N, where N is the total number of nodes
in the dislocation loop microstructure, and X = X;. For closed dis-
location loops, the left-hand side of the integral Eq. (A.15) can be
discretized as

/ be (X') v (X')
r

[xp — x|

mw=ﬁm@m—qmﬂ, (A15)

dl(x')

SB[ OO0 gy B0
iUy ] . xi-x
A i1 (P / - P, ,

=Zv’l bf“/J &—kbé’”l/] ydlx) (A16)
= iz X = x| B X=X

where P; denotes the spatial coordinates (x;,y;,z;) of the node j;
similarly P;_; and Pj;; denote those of nodes j—1 and j+1, re-
spectively. PjJ and Pj+l are the midpoints of the dislocation seg-

2 2 . .
ments P;_{P; and P;Pj 4, respectively, as shown in Fig. A.15. b1

and b{':j+l are the edge components of the Burgers vectors of the
segments P;_;P; and P;P; 4

S
b = (1§51 b
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bgvj-#] — ||£j’j+1 % b|| ) (A‘l7)
Let’s designate the coefficient
p; ! P. /
_pitd [ XD e / iy dlX)
ajj = b, /I; X —X| + bg A X —x| (A.18)

% J

Hence, the final form of the integral Eq. (A.15) in its discretized
form is a matrix equation

N
> a;vl, =4mD, [Cbum -Cr (x,-)] , (A19)

j=1

When j =i (X’ =x;), the integrands in Eq. (A.18) diverge logarith-
mically. In order to eliminate this singularity, one can consider a
boundary (r.) around the node i to be excluded from the integra-
tion [31], therefore
4 piit /
¢ P

P_r 4 P,1 !
a”:bie_yl'/P’*z dl(x') 1 dl(x)

] (A.20)

IX; — x|
-

N—

where P;_r is a point lying on the segment P_;P, and separated
2
by a distance r¢/2 from node i. Similarly, P;, . is a point lying on
2

the segment PP, ; and separated by a distance r./2 from node i.
The integrated form of Eq. (A.20) is

a; = b 1n(|x"_x“|> + bt 1n<|""+l ”‘"') . (A21)

e e

For j #1,

ajj = bé_]] I] + bé]-H 12 s (Azz)
where
A2 + 4A\B, + 4A,C + A, + 2B
I =In i kDk K k k (A23)

2 ( JALC + Bk>
If /AC+B#0

and
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2 (, /AL — Bk)
A /Ai + 4AkBk + 4AkC — Ak — ZBk

If AkC-l-Bk:O ,

fork=1,2.
Note that

A =
Ay
B =
B =
C =

The system of linear equations presentegl in Eq. (A.19) can be
solved numerically for the VMC velocity v, at all the nodes in the
dislocation loop microstructure.

Ik =In

2
IX; — Xj_1]
Iz

(A.24)

X1 — X,
(X = xj-1) - (% = %)
(Xje1 = X)) - (% = x))

2
Ix; —x;|°.
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