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“After sleeping through a hundred million centuries
We have finally opened our eyes on a sumptuous planet, sparkling with color,

bountiful with life
Within decades we must close our eyes again

Isn’t it a noble and enlightened way of spending our brief time in the sun
To work at understanding the universe and how we have come to wake up in

it?”
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Summary

Predicting neutron-induced recrystallization of tungsten under nu-
clear fusion reactor conditions

Nuclear fusion could be a clean and cheap way to generate electricity, making
society less dependent on oil, gas and coals. In fusion reactors of the tokamak
design, such as ITER, the divertor acts as a purifier for the fusion plasma. The
plasma-facing part of the divertor consists of tungsten monoblocks, which will
be subjected to unprecedented neutron, ion and heat loads. The lifetime of the
monoblocks under these loading conditions is a crucial issue for realizing an eco-
nomically viable fusion reactor. Currently, it is not possible to experimentally
test the divertor’s lifetime, as no facility exists in which the heat, neutron and
ion loading conditions within reactors, such as ITER or its successor DEMO,
can be mimicked. This makes it necessary to rely on modelling, and at the
same time, it makes it challenging to parameterize and validate these models.

The focus of this study lies on the combined effects of the neutron and heat
load, which affect the entire monoblock. The displacement cascades that are
generated by the neutrons lead to a high stored (lattice) energy in the material,
which is a possible driving force for recrystallization. Given the long irradia-
tion times (all the monoblocks should stay functional for at least two full-power
years until replacement in DEMO), recrystallization and grain growth may oc-
cur at temperatures far below the recrystallization temperature of tungsten
(which is typically 1300 °C). Recrystallization and grain growth lead to radi-
cal changes in the mechanical material properties, and therefore, these effects
should be taken into account in a predictive lifetime analysis.

In order to gain understanding of the processes that govern the lifetime of
the monoblocks, in this thesis, the microstructural evolution of the tungsten
monoblocks as a consequence of neutron irradiation and heat was studied. For
this, a multi-scale model was developed in Chapter 2, consisting of a mean-field
model for recrystallization and grain growth at the polycrystalline level, and



viii 0. Summary

a cluster dynamics model for neutron damage within the grains. The models
at the different scales are coupled using the concept of stored energy. The re-
sulting coupled model describes the evolution of the grain size distribution and
defect concentrations in the grains.

The recrystallization model was parameterized based on experimental results
from static recrystallization of tungsten taken from the literature. A physically-
based nucleation criterion based on the lattice defect energy was implemented.
The neutron displacement damage was produced in the form of defect clus-
ters, for which a parameterized temperature-dependent scaling law was im-
plemented, based on molecular dynamics results from literature. The model
was used to investigate the temperature dependence of the microstructural
evolution (for irradiation temperatures in the range of 1000-1400 °C) and to
investigate how different physical mechanisms for damage and recovery influ-
ence the microstructural evolution at various temperatures. The patterns for
microstructural evolution were made visible in detail and the role of the various
physical mechanisms governing these patterns was explained.

The multi-scale model was further developed in Chapters 3 and 4. It was
explored how several physical mechanisms (nucleation of new grains in the
bulk and incorporation of dislocation loops into the dislocation network) may
affect the microstructural evolution. Furthermore, the mean-field recrystalliza-
tion model was extended to include a multitude of homogeneous equivalent
media (HEMs). With the more mature model, cyclically occurring neutron-
induced recrystallization was predicted, with a temperature dependent perio-
dicity, whereby over time, the initial microstructure was shown to become more
heterogeneous, leading to a fade out of the periodicity.

The model was employed to predict the evolution of the irradiation harde-
ning during microstructural evolution. In Chapter 4, the model was used to
explore whether periodic heat treatments, which induce recrystallization, could
play a role in reducing the irradiation hardening, thereby possibly extending
the lifetime of the divertor monoblocks. The results indicate that heat treat-
ments can indeed significantly reduce the hardening. To investigate the effects
of heat treatments on monoblocks, the multi-scale model was extended with
a thermal model on the macroscopic scale, resulting in three scales, in Chap-
ter 5. The evolution of the thermal conductivity throughout the monoblock
during irradiation was predicted as a function of the microstructural properties.

This thesis has demonstrated that it may be hard to avoid the occurrence of
recrystallization in the divertor monoblocks in nuclear fusion reactors. More-
over, a promising method to reduce the irradiation hardening and to prolong
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the lifetime of divertor monoblocks, through the controlled application of pe-
riodic heat treatments, was presented. The outcomes of this study potentially
lead to changes in the design of future monoblocks. Further, the modelling
framework that was presented in this thesis may be used to design dedicated
experiments that lead to an increased understanding of the evolution of the mi-
crostructure and material properties of the monoblocks. Recommendations for
various experiments can be found in Chapter 6, along with recommendations
for improving the model and a summary of the key results of this thesis.
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1
Introduction

1.1 World energy demand
Among the largest current societal challenges are global warming and our con-
tinuous energy supply. To address those, carbon-free, sustainable sources of
energy, replacing fossil fuels, need to be found for the future, both for electri-
city production (∼50%) and for fuels (∼50%, the fuels will remain necessary
e.g. for flying, other heavy transportation and industry1).

At present, there are three carbon-free options for the future generation of
electricity: renewables and nuclear fission and nuclear fusion. The renewable
energy sources, such as wind, solar and waterpower, can contribute to the
energy transition, however, the availability of electricity depends on the cur-
rent weather conditions (including drought) and for water and wind [1], the
flora, fauna and landscape are impacted. Moreover, storage solutions are ex-
pensive. Nuclear fission comes with long-lived radio-active waste, has the risks
of proliferation and public support is weak.

As Bernard Bigot says: "Fusion could help deliver the energy supplies of the
world for a very long time, maybe forever." 2 Realizing nuclear fusion on earth
for power generation could in the long term be a major factor in solving the
energy problem on the globe. There is no risk of a nuclear meltdown, the nu-
clear waste is not longlived, and the supply of fuel would be nearly limitless,
not geographically concentrated and sufficient for millions of years.

1 Kramer, G. J., De ontdekking van de toekomst, Inaugural Address, Sept. 8th, 2017.
2 Carrington, D., After 60 years, is nuclear fusion finally poised to deliver?, The Guardian,

Dec 2nd, 2016.
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1.2 Nuclear fusion
Nuclear fusion is the driving power of our sun and of all other stars. Inside
the stars, the pressure and the temperature are so high that the electrostatic
repulsion can be overcome and atomic nuclei can fuse. During this process,
a small amount of nucleic mass is released in the form of kinetic energy, in
accordance with E = mc2. The reason why energy is released during fusion of
small nuclei, but also during fission of large nuclei (e.g. uranium), can be seen
in Figure 1.1a. In both cases, fission and fusion, mass is released, which oc-
curs due to the increase in negative binding energy for the reaction product(s).
The most tightly bound nucleons (protons and neutrons) can be found in 56Fe,
which form inside very massive stars prior to supernovae. The fusion reaction

(a) (b)

Fig. 1.1. (a) Negative of the nucleon binding energy per nucleon as a function of
the mass number (Image taken with permission from: https://www.dlt.
ncssm.edu/tiger); (b) the DT fusion reaction.

that is the easiest to realize on earth and whereby a lot of energy is released,
is the deuterium-tritium (DT) reaction, which is schematically depicted in Fi-
gure 1.1b. Two isotopes of hydrogen, deuterium (D, or 2H) and tritium (T, or
3H) fuse, producing 4He and a neutron, which have kinetic energies of 3.5 MeV
and 14.1 MeV, respectively. Thereby, each fusion reaction delivers 17.6 MeV.
To get a better feeling for this number, imagine that all that energy would be
converted into electricity. Then, just 4 kg of fuel per day would be sufficient to
produce all the electricity for consumers in the Netherlands3.

Deuterium is very abundant, as it makes up 0.7% of all hydrogen atoms. Tri-
tium is extremely rare in nature, but can be produced from lithium, using

3 The Dutch households use 400-500 PJ per year, from http://www.clo.nl/nl003520.

https://www.dlt.ncssm.edu/tiger
https://www.dlt.ncssm.edu/tiger


1.3. Fusion reactors on earth 3

neutrons. Apart from the DT-reaction, additional fusion reactions could be
envisioned in the future as well.

1.3 Fusion reactors on earth
In order to generate power from nuclear fusion, firstly, a high temperature (of
over 150 million °C) and a sufficiently high pressure are needed. Under these
conditions, the hydrogen fuel becomes a plasma, i.e. essentially a charged gas
in which the atomic nuclei are separated from their electrons. Secondly, the
plasma needs to be well-confined for a sufficient time to create the necessary
conditions to evoke nuclear fusion. Thirdly, the fusion reactor needs to have
walls that can sustain this high heat load and the impact of the energetic
plasma particles. This is a huge challenge, like building a box around the sun.

Tokamaks
One way to contain and control a plasma at high temperature and pressure
is the working principle of a Tokamak-design reactor, which is Russian for:
toroidal chamber with magnetic coils. In Figure 1.2, the inside of the reactor
JET, in which this design is used, can be seen. The plasma travels around
in the toroidal shape. The surrounding magnetic coils control the plasma,
keeping most of it away from the wall, and confining it such that the necessary
conditions are met for the fusion reactions to take place.

Fig. 1.2. Inside view of the JET-reactor, at the Culham Centre for Fusion Energy.
Image from: https://www.euro-fusion.org.

International projects ITER and DEMO
The realization of an economically viable nuclear fusion reactor poses challen-

https://www.euro-fusion.org


4 1. Introduction

Fig. 1.3. Size and power comparison for reactors WEST, JET, ITER and DEMO.
Schematic adapted from [2], with permission. D denotes the diameter of
the reactor, V the volume, Q is the ratio between the power delivered by
the reactor and the power needed to heat the plasma and P is the power
generated by the reactor.

ging problems in science and engineering, such as in plasma physics, materials
science and engineering and diagnostics. Currently, the successor of JET, which
is called ITER, is being assembled in Cadarache, in the south of France, in a
joint effort of the EU, Japan, United States, Russia, China, South Korea, India
and Switzerland. ITER is a much larger reactor, see Figure 1.3, and should
demonstrate that nuclear fusion can be used for the power generation: 10
times more energy should be extracted than the energy that is used to heat the
plasma, at the level of 500 MW. The deuterium-tritium plasma operation is
planned to start from 2035. Whereas ITER will be running on a pulsed basis,
with pulses lasting up to 400 s, the reactor DEMO is planned to be the first
reactor that generates power more continuously. At the moment, the design of
DEMO is still under development [3].

1.4 Divertor
One of the vital components of a fusion reactor is the so-called divertor. The
functions of this component are to exhaust the plasma impurities, the helium
ash and the heat (both of which are produced during the fusion reactions) from
the reactor [4]. To this end, the magnetic fields direct the plasma in such a
way that the majority of the generated heat and the helium reach the divertor,
which is situated at the bottom of the reaction chamber, see Figure 1.4a. At
the divertor, the plasma ions will recombine with electrons to form neutral
atoms, and thereafter either be re-injected into the plasma or be pumped out
of the reactor chamber using cryopumps [5]. The divertor is shaped in such a
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way that the plasma load is divided over a large area consisting of 54 cassettes
(Figure 1.4b). One of these cassettes is shown in Figure 1.4c. The three black
areas (the inner and outer vertical target and the dome) are the plasma-facing
parts and they are made out of tungsten. These tungsten targets are called
monoblocks, metal blocks with cooling tubes passing through them. In total,
the ITER divertor consists of ∼200 000 tungsten monoblocks (Figure 1.4d).The
divertor exhausts the plasma impurities, thereby keeping the impurity concen-
trations in the plasma low. The monoblocks absorb the heat that is generated
during the fusion reactions and conduct the heat towards the cooling water in
the tube.

1.4.1 Divertor loads
The divertor is subjected to aggressive heat, neutron and ion loads. The loads
are discussed below and their effects are discussed in section 1.5.

Heat load
ITER will operate in pulsed mode, with pulses that last up to 400 s. During
these pulses, the steady-state heat load averages to 10 MW/m2, with varia-
tions of up to 20 MW/m2 that last several seconds [6]. On top of that, the
plasma will operate in H-mode, which gives the plasma a high confinement and
stability, but it also comes with short instabilities that are named Edge Lo-
calized Modes (ELMs). The most common instabilities are type-I ELMs. The
duration of such ELMs are 0.1-1 ms, during which a power of several MJ/m2

is released [7]. Most likely the ELM frequency will be increased from around 1
Hz (the natural frequency of type-I ELMs) to above 10 Hz, such that the power
released on the divertor and the first wall is reduced to below 0.5 MJ/m2 [7].
Apart from ELMs, vertical displacement eruptions (VDEs) and disruptions are
expected to take place. These events are less frequent than ELMs, but more
severe in nature in terms of the amount of deposited power per event.

Neutron load
The neutrons that are produced during the fusion reactions have no charge
and thus their trajectories can not be controlled. The neutrons travel through
the plasma-facing material until (1) they transfer part of their energy to an
atomic nucleus, or (2) until they are captured by a nucleus. The neutrons that
penetrate through the monoblocks are absorbed by other parts of the reactor
(the steel construction of the divertor or the vacuum vessel, which captures
nearly all the remaining neutrons [8]).

If the neutrons transfer part of their kinetic energy to an atom, then this
atom is called the primary knock-on atom (PKA). The PKA can be displaced
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(a) (b)

(c) (d)

Fig. 1.4. The divertor and the monoblocks: (a)schematic of the location of the di-
vertor within the nuclear fusion reactor, and the plasma field near the
divertor (here, for DEMO); (b) the divertor consists of 54 removable cas-
settes (ITER); (c) one of the divertor cassettes, with the locations of the
plasma-facing tungsten blocks in black (ITER); (d) a series of monoblocks
with a cooling tube running through. Images are taken with permission
from (a) [3], (b) and (c) ©ITER organization https://www.iter.org and
(d) https://www.plansee.com.

https://www.iter.org
https://www.plansee.com
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and can have collisions with other atoms, transfering energy to these atoms,
which may also get displaced. Depending on the PKA-energy, a cascade of
collisions may be created this way (the so-called displacement cascade). Dur-
ing the displacement cascade, many vacancies and self-interstitial atom defects
may be created. For DEMO, 1015 PKAs s−1cm−3 with energies of above 1
eV are expected for tungsten [9]. As a consequence, after 5 full-power years of
operation in DEMO, each atom will have been displaced 15 times on average
[6, 10], assuming the use of tungsten as a plasma-facing material. Apart from
displacement cascades, one or more neutrons can be captured by an atomic
nucleus, which after beta decay(s) leads to transmutations of atoms. For tung-
sten, the main transmutation products are rhenium, osmium and tantalum [11,
12]. Also, some hydrogen and helium atoms form.

Ion load
The ions that interact with the wall material include: the fuel (D and T),
the reaction product (He) and any plasma impurities (Be, W) that have been
sputtered by the plasma. The particle flux is on the order of 1024 m−2s−1 [13].

1.4.2 First wall requirements
The extreme loads will damage the material, which will alter the material’s
structure and integrity and thereby the functionality of the divertor. The vari-
ous effects that can occur are elaborated in section 1.5. For DEMO, the diver-
tor should stay functional for at least two full-power years prior to replacement
[14]. This puts stringent requirements on the divertor material. The following
conditions should be met:

• Good thermal conductivity: the divertor monoblocks should conduct the
heat towards the cooling water. For this, the thermal conductivity should
stay sufficiently high and there should be sufficient thermal contact with
the cooling tube. As the heat load is a given, a decrease in the thermal
conductivity will lead to an increase of the temperature of the divertor,
possibly leading to melting or evaporation.

• Low nuclear activation: the neutrons and the plasma react with the wall
material. The amount of radioactive waste after the decommissioning of
the reactor should be minimized.

• Chemically unharmful: the various materials that are used in the first
wall should be mutually compatible. Material mixing can occur because
of sputtering and redeposition.

• Low fuel retention: the absorption of fuel by the wall material should be
limited and stay far below 700 g for ITER [13].

• Low sputtering yield: wall material can erode or can be sputtered. Any
wall material that enters the core plasma lowers its temperature as well
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as the density of the fusion fuel, making it more difficult to sustain and
secure the fusion reaction.

• Structural integrity: the underlying components (such as the cooling
tube) should remain intact and should be protected from the plasma.

1.4.3 Tungsten
Tungsten has been selected as the core material for the divertor monoblocks
for ITER [15], and it is also considered for the divertor of DEMO [16]. The
material has good thermo-mechanical properties at high temperatures, a low
fuel retention and low sputtering yields, acceptable transmutation and nuclear
activation, and a very high melting point (3422 °C [17]).

A disadvantage of tungsten is the high ductile-to-brittle transition temperature
(DBTT), which leads to extra demands on the minimum operation tempera-
ture of the monoblock [18]. Depending on the fabrication process, the DBTT
initially lies around 400 °C, but upon irradiation damage, the DBTT may in-
crease to ca. 800 °C [18].

Under a steady-state heat flux, the surface temperature at the tungsten mono-
block is (roughly) determined by (1) the temperature of the cooling water, (2)
the monoblock’s thickness and (3) by the temperature gradient, which is de-
termined by the thermal conductivity (which can be expected to decrease over
time under the accumulation of neutron-induced defects). The thickness of the
monoblock (which was recently selected to be 6 mm in ITER [19], and which
is still undecided for DEMO [20]) depends on the expected erosion rate. Re-
crystallization in parts of the monoblock will be hard to avoid, even under the
steady-state heat load, especially since the recrystallization temperature will
decrease with an increase in stored lattice energy. This is important to realize,
as the process leads to a complete loss of the pre-existing microstructure (grain
size, shape and orientation and dislocation structures), which determines the
material’s thermo-mechanical properties.

1.5 Effects of the loads
The extreme loads lead to a wide range of phenomena that affect the material’s
structure and properties. Below, an overview is given of the physical effects
due to heat, neutrons and ions.

Heat effects
As a consequence of the heat load, the surface temperature of the material
will increase and a temperature gradient inside the material will form. The
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thermal gradient in combination with the monoblock’s design (the shape of the
monoblock and the presence of the cooling tube through it) induces significant
thermal stresses. The thermal stresses may lead to plasticity and crack for-
mation. At high temperatures, thermal creep plays a role as well. The peak
loads (ELMs) may lead to sputtering at the surface, surface roughening, crack
initiation and propagation and thermal fatigue. Also, at high temperatures,
the mobility of impurities and defects in the material increases.

Neutron effects
The changes in the composition and the accumulation of lattice defects that
occur because of the neutron bombardments lead to changes in the material
properties. The lattice defects and transmutations will evolve to form defect
clusters and complexes and precipitates [21]; irradiation hardening (caused by
the material defects and transmutations), swelling (because of the lattice de-
fects and bubble formation) and embrittlement (which accompanies the irradi-
ation hardening). Furthermore, radiation-induced segregation (which promotes
precipitate formation) and irradiation creep occur. Irradiation-induced recrys-
tallization and grain growth are described in literature as well.

Ion effects
The plasma-wall interactions lead to intricate phenomena evolving many ma-
terials. The plasma ions impinge on the surface, which can lead to sputte-
ring/erosion of wall material. Redeposition of sputtered material (including
long-range material transport, sputtered material from elsewhere within the
reactor) may take place [22]. Alternatively, the plasma ions (including fuel)
can be trapped at the surface, or permeate and diffuse into the bulk of the
material. The plasma ions can be neutralized by electrons and re-injected into
the plasma, or be absorbed by the material. The absorbed plasma ions can also
be trapped right below the surface (at impurities or ion- or neutron-induced
defects) and form bubbles and blisters. The bubbles and blisters may rupture,
which can lead to exfoliation. Furthermore, fuzz, a porous nanostructure of
several µm in thickness, was observed to form under irradiation with helium
[23, 24], which may accelerate erosion.

1.6 Divertor lifetime
The lifetime of the divertor depends on the complex synergistic effects of all
the loads and the resulting processes, which are only partly understood. No
experimental facility exists in which the extreme fusion operation conditions
can be completely reproduced. Therefore, it is necessary to heavily rely on
modelling.
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1.6.1 Experimental test facilities
In this section, a short overview is given of the possibilites for experimental
testing for assessing the impact of some of the loading conditions.

No neutron facility exists where irradiation can be performed with a fusion
neutron spectrum. A testing facility with a very similar neutron load, named
IFMIF, is still being designed [25]. The fusion neutron spectrum mainly con-
tains fast neutrons with an energy of 14.1 MeV. Instead, experimental tests
can be performed in fission reactor facilities such as HFIR and JOYO (Oarai,
Japan) and JMTR (Oak Ridge, U.S.). Among these, JOYO has the fastest
neutrons (energies above 0.1 MeV [26]), but these energies are still vastly dif-
ferent from the fusion neutron spectrum. Under irradiation with fast neutrons,
the probability for transmutations is much lower, while displacement cascades
are more abundant and pronounced. Therefore, fission and fusion irradiation
may be expected to induce a radically different microstructural evolution.

Alternatively, the displacement damage by fast 14.1 MeV neutrons may be
emulated using self-ion irradiation. In contrast to neutrons, the energy of the
incoming ions can be controlled, as the ions carry a charge. This means that
similar PKA (primary knock-on atom) energy spectra may be created as in
fusion reactors. However, using self-ions implies implantation of extra mass,
leading to extra self-interstitial atoms, compared to fusion neutron displace-
ment damage.

To test the long-term structural and mechanical evolution, either very long
machine time may be needed (given the two full-power year lifetime goal), or
accelerated damage rates may be applied, using ion beam facilities. However,
the different damage rate may lead to a different evolution of the material.

In conclusion, it is currently not possible to experimentally test the microstruc-
tural evolution of tungsten within the fusion neutron spectrum. This is further
complicated by the limited irradiation temperatures that can be achieved in
experimental set-ups and by the difficulty in sample handling during post-
irradiation.

At the facility Magnum-PSI of DIFFER, it is possible to expose materials to
relevant ion and heat loads (including the transient heat loads). Several Toka-
mak devices (such as JET and TEXTOR) have employed tungsten in their
first wall, and studies on e.g. erosion [27], redeposition [28], fuel retention [29],
melt-layer motion [30] and core plasma contamination [31] under plasma oper-
ation have been performed.
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The effects of thermal shocks can be studied using electron beams [32, 33]
or lasers [34]. The evolution of the material under steady-state heat loading is
also studied [35], also for the monoblock configuration, with active cooling [36].

1.6.2 The role of simulations
The lack of possibilities to experimentally expose the plasma-facing materials
to the full loading spectrum, makes it necessary to rely on modelling and simu-
lations. In turn, the various models for the evolution of the material’s structure
that occurs at different length and time scales (see Figure 1.5) require input
from lower-level models and/or from experiments for parameterization and va-
lidation.

Fig. 1.5. Modelling techniques that are relevant for modelling the defect generation
and evolution during irradiation, with their corresponding length and time
scales. The region with the most relevant time and length scales for ITER
is outlined. Image taken with permission, from [22].

With Density Functional Theory (DFT), the energetic properties of the point
defects can be obtained accurately. DFT can be used to systems of a few hun-
dred particles [37]. Damage production, such as neutron damage production,
takes place at the atomistic scale, on the order of nm. The Binary Collision
Approximation (BCA) can be used to simulate defect formation as a result
of neutron displacement cascades efficiently, but not very accurately. Molecu-
lar Dynamics (MD) can simulate the same phenomenon, but including effects
such as thermal spikes and defect clustering [38]. Molecular dynamics can also
provide the migration and clustering properties of the defects [37]. The va-
lidity of the MD-results depends on the accuracy of the interatomic potential
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that is used. The neutron-induced lattice defects form defect complexes and
interact with other defects, such as dislocations. With Kinetic Monte Carlo
(KMC) methods, the long-term microstructural evolution can be simulated at
small length scales, using the results from the underlying models (DFT, BCA,
MD) as an input. To study the interactions between larger objects, such as
dislocation-precipitate interaction or long-range dislocation-dislocation inter-
action, Discrete dislocation dynamics (DDD) can be used [39]. Rate equations
(Cluster dynamics, CD) are applicable for calculating the microstructural evo-
lution over longer times and length scales, but a uniform spatial distribution
of defects needs to be assumed. CD relies also on the physical and quanti-
tative results from the underlying models. The local material properties that
result from the microstructural evolution, determine the mechanical and ther-
mal functioning of the monoblock, with a characteristic length on the order of
cm. Using finite element modelling (FEM), the thermal and mechanical evo-
lution of the the monoblocks can be predicted, based on these local material
properties.

1.7 Research goals
Most research related to the divertor for ITER focuses on the effects of the
plasma at the surface of the monoblock, as in this reactor the neutron load will
still be relatively low. However, the neutron load will be very important for
DEMO. In this thesis, the evolution of the microstructure and properties of the
tungsten throughout the monoblock is investigated. Since the plasma load is
expected to mainly affect the near-surface area (at least initially), the research
is restricted to the combined effects of the (steady state) heat and neutron
loads, where only the displacement defects are considered and the effects of
transmutations are disregarded.

The combination of high temperatures and the continuous generation of lattice
damage makes recrystallization hard to avoid, as the lattice damage is accom-
panied by stored energy, which constitutes a driving force for recrystallization
and grain growth. As recrystallization and grain growth radically change the
microstructure, they are also expected to significantly affect material proper-
ties and thereby the functionality of the divertor. Therefore, these processes
are chosen to be a central aspect in this research.

In this thesis, the following research questions will be adressed:

1. Which competing mechanisms play a role in the microstructural evolution
under combined heat and neutron loading and how does temperature
affect the balance between the various competing mechanisms?
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2. How does the irradiation hardening evolve during the microstructural
evolution that occurs as a consequence of heat and (fusion) neutron irra-
diation?

3. Can heat treatments assist in minimizing the hardening and embrittle-
ment as a consequence of irradiation and how do heat treatments affect
the microstructural evolution?

1.8 Thesis outline
In Chapter 2, a multi-scale model is introduced for the microstructural evolu-
tion of tungsten under heat and neutron displacement loading. In this model,
the neutron damage is simulated at the grain level, which is coupled to a recrys-
tallization model at the mesoscopic level. The model is employed to investigate
the temperature dependence of the competition between the various damage
and recovery mechanisms. An extension of the model is presented in Chapter 3,
to predict the effects of additional physical mechanisms on the microstructural
evolution. The link between the microstructural evolution and the evolution of
the hardness is also examined. In Chapter 4, the model is employed to study
the effects of heat treatments on the evolution of the hardness. The influence of
the process parameters during the heat treatments are also explored. In Chap-
ter 5, the multi-scale model is extended with a thermal model, and thereby
spans three length scales. The effect of heat treatments on the microstructural
evolution is studied, this time in a monoblock configuration and now including
an evolving thermal conductivity. Chapter 6 presents the conclusions of this
work and provides recommendations for future research.
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2
Modelling recrystallization and
grain growth of tungsten induced
by neutron displacement defects

Reproduced from:
A. Mannheim, J. A. W. van Dommelen, M. G. D. Geers.
Mechanics of Materials 123 (2018), pp. 43-58.

Abstract
A multi-scale model is developed for the long-term microstructural evolution of
tungsten under cascade damage conditions and for different irradiation temper-
atures as they may occur in a divertor of a nuclear fusion reactor. In particular
the competition between damage accumulation and recovery processes, includ-
ing grain growth and recrystallization are captured. A mean-field model for
recrystallization and grain growth is coupled to a cluster dynamics model for
the evolution of the neutron damage. The displacement damage is produced in
the form of defect clusters, for which a parameterized temperature-dependent
scaling law is implemented. A physically-based grain nucleation model is im-
plemented in the mean-field recrystallization model. The competition between
the various temperature dependent mechanisms and their effects on the evolving
microstructure is studied in the range of T = 1000 °C - 1400 °C.
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2.1 Introduction
The use of nuclear fusion for generation of electricity could help the world to
meet the energy demands and bridge the next few hundred years on the way to
100% renewable energy generation. For the economical viability of fusion re-
actors, divertors (components used as heat extractor, armour and He-absorber
[1]) need to have a sufficient lifetime (at least 2 years of operation before re-
placement) and are therefore critical parts of the reactor. Understanding the
degradation and recovery mechanisms for this component (likely to be made
of tungsten [2]) is essential. It is thereby important to look beyond the surface
effects (∼ 10 µm) of the heat, neutron- and ion-irradiation on the material and
to take into account the evolution of the microstructure and thermomechanical
properties in the entire tungsten monoblock.

Due to the large heat loads (>10 MW/m2 [3]) and active cooling, the divertor
has to endure a high surface temperature and temperature gradient. This leads
to large stresses and possibly cracking [4, 5, 6]. The thermomechanical prop-
erties (such as thermal conductivity and mechanical behavior) evolve during
fusion operation, as they depend on the evolving microstructure. The divertor
can still be considered to fulfill its functions as long as (1) the heat is still ade-
quately conducted towards the cooling water, (2) it acts as an armor, keeping
the plasma ions away from the cooling water and other underlying components,
and (3) it is structurally sufficiently intact [7].

In the bulk of the divertor monoblock, the main loads that will affect the micro-
structure are a neutron load (∼ 10−6 dpa/s for ITER) [8] in combination with
high temperatures (approximately in the range of 400°C-1000°C or higher. The
minimum temperature is set by the cooling water and the maximum is set by the
heat input, the thermal conduction coefficient, the cooling and the geometry
of the monoblock. The maximum allowable temperature is the temperature
at which the mechanical integrity can be presented. The fast neutrons will
(apart from transmutations) generate large displacement cascades, causing lat-
tice damage. On a microstructural level, this means that a high stored energy
is built up in the lattice, in addition to an initial dislocation density. Plasma
ions (mainly H and He) will damage the surface of the divertor. H and He, as
well as Re and Os are also introduced into the material by transmutations.

The combination of a high temperature and a high level of displacement dam-
age will induce recovery and grain growth [9, 10, 11, 12, 13]. Moreover, re-
crystallization may take place, since tungsten with a high dislocation density
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is known to recrystallize under high temperature annealing [14, 15, 16]. Grain
growth can be both thermally-induced [17] or irradiation-induced [9, 10, 11,
12, 13]. Recrystallization of polycrystalline materials has also been observed to
be enhanced by irradiation [18, 19, 20], and it is conceivable that neutron cas-
cade damage lowers the recrystallization temperature [9] of tungsten (normally
in the order of 1300°C [7]). Moreover, under fusion operation, the thermal
conductivity of the tungsten monoblock may decrease as a consequence of the
point defects, dislocation loops, transmutations and gas bubbles that will be
formed [21]. This implies that the temperature gradient over the monoblock
may increase, and the maximum temperature in the block may become higher
as well, increasing the likelihood of grain growth and recrystallization to occur
(and increasing the thermal stresses, erosion due to sputtering, creep and high
temperature embrittlement [22]). The effects mentioned above may be aggra-
vated by the high power transient heat loads that are expected to occur as a
consequence of instabilities in the plasma [23].

The consequences of recrystallization and grain growth for the material prop-
erties of tungsten can be positive or negative. Both these recovery mechanisms
lead to a decrease in the displacement defect density in the material and there-
fore also a decrease in strength. Recrystallization and grain growth may also
lead to a speed-up of the segregation of pre-existing and radiation-induced
impurities (including neutron-induced transmutations). In some cases, recrys-
tallization embrittlement is reported for tungsten [24], although an improved
ductility after recrystallization has also been observed [25]. The recrystallized
grain size may be of influence for the ductility of tungsten [26, 27], especially
since the grain boundaries of tungsten seem to be the weakest point and inter-
granular fracture is the most common failure mechanism for tungsten [28].

Modelling approaches for static and dynamic recrystallization (where recrystal-
lization occurs under annealing, respectively after and during applying a load
on the material [17, 29]) range from simple empirical laws [30] up to computa-
tionally complex models that can take into account the topology [31, 32], such
as the Monte Carlo-Potts, Cellular Automata, Phase-Field, Vertex and Level
Set methods. The topological models can be used to simulate local physical
phenomena (such as the evolution of the grain boundary shape [33] and the
interaction with second-phase particles [34]), as well as local variations in the
grain boundary mobility and grain boundary energy. In between are the (com-
putationally efficient) mean-field models [35, 36, 37, 38], some of which consider
only the evolution of the average values of the grain size and the defect density
whereas in [36, 38] their distributions are also considered.
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Nucleation of new grains usually occurs near grain boundaries, triple junctions
and twins [17] and may occur at sites with a large gradient in the dislocation
density [39]. It is difficult to observe the precise nucleation mechanisms experi-
mentally. Based on the activation energy for nucleation, the nuclei emerge from
an existing structure, such as a subgrain. Bulging is the nucleation mechanism
for formation of new grains that is most reported in literature. This can be
accompanied by twinning [29, 39, 40]. For neutron-induced recrystallization, it
was suggested that instead of subgrains, interstitial dislocation loops may be
the preceding structure leading to nucleation [41]. A deformed crystal struc-
ture may have to rearrange (first creating more ordered dislocations structures)
before nucleation sites are formed [29].

A basic analytical model for recrystallization that employs a constant nucle-
ation rate is the Kolmogorov-Johnson-Mehl-Avrami model [17]. Most empirical
models do not incorporate explicit nucleation events, as usually the final av-
erage grain size is predicted and not the size evolution in time. [31]. Most
models that do treat nucleation events explicitly, employ a critical dislocation
density or critical (plastic) strain [42, 43, 44, 38, 31] that depends on the ma-
terial parameters and process parameters, including the effective plastic strain
rate. When nucleation is modelled in more detail, nuclei are often formed out
of subgrains [45, 36].

Recrystallization and grain growth are driven by the stored lattice energy in
the material. For neutron-irradiated polycrystalline tungsten, the lattice energy
is stored in the form of pre-existing lattice defects, displacement defects and
grain boundaries. Neutron-irradiated or ion-irradiated tungsten is experimen-
tally observed to contain a wide variety of types of displacement damage, such
as vacancies, self-interstitial atoms (SIAs), dislocations, prismatic dislocation
loops of vacancy/SIA type, vacancy clusters, voids and SIA-clusters [46, 47,
13, 48, 49].

The energetic fusion neutrons create a high amount of displacement defects
in a single cascade, leading to a local defect distribution [50]. The damage
resulting from displacement cascades is known to be strongly temperature-
dependent [51]. The displacement defects interact with the dislocation net-
work, which influences the dislocation density [52, 53]. The evolution of the
defect size distribution in tungsten under neutron and/or helium irradiation
has been modelled using Cluster Dynamics (CD) [54, 55, 56, 57, 8, 58, 59,
60, 61, 62] and Object-Oriented Kinetic Monte Carlo methods (OKMC) [63,
64, 65, 66], where most studies have concentrated on the influence of He on
the clustering behaviour. Kinetic and energetic parameters for these models
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have been determined using Molecular Dynamics (MD) [64, 59, 67, 68, 51] and
Density-Functional Theory (DFT) [69].

Cluster dynamics is a suitable technique for modelling the evolution of irradia-
tion damage for higher irradiation dosages and longer time scales. It provides
reasonably good results, as becomes clear from the comparion between CD
and kMC simulations [70, 71], or the comparison between simulation and ex-
perimental results [72]. However it is important to keep in mind that cluster
dynamics has its limits. For one, experimental observations show that 1D void
lattices form under irradiation (for tungsten, it has been shown under fission-
neutron irradiation [73], and for many other materials it has been shown with
fission neutrons and protons and electrons, see [74], page 386). Contrary to
the cluster dynamics model, the production bias model [74] takes into account
the 1D-migration of various SIA-clusters in the direction of their Burgers vec-
tor. Moreover, swelling does not occur homogeneously: the swelling rates are
observed to be a function of the void density and dislocation density and more
swelling happens at the interior of the grain, and not in the same way as is
predicted by the cluster dynamics model [74].

In this paper, a framework for modelling recrystallization and grain growth un-
der irradiation condition is presented. A mean-field approach is used for mod-
elling recrystallization, for which a physics-based nucleation model is imple-
mented. Grain growth and recrystallization are driven by the neutron-induced
displacement defects, which are modelled using cluster dynamics. The ability
of the model to capture the microstructural evolution (in the form of grain size
evolution and the evolution of the defect densities) is assessed for various tem-
peratures, using small cluster sizes. The influence of the initial grain size and
temperature on the competing mechanisms is analyzed. The study concludes
by discussing the most dominant mechanisms at different temperatures (defect
accumulation, grain growth, nucleation).

2.2 Multi-scale microstructure evolution model

2.2.1 Two-scale approach
A multi-scale model is used to describe the microstructural evolution of tung-
sten under heat and neutron irradiation at various temperatures. Recrystalliza-
tion, recovery and grain growth, driven by the stored lattice energy, are mod-
elled using a mean-field method, based on [38]. The recrystallization model
describes the material’s structure at a scale of µm-mm. The stored lattice
energy follows from the continuous generation, evolution and annihilation of
lattice defects inside each of the grains (lengthscale 10-1-102 µm), which is mod-
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elled in a coupled manner for a set of grains that represent the microstructure,
using a cluster dynamics approach [8] in the mean-field recrystallization model.
This coupling is illustrated in Figure 2.1. In both models, the current grain size
and defect density determine the subsequent evolution of the microstructure.
As a consequence of grain growth and recrystallization, defects are swept and
removed, reducing the defect density inside the grain. These processes also
affect the grain size. In the cluster dynamics model, the grain size determines
the diffusion distance of the defects from the core of the grain to the grain
boundaries, which act as sinks.

Fig. 2.1. Sketch of the two-scale model for microstructural evolution under lattice
defect generation, grain growth and recrystallization. Left: lattice vacancy
and self-interstitial defects and their clusters are generated (bottom, left),
annihilated (bottom, right) and evolved (top, left). Changes in the network
dislocation density due to dislocation climb in the form of dipole annihil-
iation and Bardeen-Herring sources [52, 75] are taken into account (top,
right). Right: recrystallization and grain growth are modelled with the
processes of nucleation and grain boundary migration. Centre: the two
models are coupled through defect densities and grain sizes.

2.2.2 Recrystallization model
A mean-field model is proposed to describe recrystallization as well as grain
size evolution by grain growth, based on the work of Bernard et al. [38]. The
microstructure is represented by sets of representative grains, which interact
with the surrounding (averaged) media. The mean-field model uses two ho-
mogeneous equivalent media (HEMs), so that the effects of grains with a high
defect energy (HD) and low defect energy (LD) can be distinguished. In this
model, the grains are assumed to be spherical. Each representative grain k has
the following properties: a radius rk, the number of grains Nk it represents, a
dislocation defect density ρk and cluster defect concentrations Ck for each type
of defect. The properties of the media are computed by taking the volume av-
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erage of the properties of the corresponding grain sets [38]. The representative
grains are categorized into the LD- or HD-medium based on their volumetric
stored defect energy.

2.2.2.1 Grain growth

The grain size evolution of a grain k during a time increment ∆t = tn+1− tn is
determined from the volume changes ∆Vk of the grain as a result of the velocity
of the grain boundary vk:

∆Vk = 4πr2
k∆rk = 4πr2

kvk∆t (2.1)

The grain boundary velocity depends on the grain boundary mobility m and
on the driving force1 ∆E [38]:

vk = m∆EHEMk = m
[
EHEM − Ek

]
= m

[
EV,HEM − EVk + 3

2γb
( 1
rHEM

− 1
rk

)]
.

(2.2)

Here, the superscript V denotes volume, EVk is the volumetric part of the stored
energy of representative grain k, γb is the grain boundary surface energy, rk
is the radius of representative grain k and rHEM is the equivalent radius of
the HEM (where HEM stands for the LD- or HD-medium) and EV,HEM is the
volume averaged stored energy of the representative grains in the HEM; i.e.
the grain radius corresponding to the average GB surface area, for which the
total GB-surface area is divided by the total number of grains.

Surface fractions
For each time increment, the volume change of each representative grain is
computed. The grains grow or shrink with respect to each HEM, as illustrated
in Figure 2.2. The grain boundaries between an LD-grain and the LD-HEM
will be less mobile than the mixed boundaries (LD-grain and HD-HEM or HD-
grain and LD-HEM). The surface fraction φLD denotes the mobile fraction of
the total surface area of an LD-grain which is the part of the grain boundary
that is shared with the HD-HEM and similarly φHD denotes the mobile surface
fraction of an HD-grain (i.e. the part shared with the LD-HEM).

Volume changes
Following [38], the volume changes ∆Vi for each HD-grain i and ∆Vj for LD-

1 If the grain radius is r, then the density of grain boundary surface per unit volume is
1
2

4πr2
4πr3/3 = 3

2r , where 1
2 avoids counting every GB-surface area twice.
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Fig. 2.2. The mobile fractions of the grain boundary surface area φLD and φHD for
LD- and HD-grains. Adapted from [38].

grain j in a time increment ∆t are given by

∆Vi = φHD∆V HD/LDi + (1− φHD)∆V HD/HDi (2.3)

∆Vj = φLD∆V LD/HDj + (1− φLD)∆V LD/LDj , (2.4)

with φHD∆V HD/LDi the volume change between the HD-grain i and LD-HEM
and so forth. Volume conservation dictates [38] that:

1. The volume transfer to/from the media should be equal:
∑
i φ

HD∆V HD/LDi =
−
∑
j φ

LD∆V LD/HDj From this it follows for the surface fractions that

[38]: φHD = −φLD
∑

j∈LD
Njr

2
j∆ELD/HD

j∑
i∈HD

Nir2
i
∆EHD/LD

i

.

2. All interactions of a HEM with each grain within this HEM should not
lead to a net volume change. For the LD-HEM, this means that:∑
{j|∆ELD/LD

j
>0}Nj∆V

LD/LD
j =

∑
{j|∆ELD/LD

j
<0}Nj∆V

LD/LD
j .

This is accounted for in the following way [38]: first the new volumes
of the LD-grains that grow by interactions within the set are computed.
Next, the total volume corresponding to LD-LD shrinkage is computed
in such a way that it equals the total LD-LD growth volume.

In this model, necklace-type nucleation is assumed, therefore the LD surface
fraction is given by [38]:

φLD = 1−
(
fLD

)2/3
(2.5)

where fLD is the fraction of the total volume that belongs to the LD-set.
Experimental findings indicate that in the case of static recrystallization of
tungsten, most new grains emerge at the grain boundaries [76]. Not much is
known about the nucleation mechanism induced by particle irradiation, but
for U10Mo, it was observed that nucleation occured predominantly at grain
boundaries [20]. In case of homogeneous nucleation, the surface fractions are
given by φLD = fLD and φHD = 1− fLD [38].
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Defect density evolution for growing grains
Moving grain boundaries sweep lattice defects and dislocations [38]. The vol-
ume that is added to the growing grains therefore only contains equilibrium
defect concentrations. Note that the grain boundary movements with respect to
the HD- and LD-media can lead to both growth and shrinkage of the same grain
within one time increment. Let V ∗ denote the volume of the grain after the GB-
movements due to shrinkage only (LD/LD-HEM shrinkage and LD/HD-HEM
shrinkage). The updated defect concentration Ci(tn+1) (or: density ρi(tn+1))
of defect type i of a growing grain can be computed from:

V (tn+1)Ci(tn+1) = Vs(tn+1)Ci(tn) + (V (tn+1)− V ∗(tn+1))C0
i , (2.6)

where C0
i is the equilibrium defect concentration, and V (tn+1) the grain volume

at tn+1. The defect concentrations in shrinking grains are assumed not to be
influenced by the grain boundary movement.

Volumetric stored energy
For the volumetric part of the stored energy EVk of a grain k, the stored defect
energy and the configurational entropy S are taken into account:

EVk =
Nd∑
i=1

[
CiE

f
i

]
− TS (2.7)

Here, Nd is the amount of different types of defects in the material, Ci is the
concentration of defect type i, Efi is the formation energy of defect type i and
T is the temperature. The calculation of the configurational entropy is given
in Appendix 2.A.

Grain boundary mobility
The grain boundary mobilitym is described, using the temperature dependency
from the Turnbull estimate [77, 36, 78]:

m(T ) = Km
βδVat
b2RT

DGB
0 exp

(
−QGB

kBT

)
(2.8)

Here,Km is a material parameter, δ is the thickness of the grain boundary, β the
action parameter (here taken 0.3), Vat the atomic volume, R the gas constant,
T the temperature (K), kB the Boltzmann constant, DGB

0 the self-diffusivity of
tungsten along grain boundaries and QGB the activation energy for diffusion of
tungsten along grain boundaries (see Table 5.5). The grain boundary mobility
is taken identical for all grains, except when grain boundaries are assumed to
be pinned. This is further detailed in section 2.3.1.
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2.2.2.2 Nucleation

Nucleation rate
During recrystallization, new defect-free grains can form at the cost of old
defected grains when this is energetically favourable and kinetically achievable.
The nucleation rate Ṅc is computed using

Ṅc = KNAnuc exp
(
−Eact
kBT

)
exp

(
−QGB

kBT

)
. (2.9)

Here, Anuc is the total surface area that is available for (necklace) nucleation,
KN is a rate constant and Eact is the activation energy for forming a stable
grain.

Nucleus radius and activation energy
In classical nucleation theory (CNT), a stable nucleus has an initial radius such
that the Gibbs free energy change ∆G decreases with further growth: ∂∆G

∂r < 0.
CNT is used as a starting point, where the following expression is used for the
Gibbs free energy change:

∆G = 1
Ka

[
4πr3

3

(
EV0 − EV

)
+ 3πr2γb

]
, (2.10)

where a fitting parameter Ka is introduced, because it is known that the activa-
tion energy for the formation of a recrystallized grain is smaller than what CNT
predicts [17]. Because of necklace-type nucleation, a grain boundary energy of
3πr2γb is used (4πr2 of new surface area is formed, and this is diminished by
an intersection of πr2 that is lost). EV0 is the volumetric stored energy of the
nucleated grain and EV is the current volumetric stored energy in the volume
that will trigger nucleation. It is assumed that nucleation always initiates at
the boundary of an HD-grain, but that the volume for the nucleus consists of
both HD- and LD-grains, with the volume fractions following the surface frac-
tions. This implies that nuclei can be formed at HD/HD-grain boundaries and
HD/LD-grain boundaries, but not at LD/LD-grain boundaries. It also implies
that EV is given by:

EV = φLDEV,HD + (1− φLD)EV,LD, (2.11)

where EV,HD and EV,LD are the volumetric parts of the averaged stored energy
in the HD- and LD-media. Based on the condition ∂∆G/∂r = 0, a static
solution for the critical radius r∗ can be obtained. However, since the value
of ∆G will change during the process of recrystallization and irradiation (EV
changes over time), the stability condition for a grain, apart from the growth
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condition for this nucleus, is d∆G
dt < 0:

d∆G
dt

= ∂∆G
∂r

dr

dt
+ ∂∆G
∂EV

dEV

dt
< 0. (2.12)

Here, drdt is the growth rate of the nucleus after it has formed, given by: dr
dt =

m(E − E0), with E0 the energy of the nucleated grain and E the average
total energy of both media together, weighted with the surface fractions: E =
φLDEHD + (1− φLD)ELD (where E = EV + ES , the total energy is the sum
of the volumetric and surface parts of the energy). After some rewriting:

∂∆G
∂t

= 1
Ka

[
− 4π

3 r3 dE
V

dt
− 4πr2m(EV − EV0 )(E − EV0 ) (2.13)

+ 6πrmγb(EV + E − 2EV0 )− 9πmγ2
b

]
< 0 (2.14)

The value of dE
V

dt is determined numerically. The radius of the nucleus rnuc is
then obtained from the condition ∂∆G/∂t = 0. The activation energy for nu-
cleation Eact is then given by ∆G(rnuc) if rnuc < r∗, and otherwise by ∆G(r∗).
The volume for nucleation is delivered by the existing grains, weighted with
their respective surface fractions. The volume loss ∆V HDi for a representative
HD-grain i due to a nucleation volume Vnuc is

∆V HDi = φLDVnuc
4πr2

i∑
i∈HD 4πNir2

i

(2.15)

Likewise, ∆V LDj for an LD-grain j is such that
∑
j∈LDNj∆V LDj =

(
1 −

φLD
)
Vnuc.

2.2.3 Defect evolution model
The evolution of the lattice damage under irradiation inside each representative
grain is modelled using a cluster dynamics-based approach. For the evolution of
the displacement defects (vacancies, self-interstitial atoms and their clusters),
the model of Li et al. [8] is used as a basis. The evolution of these displacement
defects also leads to changes in the dislocation density, which are modelled here
using the work of Stoller [52]. To accommodate for neutron cascade damage,
a damage generation term for the displacement defects is used, exploiting the
work of Yi et al. [46], where the temperature-dependence of the primary dam-
age [51] (the displacement damage that remains at several picoseconds after
the cascade started) is also taken into account.
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2.2.3.1 Evolution processes

The following set of rules describes the types of displacement defects that are
considered and the processes that induce changes in their concentrations [8]:

1. Defect types: vacancies (V1), self-interstitial atoms (I1), their clusters Vn
and In (where n = 2 . . . Nmax denotes the size of the cluster in terms of
the number of point defects involved) and dislocation network lines;

2. All displacement defects are considered to be immobile, except for V1, I1
and I2 [8];

3. All types of clusters of displacement defects can be generated as primary
damage and they can change in size by absorption/emission of mobile
point defects (or mobile clusters);

4. Interstitial defect clusters can absorb and emit all types of mobile defects;
however the emission of I1 and I2 from vacancy clusters is neglected;

5. The mobile displacement defects can be annihilated by absorption at de-
fect sinks (dislocation lines and grain boundaries) and by recombination.

Furthermore, the dislocation density ρ can increase by pinned dislocation seg-
ments/lines that may act as Bardeen-Herring sources (which are able to gener-
ate more dislocations via climb) [52] or ρ can decrease by dipole annihilation.

Fig. 2.3. The cluster In can change in size by absorption/emission of mobile defects
of size m. The defects V1, I1 and I2 are considered mobile. For example
flux Jn,n+m can be associated with the amount of clusters that change from
size n into size n+m per second.

2.2.3.2 Chemical rate equations

All the processes that are described above (generation, absorption, emission,
. . . ) are captured in a set of 2Nmax + 1 equations that describe the coupled
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evolution of the defect cluster concentrations [8] and dislocation density [52]:

d

dt

[
CIn

]
= GIn +

∑
p

[
JIp,n − JIn,p

]
− LInCIn ,

d

dt

[
CVn

]
= GVn +

∑
p

[
JVp,n − JVn,p

]
− LVnCVn ,

d

dt

[
ρ

]
= 2πvclSBH − ρτ−1

cl . (2.16)

The first equation expresses how the atomic concentration CIn of SIA-clusters
In of size n evolves over time, by defect production (GIn), various transports
(JIp,n / JIn,p) of mobile defects respectively to/from defect clusters of size n
and by removal of mobile defects at sinks of strength LIn . The concentration
evolution of vacancy clusters Vn is calculated analogously. The third equation
expresses the evolution of the dislocation density ρ. Here vcl is the dislocation
climb velocity, SBH is the density of Bardeen-Herring sources [75] and τcl is the
average lifetime of a dislocation line until dipole annihilation. The complete
set of equations can be found in Appendix 5.A and the parameters used in this
model can be found in Table 5.5.

Rate coefficients
The various absorption and emission rate coefficients are denoted by k+ and
k− respectively, so that the absorption fluxes (of the mobile defects to the
defect clusters) can be written as Jn,p = k+Cp−nCn; the emission fluxes as
Jn,p = k−Cn and the fluxes to the sinks as: LCn,mob = k+

snkCn,mob.

The absorption and emission rate coefficients depend on the capture radius
rcap of the cluster, the diffusion coefficient Dmob of the mobile defect and a
bias factor Z that accounts for the preferential absorption of a certain type
of mobile defect by the specific type of cluster/sink; and in the case of emis-
sion, on the binding energy Eb: k+

n = 2πrcap(n)ZnDmob (for a 2D-cluster, the
prismatic dislocation loops) or k+

n = 4πrcap(n)ZnDmob (for a 3D-cluster, the
vacancy clusters) and k−n = k+

n−1 exp (−Eb/kBT )/Vat.

The absorption rate of mobile defects to the dislocations depends on the dislo-
cation density ρ, the dislocation bias factor ZmobD for preferential absorption and
on the diffusion coefficient Dmob: k+

D+mob = ρZmobbiasDmob. The grain boundary
sink strength depends on the strengths Sskmob of all other sinks for the particular
type of mobile defect, on the diffusion coefficient Dmob and on the grain size,
as k+

S+mob = Sskmob3Dmob/rgrain. Eb is the binding energy of the mobile defect
to the cluster, which is computed using the capillarity approximation [64]. All
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the expressions are detailed in Table 5.3 in Appendix 5.A.

It is assumed that all SIA-clusters In take the shape of prismatic loops. The
capture radius of such a loop is: rIncap =

√
nVat/πb with b the magnitude of the

Burgers vector [8]. All vacancy clusters Vn are assumed to be spherical, which
gives a capture radius of rVncap =

(
3nVat/4π

)1/3 +
√

3a0/4 where a0 is the lattice
parameter [8].

2.2.3.3 Dislocation density evolution

When the vacancies or self-interstitial atoms are absorbed/emitted by a dislo-
cation loop or a dislocation segment that is pinned, this dislocation line can
bulge out by climb, and grow in length. This is how prismatic dislocation
loops are assumed to grow, and how Bardeen-Herring (BH) sources generate
more dislocation length by climb. The density of BH-sources is taken to be
[52] SBH = (ρp/3)1.5, where ρp is the pinned dislocation density, which is here
taken to be ρp = 0.1ρ. The rate at which dislocations are created by BH-sources
depends on the climb velocity of the dislocation lines, which is obtained as [52]:

vcl = 2π
b ln(R/rc)

(
ZIDICI + 2ZI2DI2CI2 − ZVDV (CV − CDV )

)
. (2.17)

Here, CDV is the equilibrium vacancy concentration near dislocations, ZI , ZI2
and ZV are the dislocation bias factors for each of the mobile defect types, R
and rc are the dislocation’s outer and core radii. Here, R/rc is taken to be
2π [52]. CDV is given by CDV = C0

V exp(σVat/kBT ) with σ = Aµb
√
ρp [52] the

internal stress due to the immobilized dislocations, where C0
V is the thermal

equilibrium vacancy concentration in the bulk, Vat is the atomic volume and µ
is the shear modulus.

The dislocations, which move due to climb, can annihilate when they meet
another dislocation of opposite sign. The lifetime of a dislocation prior to an-
nihilation is, on average, given by τcl = dcl/vcl where dcl = (π ρ)−1/2 [52] is the
distance that a dislocation can travel prior to annihilation.

2.2.3.4 Displacement defect production rate

The displacement cascade in the lattice leads to the formation of damage clus-
ters within pico-seconds, as a result of the spatial distribution of the defects in
combination with a heat spike. In the CD-model, which accounts for the defect
evolution at much larger time scales, the formation of clusters of point defects
is part of the source term. Here, a power law is used for the relation between
cluster size and cluster frequency, following the work of Yi et al. [46], where the
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temperature dependence is based on MD-simulations and self-ion experiments,
as described in [67, 46, 51]:

Gn = Aε
nSε

. (2.18)

Here Gn is the frequency of occurence of a defect cluster of size n, and Aε and
Sε are constants with ε = I or V , for the production of interstitial clusters and
vacancy clusters respectively. The resulting exponents, obtained by [67] and
[46], are listed in Table 2.1.

Tab. 2.1. Power law exponents based on two self-ion displacement cascade experi-
ments and a displacement cascade MD-simulation.

Sim./Exp. Energy (keV) T (K) Exponent S
W+-ions [46] 150 30 1.8 ± 0.1
W+-ions [46] 400 30 1.6 ± 0.2
MD-sim. [67] 150 0 1.63 ± 0.07

No distinction was made between vacancy defects and interstitial defects and
these exponents are based on low-temperature cascade results. However, cluster
defect production is known to be temperature-dependent [51]. The temperature-
dependent defect production rate G0 is estimated by weighing the Primary
Knock-on Atom (PKA) energy spectrum as expected for DEMO with the num-
ber of surviving Frenkel pairs per PKA energy, see Setyawan et al. [51]. The
PKA-energy spectrum of Gilbert et al. [79], calculated with the SPECTRA-
PKA code for the first wall of DEMO under helium-cooled pebble-bed con-
ditions, is used. For the calculation, the PKA-spectrum is divided into bins,
where each bin center corresponds to the PKA-energies of the MD-simulations
of Setyawan et al. [51], ranging from 0.1 keV to 100 keV. The defect production
rates G0 thus found at 300 K, 1025 K and 2050 K are listed in Table 5.2. The
temperature dependency of the defect production rate is observed to be mod-
erate. The values are on the same order of magnitude as estimated by Marian
et al. [58] for ITER (G0 = 5.8× 10−8 dpa/s).

The temperature dependent exponents SI and SV of the power laws for inter-
stitial cluster production and vacancy cluster production are estimated based
on the average unclustered SIA-fraction/V-fraction fUI and fUV for each tem-
perature (weighing the number of PKA-events per energy with the unclustered
fractions at that energy, using the energy bins described above) and are listed
in Table 5.2. Since the values of the unclustered fractions differ significantly,
separate power laws are used for the production rate of vacancy clusters and
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interstitial clusters. The prefactors AI and AV in the power laws are taken
such that for each defect type the total damage production rate equals G0, i.e.:

Aε = G0/

Nmax∑
n=1

n1−Sε ε = {I, V }. (2.19)

In the model, linear interpolation is used to determine G0, SI and SV at tem-
peratures different from 300 K, 1025 K or 2050 K.

Tab. 2.2. Values of the parameters for the defect production rate G0, unclustered
SIA-fraction/V-fraction fUI and fUV and power law exponents SI and SV ,
estimated for the temperatures 300 K, 1025 K and 2050 K, using the MD-
results at the temperatures used in [51].

T (K) G0 (# defects/atom s) fUI fUV SI SV
300 4.3×10−8 0.67 0.46 2.20 1.63
1025 3.3×10−8 0.75 0.56 2.50 1.86
2050 3.1×10−8 0.66 0.73 2.17 2.42

The production rate G0 is taken as the production rate in a material with only
a low density of displacement defects. When, over time, cascades occur in areas
in the material that already contain a lot of defects, the net defect production
rate decreases. As a first order approximation, it is assumed that the defect
production rate G depends linearly on the fraction fD of the atomic sites in
the material containing defects, i.e. G = G0(1− fD).

2.2.4 Implementation
The recrystallization model and the cluster dynamics model are solved incre-
mentally, where the different parts of the model are solved sequentially as
follows (see Figure 4.1):

1. Time step determination for the particular time increment ∆t = tn+1−tn;

2. Defect evolution: calculation of the updated defect concentrations for
each different representative grain, using the subincremental solution of
the cluster dynamics model, between time tn and tn+1;

3. Redistribution of the representative grains among the LD- and HD-sets,
based on their stored defect energies EV . When EV of a grain is above
the threshold energy ET , here taken equal to 5 × 105 J/m3, it is placed
in the HD-set. Nucleated grains are initially defect-free and thus always
start out in the LD-set;
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4. Nucleation: the amount of new nuclei and their size are calculated; All
the other grains lose a small part of their volume towards the new nuclei;
Either the new nuclei are represented by a new LD-grain, or the new
nuclei are merged with an existing representative grain, using the method
described above;

5. Grain growth: the new grain sizes and new defect densities as a result of
grain growth are calculated for each grain. Subincrements are sometimes
used in this step, when grains are vanishing.

Fig. 2.4. Solution procedure for the model of neutron-induced recrystallization.

Time step determination The size of a time step is calculated in such
a way that none of the processes of defect accumulation by irradiation, grain
growth and nucleation are radically changing the microstructure in a single time
step. Several bounds for the time step size are calculated, for which the most
stringent one applies. For grain growth, based on the volume changes |∆V |V in
the previous time step tn, the size of the new time step ∆tn+1 is limited such
that none of the grains grow or shrink with more than (approximately) 2%:

∆tn+1 <
0.02∆tn

max
i

(
|∆V |i
Vi

) . (2.20)

For irradiation, the time step is limited such that no grain growes more in
volumetric defect energy than 10% of their grain boundary surface energy per
volume. Furthermore, during nucleation, no representative grain may lose more
than 3 % of its total volume during the next time step (estimated, based on
the volume losses during the previous time step). The time step is also not
allowed to increase with more than 5% compared to the previous one. Also,
for the neutron-induced recrystallization simulations, it was chosen here to not
allow the time step to increase 1 hour.

When it is detected that a grain disappears during the grain growth phase, the
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grain growth calculations are first completed until the exact simulation time
where the grain disappears, and then for the remaining time, with updated
grain growth rates, to prevent an overshoot in grain growth due to a grain that
has already disappeared.

A maximum is set for the number of representative recrystallized grains to limit
the computation time. When nucleation occurs during a time step, and the
maximum number of representative grains has been reached, then either the
new grains are added to an existing representative grain (and the grain prop-
erties for grain size and defect densities are averaged based on volume), or the
new grains become a new representative grain, and two existing representative
grains are merged.
The two most similar representative grains based on the least-square differences
of their grain surface and volumetric stored energies ES and EV are selected
for merging (averaging their properties in grain size and defect densities). A
representative grain that represents a large part of the total microstructural
volume (here: more than 5/total number of grains) is not eligible for merging.

Numerical solution For each global time increment, the set of coupled first
order nonlinear stiff differential equations of the cluster dynamics model is
solved with Matlab’s solver ode15s, using a relative tolerance of 10−3 and re-
quiring non-negativity.

2.3 Results

2.3.1 Characterization of the nucleation parameters
To characterize the mobility parameter Km, the nucleation rate constant Kn

and the parameter for the reduced activation energyKa, static recrystallization
(SRX) simulations were performed with the mean-field recrystallization model
and compared to experimental results of SRX-experiments performed by Lopez
et al. on tungsten at several temperatures [15, 76]. EBSD measurements and
hardness measurements provide information on the initial and final grain size,
the initial dislocation density and the evolution of the recrystallized fraction in
time [76]. Characterization based on this data, using normal distributions for
the initial microstructure, resulted in a parameter set that adequately captures
the effect of temperature on the time scale of the recrystallization process for
all the reported temperatures, ranging from 1100°C-1250°C, as shown in Figure
2.5.

Proper identification of the static recrystallization experiments could only be
achieved by adopting a different mobility for the original (Km0) and recrys-
tallized (Km) grain boundaries. In these simulations, a grain boundary is
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Property Value

Initial microstructure
Initial average grain size r̄i 18.6 µm [76]
Standard deviation for r̄i 3.1 µm
Initial average dislocation density ρ̄i 3.2×1014 m−2[76]
Standard deviation for ρ̄i 5.2×1013 m−2

Final microstructure
Final average grain size r̄f (at T=1200° C) 54.1 µm [76]
Final dislocation density ρf 1×109 m−2[8]

Fig. 2.5. Results of simulation of the evolution of the recrystallized volume fraction
XRX as a function of heating time during static recrystallization, for various
temperatures, compared to experimental results obtained from hardness
measurements and EBSD measurements by Lopez [76] for samples that
were warm-rolled to a reduction in thickness by 90%. The mean-field model
uses the microstructural information as listed in the table, which is based
on [76].

considered to be pinned when it is a boundary between two original grains
(originally present in the microstructure). With this, the following parameter
set is obtained: Ka = 1× 108, Km = 1.8× 104, Km0 = 25, KN = 3.16× 1017

m−2s−1.

2.3.2 Defect evolution inside a single grain
The defect evolution in a single grain under neutron irradiation is described
with the cluster dynamics model. In Figure 2.6, the defect concentration dis-
tribution of the V- and SIA-clusters is shown along with the evolution of the
stored energy inside a single grain, for a range of temperatures in the absence
of grain growth. A maximum cluster size of 50 or 100 (for T=1000°C) is used
in all simulations, to limit the computation time. For all temperatures, the
stored energy increases within tens of hours to a value beyond 0.5 MJ/m3,
which suffices for static recrystallization of a predeformed sample (e.g. 600
hours to full recrystallization, for annealing at T = 1200 °C, for a warm-rolled
sample reduced in thickness by 67%, see [76]).

The temperature dependence of the defect concentrations originates from the
increased mobility of the mobile defects at a higher temperature and from a
different defect production term (decreasing total production, more production
of isolated SIAs and less production of isolated vacancies), see section 2.2.3.4.
Combined, the different mobility and cluster distributions affect the rates of
the following processes for mobile defects:

• annihilation at dislocation and grain boundary sinks;
• annihilation by recombination with mobile defects of the opposite type
(cluster sinks);
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Fig. 2.6. (a) Evolution of the volumetric stored energy inside a single grain with a
radius of 3 µm without recrystallization or grain growth, using ρ0 = 1013

m−2 and equilibrium concentrations for the vacancies and interstitials, us-
ing N=100 at T=1000 °C and N=50 at the other temperatures; (b) tempe-
rature dependent defect distributions for interstitial and vacancy clusters
of different sizes after irradiation for 100 hrs, without recrystallization or
grain growth.

• annihilation at defect clusters of the opposite type;
• formation of larger clusters by absorption at clusters of the same type;
• emission from clusters of the same type.

2.3.3 Neutron-induced recrystallization
The effect of temperature on the balance between the neutron-induced damage
accumulation and recovery by grain growth and recrystallization, as well as on
the resulting microstructural evolution, is investigated next.

2.3.3.1 Temperature dependent microstructural evolution

Simulations of the microstructure evolution under irradiation at various tem-
peratures ranging from T = 1000 °C to T = 1400 °C have been performed, for
an initial microstructure consisting of 150 representative grains with a normal
size distribution, with number average r0 = 3 µm and a volume average of
2.8 µm and standard deviation σr0 = 0.5 µm, ρ0 = 1013 m−2 and equilibrium
concentrations2 for the defect clusters. The maximum cluster sizes of before,
N=50 and N=100, are used.
Figure 2.7 shows the evolution of the main microstructural properties (defect

2 The equilibrium defect concentrations were calculated based on the defect formation
energies, e.g. Ceq(In) = 1

V
exp(Ef (In)/kBT ).
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Fig. 2.7. (a) Temperature dependence of the volume average of the stored volumetric
defect energy EV (solid lines), compared to the evolution of EV for a single
grain of 3 µm, (dashed lines, without grain growth), see also Figure 2.6a and
(b) temperature dependence of the evolution of the (volumetric) average
grain size r̄.

energy density and grain size) under these conditions. A strong temperature
dependence of the microstructure can be observed: the difference in the volu-
metric stored energy EV at different temperatures reaches 2 orders of magni-
tude. At T = 1400 °C, the mobility is much higher than at e.g. T = 1100 °C,
i.e. significantly more recovery occurs, in the form of defect sweeping during
grain growth and nucleation of new grains, as becomes clear from the compari-
son with the evolution of EV for a single grain without grain growth. However,
even at T=1100 °C, significant recovery still takes place too, by nucleation and
grain growth, since EV stays lower in Figure 2.7 than for the single grain sim-
ulation. For T = 1000 °C, EV does not deviate significantly from the single
grain behaviour (Figure 2.6a) within the first 2500 hours.

Damage and recovery Undulations are observed for the volumetric stored
energy EV in Figure 2.7a. To identify the origin of these undulations, the
competition between the damage growth rate ĖVIRR (due to production and
evolution of displacement defects inside the grains, given by the CD-model)
and the recovery rate −ĖVRX by grain growth and nucleation (the RX-model)
is assessed. Figure 2.8a reveals how these rates influence EV for a temperature
of T = 1400 °C (at other temperatures, a similar behaviour is found).

The irradiation damage growth rate is the highest at the start of the simulation,
when the grains have not built up any displacement damage yet. Thereafter,
the irradiation damage rate decreases monotonically. The recovery rate has a
broad peak at roughly 40-100 hours. The high recovery rate during the process
of recrystallization leads to a large drop in the volumetric stored energy of the
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Fig. 2.8. (a) Evolution of EV at T = 1400 °C due to the average recovery rate
(−ĖVRX) during grain growth and nucleation and due to the average damage
increase rate ĖVIRR during the production and evolution of the displacement
defects inside each grain; (b) the evolution of the average recovery rate
(−ĖVRX) is compared to the remaining volume fraction of the original grains
as a function of irradiation time, for temperatures T = 1200 °C up to
T = 1400 °C.
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microstructure EV . Figure 2.8b shows the same recovery rate, for temperatures
T = 1200 °C up to T = 1400 °C, in comparison to the volume fraction of the
grains that made up the original microstructure. From Figure 2.8b it becomes
clear that the peak in the recovery rate (and thus the drop in EV ) is caused
by the shrinkage and subsequent loss of a large amount of grains.

2.3.3.2 Microstructural evolution at 1300 °C

The mechanisms governing the microstructural evolution are discussed next us-
ing the results for an irradiation temperature of 1300 °C. In Figure 2.9, the re-
sulting evolution of grain size and volumetric defect energy of the grains during
irradiation at this temperature are depicted for selected grains, both from the
original grain set and freshly nucleated grains. In Appendix C, similar graphs
are shown for the other simulated temperatures. The grains are irradiated and
accumulate defect energy. The smallest grains vanish first, because the grain
growth is driven by the grain boundary energy (i.e. grain sizes), while the
larger original grains first grow before they finally shrink as well. After around
300 hours of irradiation, all the original grains have vanished. The original
grains reach a maximum size not exceeding r=5 µm. The new (nucleated)
grains grow to much larger sizes than the original grains. The growth of the
new grains occurs fast, due to the high driving force and a high grain boundary
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Fig. 2.9. Temporal evolution of the grain radius r and the volumetric stored defect
energy EV as a function of the irradiation time at T = 1300 °C for a
selection of representative grains from (a) the original grain set and (b) the
nucleated grains. The black arrows denote the typical temporal evolution
in grain size and volumetric stored energy for individual grains. The blue
arrow in (b) denotes the consequence of reaching the threshold energy on
the (r,EV )-path of some of the nucleated grains.

mobility. While growing, a lot of defect-free volume is constantly added to the
grain volume, which slows down the accumulation of defect energy in those
grains. Once the grains are large, they accumulate damage much faster, as the
grain boundary, which acts as a sink, cannot be reached easily by most mobile
defects. As a result, the new grains will not grow anymore, but shrink rapidly
instead. While shrinking, EV keeps increasing, thereby accelerating the pro-
cess of shrinkage. This process is continuously repeated until the nucleation
rate dropped to a level at which hardly any new grains are further nucleated.
The nucleation rate decreases a lot as the original grains vanish, because with
their extinction the amount of grain boundary available for heterogeneous nu-
cleation decreases. The alternating shrinkage and growth of grains explains the
undulations observed in Figure 2.7. This is particularly clear for the minimum
in EV (Figure 2.6a) at an irradiation time of approximately 50 hours, the mo-
ment where many of the original grains are shrinking until they vanish (Figure
2.7a and 2.8b).

The nucleated grains are incorporated in the low-defect density HEM (the LD-
HEM) and are placed in the HD-HEM upon reaching threshold energy ET .
Figure 2.9b points out that for some of the nucleated grains the amount of
growth/shrinkage changes upon changing the HEM. It may happen that grains
that were initially shrinking, start growing again. This effect shows the need
to use multiple HEMs in the mean-field model, for which the use of more than
two HEMs may result in a more realistic description of grain growth. This will
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be explored in a future extension of the model.

2.3.3.3 Nucleation
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Fig. 2.10. Temperature dependence of the nucleation process. The contributions of
(a) the nucleation surface area, (b) the nucleation activation term and
(c) the grain boundary mobility to the resulting nucleation rate (d) are
shown.

In Figure 3.2, the temperature dependence of the nucleation behaviour is
shown. During the first 10 hours of irradiation, most nucleation takes place
for an irradiation temperature of 1000 °C (Figure 3.2a), even though the grain
boundary mobility is quite low at this temperature, because the activation
energy is already low (Figure 3.2b). The nucleation rate is higher for the
other temperatures (Figure 3.2d). For T = 1400 °C, the nucleation rate de-
creases quickly, because the nucleation surface area decreases when the original
grains vanish (Figure 2.8b), and the newly formed grains, which reside in the
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low-defect density HEM (Egrain<ET ), do not contribute to the nucleation sur-
face area. The nucleation surface area also decreases for the temperatures of
T = 1200 °C and T = 1300 °C. At these temperatures, the nucleated grains
accumulate more damage, through which they get shifted to the high-defect
HEM after some time, thereby again increasing the surface area at which nu-
cleation can take place. By comparing Figure 3.2b and 3.2c, it is obvious that
the activation energy and grain boundary mobility balance out for each tempe-
rature. The nucleation rate is the highest for temperatures T = 1100 °C up to
T = 1300 °C (depending on the time scale). At 1000 °C the activation energy
is low but the mobility is insufficient and at 1400 °C this situation is reversed.
From Figure 3.2b, it can also be seen that for T = 1000 °C a further decrease
of the activation energy does not result in a further increase of the nucleation
rate, as the exponential function already approximates 1. At temperatures of
T = 1100 °C and T = 1200 °C, the nucleation rate is temporarily zero (around
1000 hours and from roughly 220-250 hours), because the activation energy is
temporarily much higher, and therefore no stable nucleus is formed.

2.4 Conclusions and discussion
For the prediction of the lifetime of the divertor in an operational fusion reac-
tor, and the study of the physical processes that are limiting this lifetime, it
is crucial to predict the evolution of the thermomechanical properties. These
evolving properties are determined by the underlying microstructural evolu-
tion. Here a model framework was developed capturing the combined effects
of a high temperature and (continuous) neutron-induced displacement defect
load on the microstructure, using a multi-scale approach. It was shown that
the model allows to assess the competition between the various processes for
damage and recovery, including the mobility of the grain boundaries, and the
mobility of the defects (affecting the time at which sinks are reached and its
effect on the evolution of the microstructure), the nucleation rate, the defect
distribution and the resulting rate at which the original microstructure van-
ishes. Since most of the mentioned damage/recovery effects are strongly tem-
perature dependent, the volumetric stored defect energy also exhibits a strong
temperature dependence in the range in which the model was tested, T = 1000
- 1400 °C.

With the model, it was also explored, for small maximum sizes of the defect
clusters, which grains of the original microstructure are vanishing first under
the influence of nucleation and grain growth, how the sizes of the newly nu-
cleated grains evolve and whether they are replaced again by new nucleating
grains. The net result is a competition between grain boundary mobility, defect



44 2. Modelling recrystallization in neutron-irradiated tungsten

accumulation (which depends on the grain size and temperature) in relation to
the grain boundary surface energy (i.e. grain size), activity of the defect sinks
and the nucleation rate. To study the competing effects in detail, trajectory
plots of the temporal evolution of the grain size and volumetric defect density
for the individual grains are reported. It was found, within the limitations of
the modelling conditions, that nucleated grains often grow to sizes of at least
several tens of µm. Once these grains have become large, they accumulate a
larger defect energy density, upon which they shrink again. During this shrink-
ing phase, the defect energy density remains high for the set of parameters
considered here. Moreover, for the given parameter set, effects of recrystalliza-
tion and grain growth are clearly active, starting from irradiation temperatures
of 1100 °C, and the original microstructure was shown to be completely replaced
within several hundreds of hours: within 1500 hours for irradiation at 1100 °C
up to within 200 hours for irradiation at 1400 °C.

Also in this work for the first time a temperature dependent scaling law was
used in cluster dynamics simulations as a source term for clustered production
of displacement defects.

The results of the presented framework can be further improved by: (1) in-
creasing the maximum cluster size (beyond 50 or 100 that was used here).
Larger cluster sizes are needed for a realistic description of the evolution of
lattice damage, for which the unfaulting of prismatic dislocation loops can also
be included. Test simulations (not shown) revealed that especially at T = 1000
°C it is necessary to use a high maximum cluster size; (2) the use of more than
two homogeneous equivalent media in the mean-field recrystallization model.
This would improve the grain growth behaviour and also it would make the
nucleation rate less sensitive to the theshold energy (which currently regulates
the switch of nucleated grains towards the high defect density medium) (3) in-
corporating the influence of stress on the recrystallization process into account
and the effect of recrystallization on the stress state in the material;

Furthermore, in the current model, nucleation and grain growth are thermally-
activated. It is possible that irradiation alone may be responsible for (some)
grain growth and nucleation. In that case, recrystallization could already take
place at low(er) temperatures. Moreover, currently a necklace-type nucleation
was assumed. However, for heavy irradiation, it is expected that nucleation
may also take place in the grain interior in addition to at the grain boundary.
In the current model, the SIA-clusters are assumed to be of a 2D-shape and the
V-clusters are assumed to be of a 3D-shape. MD-simulations indicate however
that SIA-clusters can take 2D or 3D shapes [51]. No impurities or neutron-
induced transmutations were considered here.
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The model can be validated by performing irradiation experiments on tung-
sten at high temperatures and by measuring the temporal evolution of the
grain size and dislocation density and/or the concentrations of vacancies and
self-interstitial (cluster) defects. Self-ions and protons are the most suitable
particles to simulate irradiation in this case, since hereby no additional impu-
rities are introduced into the material.

In the future, this type of modelling can be used to examine the effect of
heat treatments for interim recovery of the divertor component, which enables
a route towards extending the component’s lifetime. If the optimum micro-
structural pathway corresponding to the desired thermomechanical evolution
for the divertor is known, then the heat treatments can be used to optimally
modify the grain sizes and defect (energy) densities in the microstructure.
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2.A Entropy of point defect clusters
The point defect clusters contribute to the entropy of mixing of the system.
As long as the defect density can be called dilute, the sum of all the individual
contributions of each defect type to the mixing entropy is given by [80].

S = kB ln Ω, (2.21)

where S is the entropy (J/m3) and Ω is the number of possible configurations
of the defects in the material, with [80]:

ln Ω =
∑
m

ln Ωm =
∑
m

[
ln

mN(m)(NSm )!
(NSm −N(m))!(N(m))!

]
(2.22)

=
∑
m

[
N(m) lnm+ NS

m
ln(NS

m
)

− [NS
m
−N(m)] ln[NS

m
−N(m)]

−N(m) ln[N(m)]
]

Here m denotes the number of point defects in the cluster, NS is the number
of lattice sites that is availabe in a unit volume. If the unit volume is 1 m3,
then NS = 1/Vat and if the concentrations are in atomic units, then NS = 1.
In (2.22), N(m) is the defect distribution.
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2.B Cluster evolution details
The cluster dynamics model is given by the following set of equations, adapted
from [8]:

dCI
dt

= GI + 2α−2 CI2 +
NI∑
n=3

α−nCIn + β−3 CI3 + (k+
I2+V + k+

V1+I2)CI2CV

− 2α+
1 C

2
I − (α+

2 + β+
1 )CICI2 −

NI−1∑
n=3

α+
nCICIn

− k+
I+V (CICV − CeqI C

eq
V )−

NV∑
n=2

k+
Vn+ICICVn

− k−I1−V CI − (k+
D+I + k+

S+I)CI (2.23)
dCI2
dt

= GI2 + α+
1 C

2
I + k+

I3+V CI3CV + α−3 CI3 + β−3 CI3 + 2β−4 CI4

+
NI∑
n=5

β−n CIn + k−I−V CI − α
−
2 CI2 − (β+

1 + α+
2 )CI2CI − 2β+

2 C
2
I2

− k−I2−V CI2 −
NI−2∑
n=3

β+
n CI2CIn − (k+

I2+V + k+
V1+I2)CV CI2

−
NV∑
n=2

k+
Vn+I2CVnCI2 − (k+

D+I2 + k+
S+I2)CI2 (2.24)

dCIn
dt

= GIn + α−n+1CIn+1 + β−n+2CIn+2 + α+
n−1CICIn−1 + β+

n−2CI2CIn−2

+ k−In−1−V CIn−1 + k+
In+1+V CV CIn+1 − α+

nCICIn − α−nCIn
− β+

n CI2CIn − β−n CIn − k+
In+V CV CIn

− k−In−V CIn 3 ≤ n ≤ NI − 2 (2.25)
dCINI−1

dt
= GINI−1 + α−NICINI + α+

NI−2CICINI−2 + β+
NI−3CI2CINI−3

+ k−INI−2−V CINI−2 + k+
INI+V CV CINI − β

−
NI−1CINI−1

− α+
NI−1CICINI−1 − α−NI−1CINI−1 − k+

INI−1+V CV CINI−1

− k−INI−1−V CINI−1 (2.26)
dCINI
dt

= GINI + α+
NI−1CICINI−1 + β+

NI−2CI2CINI−2 + k−INI−1−V CINI−1

− α−NICINI − β
−
NI
CINI − k

+
INI+V CV CINI (2.27)

dCV
dt

= GV + 2γ−2 CV2 + k+
V2+ICV2CI + k+

V3+I2CV3CI2 +
NV∑
n=3

γ−n CVn
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+
NI−1∑
n=1

k−In−V CIn − k
+
I+V (CICV − CeqI C

eq
V )− 2γ+

1 C
2
V

−
NV −1∑
n=2

γ+
n CV CVn − (k+

V1+I2 + k+
I2+V )CI2CV −

NI∑
n=3

k+
In+V CV CIn

− (k+
D+V + k+

S+I)CV (2.28)
dCVn
dt

= GVn + k+
Vn+1+ICICVn+1 + γ−n+1CVn+1 + k+

Vn+2+I2CI2CVn+2

+ γ+
n−1CV CVn−1 − k+

Vn+ICICVn − γ
−
n CVn − γ+

n CV CVn

− k+
Vn+I2CVnCI2 2 ≤ n ≤ NV − 2 (2.29)

dCVNV −1

dt
= GNNV −1 + k+

VNV +ICICVNV + γ−NV CVNV + γ+
NV −2CV CVNV −2

− k+
VNV −1+1CICVNV −1 − γ−NV −1CVNV −1 − γ+

NV −1CV CVNV −1

− k+
VNV −1+I2CVNV −1CI2 (2.30)

dCVNV
dt

= GNNV + γ+
NV −1CV CVNV −1 − k+

VNV +ICICVNV − γ
−
NV
CVNV

− k+
VNV +I2CVNV CI2 , (2.31)

where all the rate coefficients, binding energies and diffusion coefficients enter-
ing the equations are listed in Table 5.3 and the parameter values are listed in
Table 5.5.

Tab. 2.4. Rate coefficients. The superscript ‘+ ‘ denotes absorption of a point defect
and the subscript ‘-’ denotes emission.

Dislocation loop In
Absorption rate Emission rate

α+
n = 2πrInZIInDI α−n = 2πrIn−1Z

I
In−1

DI exp (−EbIn−I/kBT )/Vat Interstitial
β+
n = 2πrInZ

I2
In
DI2 β−n = 2πrIn−1Z

I
In−1

DI2 exp (−EbIn−I2/kBT )/Vat Di-interstitial
k+
In+V = 2πrInZVInDV k−In−1−V = 2πrIn−1Z

V
In−1

DV exp (−EbIn−V /kBT )/Vat Vacancy
k+
I+V = 4πrIV (DI +DV ) VI-recombination

Vacancy cluster Vn
Absorption rate Emission rate

k+
Vn+I = 4πrVnDI − Interstitial

k+
Vn+I2 = 4πrVnDI2 − Di-interstitial
γ+
n = 4πrVnDV γ−n = 4πrVn−1DV exp

(
− EbVn−V /kBT

)
/Vat Vacancy
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Tab. 2.5. Rate coefficients related to the strengths of the sinks (grain boundaries
and dislocations).

Dislocation sink ρD
k+
D+I = ρDZ

I
DDI Interstitial

k+
D+I2 = ρDZ

I2
DDI2 Di-interstitial

k+
D+V = ρDZ

V
DDV Vacancy

Grain boundary sink
k+
S+I = 3SskI DI/rgrain Interstitial

k+
S+I2 = 3SskI2 DI2/rgrain Di-interstitial
k+
S+V = 3SskV DV /rgrain Vacancy
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Tab. 2.6. Expressions for the grain boundary sink strength, the formation energies
and binding energies of the defect clusters, the diffusion coefficients of the
mobile defects and the bias factors for the interaction between mobile de-
fects and self-interstitial clusters. For the simulations, rp = 2b is assumed
[8].

Sink strength sum for GB-sink strength calculation (based on [81])(
SskI

)2
= 1

DI

[∑NI−1
n=1 α+

nCIn +
∑NV
n=1 k

+
Vn+ICVn

]
+ ρDZ

I
D(

SskI2

)2
= 1

DI2

[∑NI−2
n=1 β+

n CIn +
∑NV
n=1 k

+
Vn+I2CVn

]
+ ρDZ

I2
D(

SskV

)2
= 1

DV

[∑NV −1
n=1 γ+

n CVn +
∑NI
n=1 k

+
In+V CIn

]
+ ρDZ

V
D

Sink strength coefficient for GB-sink strength calculation (based on [81])(
SskI

)2
= 1

DI

[
2α+

1 CI1 +
∑NI−1
n=2 α+

nCIn +
∑NV
n=1 k

+
Vn+ICVn

]
+ ρDZ

I
D(

SskI2

)2
= 1

DI2

[
β+

1 CI1 + 2β+
2 CI2 +

∑NI−2
n=3 β+

n CIn +
∑NV
n=1 k

+
Vn+I2CVn

]
+ ρDZ

I2
D(

SskV

)2
= 1

DV

[
2γ+

1 CV1 +
∑NV −1
n=2 γ+

n CVn +
∑NI
n=1 k

+
In+V CIn

]
+ ρDZ

V
D

Binding energy (using the capillarity approximation)
EfIn = EfIn−1

+ EfI − EbIn−I (by definition)

EbIn−I = EfI + EbI2−E
f
I

22/3−1
[
n2/3 − (n− 1)2/3]

EbIn−I2 = 2EfI − EbI2 + EbI2−E
f
I

22/3−1

[
(n+ 1)2/3 − (n− 1)2/3

]
EbIn−V = EfV + Ef

I
−EbI2

22/3−1
[
n2/3 − (n− 1)2/3]

EbVn−V = EfV + EbV2−E
f
V

22/3−1
[
n2/3 − (n− 1)2/3]
Diffusion coefficients

DI = DI0 exp (−EmI /kBT )
DI2 = DI20 exp (−EmI2/kBT )
DV = DV0 exp (−EmV /kBT )

Dislocation bias factor
ZIIn = ZIDmax

[ 2π
ln(8rIn/rp) , 1

]
ZI2In = ZI2Dmax

[ 2π
ln(8rIn/rp) , 1

]
ZVIn = ZVDmax

[ 2π
ln(8rIn/rp) , 1

]
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Tab. 2.7. Parameter values

Parameter Unit Value Description Reference
a0 nm 0.31652 Lattice parameter [82]
γb J/m2 0.869 GB-surface energy [76]
EfI eV 9.466 Formation energy SIA [8]
EfV eV 3.80 Formation energy vacancy [8]
EbI2 eV 2.12 Binding energy SIA-SIA [8]
EfV2

eV 0.6559 Binding energy V-V [8]
DI0 m2/s 8.77×10−8 SIA-diffusivity [59]
DI20 m2/s 7.02×10−8 Double SIA-diffusivity [59]
DV0 m2/s 177×10−8 Vacancy diffusivity [59]
EmI eV 0.013 SIA migration energy [59]
EmI2 eV 0.024 I2 migration energy [59]
EmV eV 1.66 Vacancy migration energy [59]
ZID - 1.2 SIA-dislocation bias [8]
ZI2D - 1.2 Double SIA-dislocation bias -
ZVD - 1 V-dislocation bias [8]
Nmax - 8 Maximum cluster size -
Km - 1.8×104 GB mobility parameter -
Km0 - 25 GB mobility parameter

with pinning -
β - 0.3 Action parameter [78]
δ nm 1 GB thickness [78]
DGB

0 m2/s 0.27×10−4 Self-diffusivity Estimated,
along grain boundaries using [14]

QGB J/mol 4×105 Activation energy
for GB mobility [14]

KN #/m2 3.16×1017 Nucleation rate constant -
Ka - 1×108 Nucleation activation

energy reduction -
µ Pa 161×109 Shear modulus [14]
G0 dpa/s 1×10−6 Displacement damage rate [8]
rIV Å 4.65 Recombination radius [8]
ET J/m3 5×105 Threshold volumetric

stored energy for
entering the HD-set -
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2.C NIRX results
The temporal evolution of the grain radius r and stored volumetric energy
EV during neutron-induced recrytallization at the temperatures T = 1000 °C,
1100 °C, 1200 °C and 1400 °C are shown in Figure 2.11 and 2.12.
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Fig. 2.11. Temporal evolution of the grain sizes and stored defect energies for se-
lected original grains and nucleated grains at irradiation temperatures of
1000 °C and 1100 °C.
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Fig. 2.12. Temporal evolution of the grain sizes and stored defect energies for se-
lected original grains and nucleated grains at irradiation temperatures of
1200 °C and 1400 °C.
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Abstract
In nuclear fusion reactors, tungsten will be exposed to high neutron loads at
high temperatures (>900 °C). The evolution and degradation of the mechanical
properties under these conditions is uncertain and therefore constitutes a major
risk. Here, the microstructural evolution of tungsten under combined heat and
neutron loads is studied, using a multi-scale approach incorporating clusters
dynamics and a mean-field recrystallization model. The mean-field recrystal-
lization model contains both nucleation in the bulk and at the grain boundaries.
The cluster dynamics model includes the incorporation of loops in the dynamics
of the dislocation network as a mechanism. The effects of bulk nucleation on
the microstructural evolution are explored. The simulations predict a cyclically
occuring neutron-induced recrystallization at all studied temperatures. Further-
more, the evolution of the irradiation hardening during neutron-induced recrys-
tallization is assessed from the simulated microstructures.
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3.1 Introduction
Nuclear fusion is a potential clean and cheap way to generate energy, making
our society less dependent on oil, gas and coals. The most promising design
for a large scale fusion reactor is the tokamak. Whereas the principle for fu-
sion seems simple, the temperature required to achieve fusion, is extremely high
(>150 million °C). The plasma-facing part of the divertor will receive high heat
loads (10 MW/m2 for DEMO [1]) and on top of that, plasma ion loads (peak
loads of 1024 ions/m3s [1]) and neutron loads (15 dpa (displacements per atom)
for 5 year of operation of DEMO [1]). These severe loading conditions need to
withstood during its economic lifetime, which is at least two years before these
critical parts can be replaced.

The component in the wall that receives the highest heat loads, and that will
thus reach the highest temperatures, is the divertor. The plasma-facing parts
of this component will be made out of tungsten for ITER and DEMO, because
of its favourable thermo-mechanical physical properties at high temperatures,
its low activation levels and low tritium retention. Despite these qualities, it
is not known how long tungsten can withstand these combined heat, neutron
and ion loads.

So far, one aims to keep the temperature of the divertor in between the DBTT
and the recrystallization temperature, to prevent both brittle fracture and the
loss of the pre-existing microstructure. However, as argued in [2, 3], the com-
bination of a continuous neutron load and a high temperature makes recrys-
tallization and grain growth [4] hard to avoid. These processes cause a radical
change in the materials microstructure and thus also in its properties, which
makes the understanding of these processes critical.

Neutron irradiation of tungsten leads to displacement damage and transmu-
tations (to e.g. Re, Os, Ta) as well as gas production (H, He). The fusion
neutron energy spectrum consists largely of 14 MeV neutrons. These fast neu-
trons mostly create large displacement cascades, in contrast to fission neutrons,
which are more often thermal, producing relatively more transmutations. The
evolution of the material structure, and thus of the material properties, is ex-
pected to be radically different under the fusion neutron spectrum than under
fission neutrons. No experimental setups currently exist with a sufficient neu-
tron flux for fusion neutron testing. Therefore, models for the evolution of
material properties under fusion neutron irradiation are essential.

The displacement cascades in tungsten have been observed with TEM to re-
sult in vacancies, self-interstitial atoms (SIAs) and clusters of these, which may
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form prismatic loops of interstitials and vacancies and voids [5]. These inter-
act with the pre-existing dislocation network, with the grain boundaries and
with the material impurities. The interactions between the different types of
defects are complex: defects may be trapped and impurities may stabilize or
promote certain types of defects. Furthermore, the self-interstitial clusters are
notorious for their large mobility in a certain direction. Object kinetic Monte
Carlo (OKMC) models as well as stochastic cluster dynamics models become
increasingly more complete in describing the damage evolution, rendering them
more accurate in predicting the defects that are observed experimentally [6, 7].
However, OKMC models are only able to describe the microstructural evolu-
tion in a volume that is several orders of magnitude smaller than the size of a
single grain. Hence, they cannot be used to describe the evolution of a poly-
crystalline structure. Although less accurate, cluster dynamics (CD) models
are computationally more efficient and better suited for use in polycrystalline
modelling.

A first step towards a multi-scale model of the microstructural evolution under
combined heat and neutron loads was made previously in [3]. With this model
it is possible to study the competition between the various physical mecha-
nisms and to assess their effects on the resulting grain size distribution and
defect densities. In this model, the interaction between dislocations, vacancies,
self-interstitial atoms and their clusters, modelled using CD modelling [8], de-
termines the defect concentrations. Based on these concentrations, the driving
forces for grain growth and nucleation are determined, using a mean-field re-
crystallization model [9].

In this paper, several important extensions to the modelling framework [3]
for irradiation-induced recrystallization are made. The mechanism of loop in-
corporation into the dislocation network has been reported in [10, 11, 12] to
occur in both bcc and fcc metals and was observed for tungsten in the form
of coalescence of loops and dislocation network formation under certain con-
ditions [5]. This mechanism is included in the present model and its effect on
the microstructural evolution is investigated. Furthermore, nucleation at grain
interiors (bulk nucleation) due to a high defect density as a result of neutron
irradiation is incorporated and the effect of the amount of bulk nucleation on
the evolution of the polycrystalline structure is explored. Lastly, the evolution
of the hardness during neutron-induced recrystallization is predicted, based on
the microstructural evolution.
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3.2 Method
The microstructural evolution of polycrystalline tungsten under irradiation
damage is modelled using a multi-scale approach. As a basis, the model as
described in [3] is exploited, whereby several extensions are made in order to
obtain a more realistic description of the microstructural behaviour.

The microstructural evolution that results from grain growth and nucleation,
processes that occur at higher temperatures, are described using a mean-field
model [9]. These processes are driven by the stored lattice energy that accumu-
lates in the grains as a result of displacement cascade damage under neutron
irradiation. The displacement damage consists of vacancies, vacancy clusters,
self-interstitial atoms and their clusters and dislocations. The evolution of the
defect concentrations and dislocation density inside each grain is described us-
ing cluster dynamics [8, 3]. The coupled model describes the evolution of the
grain sizes r, the defect concentrations C and dislocation densities ρ for a set
of grains that are representative for the microstructure.

In this section, the recrystallization model and the cluster dynamics model
are described, as well as the solution procedure for the coupled model. Details
on the implementation are given in Appendix 3.A.

3.2.1 Recrystallization
In the two-media mean field model [9, 3], the microstructure is represented
by a set of grains that are distributed over a homogeneous equivalent medium
with low defect density (LD-HEM) and a medium with high defect density
(HD-HEM), see Figure 3.1a.

Each representative grain k is assumed to be spherical and has as evolving
properties: a radius rk, a number of grains Nk, defect densities ρk or defect
concentrations Ck, see Figure 3.1b. At a given moment in time, the stored bulk
(i.e. excluding boundaries/surfaces) energy density EBk of grain k is calculated
using the defect formation energies (see Appendix 3.B.1), defect concentrations
and the configurational entropy (Appendix 3.B.2), as illustrated in Figure 3.1b.
The surface energy density ESk of a grain follows from the grain boundary sur-
face energy γb and the grain radius rk. When for a grain, EBk exceeds the energy
density threshold ET , this grain is allocated to the HD-HEM. The grains inter-
act with both their averaged surroundings (i.e. the HEMs). The stored energy
in the material drives grain growth and nucleation, as a result of which the
grain properties (grain size and defect concentrations) evolve.
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(a) (b)

Fig. 3.1. Sketch of the mean-field model, with (a) a representative grain from the
LD-medium interacts with the surrounding LD- and HD-media, and (b) a
representative grain, including its properties.

3.2.1.1 Grain growth

During grain growth, a grain boundary segment that is shared between grain
k and a HEM, moves towards the HEM with velocity

vHEMk = m

(
EHEM −Ek

)
= m

(
EB,HEM −EBk + 3γb

2 ( 1
rHEM

− 1
rk

)
)
, (3.1)

where m is the temperature-dependent grain boundary mobility, EHEM is the
volume average of the stored energy densties of the grains in the HEM, Ek is
the total stored energy density of grain k, EB,HEM and EBk are the bulk parts
(i.e. excluding boundaries/ surfaces) of the stored energy densities of the HEM
and grain k, and rHEM and rk are the volume averaged radius of the HEM and
the radius of grain k, respectively [3]. The velocities of both segments of the
grain boundary (one for each HEM, see Figure 3.1a) lead to a volume change,
and therefore to a new radius for the grain. The volume that is added to grains
that are subject to growth, has thermal equilibrium defect concentrations Ceq
and a thermal equilibrium dislocation density ρeq. For a growing grain, the
average defect concentrations inside the grain thus diminish [3].

The fraction of the total grain boundary surface area of an LD-grain that
is shared with the HD-HEM is taken as φLD = 1 − (fLD)p (see Figure 3.1a),
with fLD the total volume fraction of the microstructure that resides in the
LD-HEM and p = 2/3 for necklace-type nucleation [9]. For HD-grains, the frac-
tion of the grain boundary surface that is shared with the LD-HEM is denoted
as φHD and is determined each time such that the volume transfers between
the LD-medium and the HD-medium are equal [9]. The maximum of φHD is
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limited to 1, and φLD may be adjusted accordingly [9], see Appendix 3.A.

The mobility of the grain boundaries m is strongly temperature dependent.
The Turnbull estimate [13] is used as a basis:

m(T ) = Km
δVat
b2RT

DGB
0 exp

(
−QGB

kBT

)
. (3.2)

Km was characterized based on measurements on static recrystallization of
tungsten in [3], QGB is the activation energy for diffusion of tungsten along
grain boundaries, δ is the thickness of the grain boundaries, Vat is the atomic
volume, R is the gas constant, T is the temperature, DGB

0 is the self-diffusivity
of tungsten along the grain boundaries and kB is the Boltzmann constant. The
parameter values are given in Appendix 4.A.3. The implementation of the
grain growth model is further described in section 3.2.3.

3.2.1.2 Nucleation

The formation of stable nuclei is driven by a reduction in the Gibbs free energy
E. Often, nucleation occurs more easily at the grain boundaries (necklace-type
nucleation, see Figure 3.2a), where the activation barrier is reduced. EBSD-
images taken during static recrystallization of pre-deformed tungsten indicate
that necklace-type nucleation occurs in tungsten as well [14]. However, due to
displacement cascades induced by neutrons, a high lattice stored energy may
accumulate inside the grains, which triggers an additional nucleation mecha-
nism, inside the grains (here referred to as bulk nucleation, see Figure 3.2b).

(a) (b)

Fig. 3.2. (a) Sketch of necklace-type nucleation in a polycrystal. (b) Nucleation
taking place in the grain interiors as a result of the higher stored energy at
that location (bulk nucleation).

It has been suggested that under irradiation conditions, nucleation could be
initiated at prismatic dislocation loops [15]. Here, both types of nucleation are
modelled. The total rates for necklace nucleation ṄA and bulk nucleation ṄV
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in the microstructure are described by:

ṄA = KA
NAnuc exp

(
−EAact
kBT

)
exp

(
−QGB

kBT

)
, (3.3)

ṄB = KB
NVnuc exp

(
−EBact
kBT

)
exp

(
−QGB

kBT

)
. (3.4)

Here, KA
N and KB

N are the nucleation rate constants, Anuc and Vnuc are the
total available grain boundary area and nucleation volume respectively, and
EAact and EVact are the activation energies for the formation of a stable grain.
The activation energy and the radius of a stable nucleus rnuc are determined
by solving ∂∆E

∂t < 0 (where ∆E denotes the Gibbs free energy difference) under
the condition that the velocity of the grain boundary of the nucleus is positive,
vnucGB > 0 [3]. The expressions for ∂∆E

∂t are given in section 3.2.3.

During bulk nucleation, a new grain nucleates and grows completely at the
cost of the HD grain interior (Figure 3.2b). Therefore, for a nucleated grain

of radius r, the Gibbs free energy changes as: ∆EB = 1
KB
a

[
− 4πr3

3 (EB,HD −

EB0 )+4πr2γb

]
, where KB

a is a parameter for the reduced activation energy dur-

ing bulk nucleation, EB,HD is the volume average of the bulk (i.e. excluding
boundaries/surfaces) stored energy density for the grains in the HD-medium,
EB0 is the bulk stored energy density for a grain with equilibrium defect con-
centrations and γb is the grain boundary surface energy. The grain boundary
velocity of the newly nucleated grain that is volumetrically growing, is taken as
dr
dt = m(EHD −E0), with EHD the volume average of the total energy density
of the HD-grains and E0 the total stored energy density of the nucleated grain,
including its grain boundary energy density. The grains that nucleate in the
bulk, are referred to as HD daughter grains, as they initially only grow with
respect to their HD parent grains. All the other grains in the microstructure
are referred to as regular grains. In section 3.2.3, details about the treatment
of HD daughter grains can be found.

In the case of necklace nucleation, the nucleus immediately can have both LD-
grains and HD-grains as neighbours (Figure 3.2a). It is assumed that during
necklace nucleation, 3πr2 of extra grain boundary area is formed [3]. The asso-

ciated Gibbs free energy change is ∆EA = 1
KA
a

[
− 4πr3

3

(
EB −EB0

)
+ 3πr2γb

]
,

where KA
a is a parameter for the reduced activation energy at grain bound-

aries. In this case, the grain boundary velocity right after nucleation is dr
dt =

m(E − E0), where E is the volume average of the stored energy density of all
the grains in the microstructure. The surface area Anuc available for necklace
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nucleation consists of all the HD/LD grain boundaries (excluding the grain
boundaries of the HD daughter grains) and all HD/HD grain boundaries.

3.2.2 Cluster dynamics
Highly energetic neutrons can create cascades of displaced atoms, which result
in the creation of vacancies (V1), self-interstitial atoms (I1) and their clusters
Vn and In in the lattice with n the size of the cluster. The concentrations CIn
and CVn of all these different defects are the degrees of freedom in this model.
Clusters from size n = 1, . . . , Nmax are considered. All the vacancy clusters
are assumed to take the shape of spherical voids, following [8], and all the SIA-
clusters of more than 5 SIAs are assumed to form prismatic dislocation loops
(a two-dimensional disk, with a dislocation line on the edge of this disk) [8].

Fig. 3.3. Three mechanisms that lead to a change in the dislocation density
are shown schematically: dipole annihilation, loop incorporation and a
Bardeen-Herring source.

All displacement defects are considered to be immobile, except for single va-
cancies and single interstitials. The defects can change in size by absorp-
tion/emission of a mobile defect of the same type or of the opposite type (e.g.
I3 +V → I2, or I6 → I5 + I). The mobile defects can also be absorbed at grain
boundaries and dislocations, that act as a sink for them [8]. The absorption at
dislocations entails dislocation climb [16]. The climb motion can lead to dipole
annihilation of two dislocations of the opposite type [16]. When a dislocation
segment is pinned at two points, climb of the segment can result in the cre-
ation of extra dislocation length (a Bardeen-Herring source) [17]. When the
prismatic loops (which are considered immobile) absorb interstitials or emit
vacancies, they may grow, or when they get in contact with other dislocations
(either another prismatic loop or another dislocation line/segment), they be-
come part of the dislocation network. This is modelled using the method of
Jourdan [17], which was originally applied for faulted loops in austenitic stain-
less steels. Under irradiation conditions, dislocation loops first form and grow,
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subsequently unfault and become perfect loops. Thereafter, they interact and
become part of the dislocation network [11]. In bcc metals, prismatic loops
unfault at very small sizes, at least for Fe [11].

Note that even though a cluster dynamics model does not allow for direct
dipole annihilation of prismatic dislocation loops, by including loop incorpo-
ration into the dislocation network density model, it becomes possible for the
interstitial dislocation loops to annihilate. In Figure 3.3, the considered mech-
anisms for a change in dislocation density are shown schematically.

The concentrations of the interstitial clusters CIn and the vacancy clusters
CVn of size n and the dislocation density ρ inside an irradiated grain follow
from this set of equations:

d

dt

[
CIn

]
= GIn + (1− fn)JIn−1,n + JIn+1,n

− [JIn,n−1 + (1− fn+1)JIn,n+1]− LInCIn , (3.5)
d

dt

[
CVn

]
= GVn + JVn−1,n + JVn+1,n − [JVn,n−1 + JVn,n+1]− LVnCVn , (3.6)

d

dt

[
ρ

]
= 2πvclSBH + dρIC

dt
− ρτ−1

cl . (3.7)

In the first two equations, the concentrations of the interstitial and vacancy
clusters of size n change over time by defect generation (sources GIn and GVn),
by transport of mobile defects to/from the defect clusters of size n providing
fluxes J between cluster size n and the adjacent cluster sizes n−1 or n+1 (e.g.
Jn−1,n is the flux from n − 1 to n), and by annihilation of mobile defects at
dislocation and grain boundary sinks of total strengths LIn and LVn . For the
interstitial clusters, a fraction fn of the loops of size n that is about to grow,
is incorporated in the dislocation network instead [17]. The third equation
expresses the dislocation density evolution: more dislocations are produced
by Bardeen-Herring sources based on the climb velocity vcl and the source
density SBH , as well as by the incorporation of the prismatic loops dρIC/dt.
Dislocations annihilate by dipole annihilation, based on the average lifetime
τcl = dcl/vcl of dislocation segments, which depends on the climb velocity vcl
and on the average distance between the dislocations dcl. See Appendix 4.A.2
for more details. The transport fluxes J and fluxes to the sinks are specified
in Appendix 5.A.

The production rate of defect clusters induced by neutron irradiation is based
on MD-simulations of displacement cascades (50 ps simulation time) [18]. The
majority of the neutron-induced defects vanish [19] by recombination of va-



70 3. Long-term microstructural evolution

cancies with self-interstitial atoms during thermal aging of the cascade. CD-
modelling does account for recombination, as long as spatial correlations do not
play an important role. A sophisticated method for transferring MD-results for
neutron cascade damage into the CD-model, bridging the time scales by the
use of a kinetic Monte Carlo model, can be found in [20]. Here, a simplified
approach is taken: the power-law dependence found in [21] is assumed to hold,
and a parameter η denotes the remaining defect fraction after prolonged an-
nealing of the MD cascade. The production rate for a defect cluster of size n
is then given by

Gn = (1− f)ηAε/nSε , (3.8)

where f is the total amount of vacancies and interstitials per atom, and with
ε = I or V , based on [21, 3]. Here, Aε = G0/

∑Nmax
n=1 n1−Sε and Sε is tem-

perature dependent constants that are based on MD-results, see Table 5.2 in
Appendix 4.A.3.

Loop incorporation The expression for the rate with which dislocation
loops are incorporated in the pre-existing dislocation network (i.e. loop in-
corporation) is based on [17] and is given by:

dρIC
dt

=
Nmax∑
n=5

2πrnfn(ρt)JIn−1,n =
Nmax∑
n=5

2πrnfn(ρt)[α+
n−1CICIn−1

+ k−In−1−V CIn−1 ]. (3.9)

Here 5 is the minimum size adapted for a SIA-cluster to form a prismatic loop
(in analogy with [16]), rn is the radius of the prismatic loop, the terms between
the brackets are the growth rates of the prismatic loops from size n−1 to size n
by absorption of a self-interstitial atom/emission of a vacancy (further specified
in Appendix 3.B.1) and fn is the fraction of the growing prismatic loops of size
n that are incorporated, i.e. touching other dislocations. This fraction depends
on the total dislocation density ρt (the sum of all the prismatic loop dislocation
densities and the network dislocation density) [17]:

fn(ρt) = 1−
erfc

(
hn−ht√

2σd

)
erfc

(
hmin−ht√

2σd

) (3.10)

with hn = 2rn, ht = 2√
πρt

, σd = 0.6ht and hmin = 2rmin = 2r5.
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Absorption/emission The absorption rates of mobile defects at defect clus-
ters are modelled as pure diffusion-limited [8]. For example, the absorption
rate of an interstitial to a prismatic interstitial loop of size n is given by
α+
n = 2πrcapIn

ZIInDI , with ZIIn the factor of preferential absorption of inter-
stitials to dislocation loops, DI the diffusion coefficient for interstitials and
rcapIn

is the capture radius of the prismatic loop [8]. For prismatic loops the
capture radius is rcapIn

=
√
nVat/πb, where Vat is the atomic volume and b the

length of the Burgers vector [8]. Similar expressions are used for the other
interactions of mobile defects and clusters, as listed in Appendix 3.B.1. For
vacancy clusters, the capture radius is taken as rcapVn

= (3nVat/4π)1/3 +
√

3a0/4
[8], where a0 is the lattice parameter. The rates of emission of mobile defects
also depend on the binding energy of the defect to the cluster, e.g. EbIn−I .
The binding energies are calculated using the capillarity approximation, see
Appendix 3.B.1.

Sinks for mobile defects The sink strength Lεn (where ε=I or V , for inter-
stitials and vacancies) is the sum of the grain boundary sink strength k+

S+ε and
the dislocation sink strength k+

D+ε. The dislocation sink strength is given by
k+
D+ε = ρZεDDε, where ZεD is a bias factor to account for preferential absorption

of interstitials. The grain boundary sink strength (k+
S+ε) depends on the sum

of the sink strengths of all the other sinks within the grain (dislocations as well
as defect clusters), and on the grain radius. See Appendix 3.B.1 for the precise
expressions.

Simulation parameters A maximum cluster size Nmax = 100 is used in the
simulations, along with η = 1 for the damage production rate. It was verified
that, compared to Nmax = 1000, the evolution of the atomic defect fraction f
was in reasonable agreement for most damage rates (varying η from 0.001 to
1) at each of the irradiation temperatures (1000-1300°C).

3.2.3 Solution procedure
The two-level model is solved incrementally, as follows:

1. Determination of the time step for the next time increment ∆t = ti+1−ti
(see below);

2. Defect evolution: application of the cluster dynamics model (using Equa-
tions 4.1 - 4.3) results in updated defect concentrations for each repre-
sentative grain. Parallel computation is used in this step;

3. Assignment of the grains to the HEMs: based on their bulk stored de-
fect energy densities EB , the grains are placed in the HD-set when their
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energy exceeds the energy density threshold ET , (see below, HEM al-
location). If HD daughter grains (see section 3.2.1.2) are placed in the
HD-set, they are subsequently treated as regular grains;

4. Nucleation: both for necklace- and bulk-type nucleation, the nucleation
rates (ṄA and ṄV ), the nucleus radii (rAnuc and rVnuc) and the activation
energies (EAact and EVact) are determined, as well as the nucleation surface
area (Anuc) and nucleation volume (Vnuc), and new grains are defined.
The new nuclei are either represented by a new LD-grain, or they are
merged with an existing representative grain (see below, HEM allocation).
The procedure for nucleation is described in more detail in Appendix 3.A;

5. Grain growth: first, all grains except for the HD daughter grains interact
with both HEMs. As a result, the grain sizes and defect densities change.
If grains are vanishing, subincrements are used in this step. The use
of subincrements is detailed in Appendix 3.A. Finally, the HD-daughter
grains interact with the HD-HEM only, and the grain sizes and defect
densities are updated accordingly.

Time step The size of the time step from ti to ti+1 is chosen in such a way
that during a single increment, none of the grains k (except grains that are
already very small, r <0.3 µm) grow or shrink with more than 2% of their
volume, based on the volume changes |∆Vk|/Vk determined in the previous
time step ti:

∆ti+1 < 0.02∆ti/[max
k

(|∆Vk|/Vk)]. (3.11)

Moreover, the size of the time step is constrained to increase only slowly (2-5%
depending on the value) with respect to the previous time step size.

Grain growth
For a growing/shrinking grain k, the (fractional) volume change due to inter-
action with a HEM during a time step ∆t is given by

∆V HEMk = 4πφηr2
kv
HEM
k ∆t. (3.12)

Here φη is the fraction of the grain boundary that the grain k shares with
the HEM. For normal grains, there surface fractions are: φLD (between an
LD-grain and the HD-HEM), φHD (between an HD-grain and the LD-HEM),
(1 − φLD) or (1 − φHD) (between a grain and its own HEM) [3]. The to-
tal volume change of a grain ∆Vk is then given by ∆Vk = ∆V HDk + ∆V LDk .
These equations are applied for all types of grain growth for the regular grains,
however in case of shrinkage of a grain with respect to its own HEM, the cor-
responding volume change is determined such that volume is conserved within
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the HEM, i.e.
∑
i∈HD:∆V HD

i
>0Ni∆V HDi = −

∑
i∈HD:∆V HD

i
<0Ni∆V HDi for

the HD-HEM [3]. The interactions result in new grain sizes and new defect
densities for all the regular grains. Next, the HD daughter grains grow at the
cost of the HD-HEM. For these interactions a grain boundary surface fraction
of 1 is used. This leads to a second change in grain size within the same time in-
crement for the HD-grains. The HD daughter grains are not treated separately
anymore from the moment that (1) their radius exceeds r̄HD/4 (see Figure 3.4);
or (2) once their bulk stored energy exceeds the threshold for becoming part
of the HD-set themselves.

Fig. 3.4. The daughter grain consumes the HD-grains until it reaches a radius r that
makes it grow out of the (averaged) mother grain.

For all recrystallization simulations, the grain boundaries between original
grains are assumed to move more slowly due to pinning effects. For those
boundaries, the pinned mobility constant Km0 is used instead of Km, see also
[3].

Nucleation
The Gibbs free energy change over time for bulk nucleation is given by:

∂∆E
∂t

= ∂∆E
∂EB,HD

d∆EB,HD

dt
+ ∂∆E

∂r

dr

dt
=

= 1
KB
a

[
− 4π

3 r3 dE
B,HD

dt
− 4πr2m(EB,HD − EB0 )(EHD − EB0 )

+ 6πrmγb(EB,HD + 4
3E

HD − 7
3E

B
0 )− 12πmγ2

b

]
< 0, (3.13)
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whereas for necklace nucleation it is

∂∆E
∂t

= ∂∆E
∂EB

d∆EB

dt
+ ∂∆E

∂r

dr

dt
= (3.14)

= 1
KA
a

[
− 4π

3 r3 dE
B

dt
− 4πr2m(EB − EB0 )(E − EB0 ) (3.15)

+ 6πrmγb(EB + E − 2EB0 )− 9πmγ2
b

]
< 0. (3.16)

The values for the derivatives dEB,HD/dt and dEB/dt are determined numer-
ically. To obtain the radius of the nucleus rnuc, the equation ∂∆E

∂t (r0) = 0 is
solved. The nucleated grain size rnuc is taken as 1.01 r0, to ensure vnucGB > 0.
If multiple solutions exist, then the largest value is adopted as the nucleus
radius. The energy barrier that needs to be overcome for the formation of a
stable grain is given by Eact = ∆E(r∗), where r∗ is the solution to the static
case d∆E/dr = 0. If there is no solution, then the nucleation rate is zero for
that time step.

Nucleation of new grains leads to small reductions of the sizes of other grains.
The nucleation volume Vnuc for grains that form in the grain interior is ex-
tracted from the HD-grains (all HD grain radii shrink with the same fraction).
For necklace nucleation, the volume for nucleation is extracted similarly, but
from both HEMs, where the share of each HEM is proportional to the surface
fraction that it shares with the LD-grains (further detailed in Appendix 3.A).

HEM allocation
The original grain set (consisting of 50 original representative grains) is placed
in the HD-HEM at the beginning of the simulation. All nucleated grains are
initially defect-free and are thus placed in the LD-HEM. As soon as the energy
density threshold ET is reached, they are placed in the HD-HEM. The maxi-
mum amount of nucleated representative grains in the HD-HEM is restricted
to 50 to limit the computation time. Furthermore up to 50 nucleated repre-
sentative grains may reside in the LD-HEM. In the case of bulk nucleation,
maximum 16 out of the 50 representative grains in the LD-HEM may contain
HD-daughter grains (which have low defect densities).

When nucleation occurs, or when a representative grain is placed in the HD-
HEM, it can be necessary to merge two representative grains together (two
existing ones or an existing one with the nucleated one). Naturally, HD daugh-
ter grains and regular grains can only merge with grains of their own type.
The two representative grains within a HEM that are most similar (based on
the least-square difference of their bulk and surface stored energy densities EB
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and ES and based on the type of grain growth) are selected for merging. After
merging, their properties in grain size and defect densities are averaged.

Numerical method To solve the set of equations of the cluster dynamics
model, Matlab’s solver ode15s is used for each global time increment. Non-
negativity of the solution is enforced with ode15s, and a relative tolerance of
10−3 is used.

In Appendix 3.A, the solution procedure is set out in more detail, including a
detailed description of the procedure with subincrements for handling grains
that are completely consumed by their surroundings.

3.2.4 Structure-property relations
The yield strength is often considered as a key parameter for the divertor life-
time, as it gives an indication for the material hardening and embrittlement.
Here, the evolution of the hardness is assessed, based on the predicted evolu-
tion of the microstructure.

The hardening (which is proportional to the yield strength increase) of neutron-
irradiated tungsten has been measured using Vickers micro-indentation tests for
various doses and temperatures, as summarized in [22, 23]. TEM and positron
annihilation spectroscopy (PAS) were used to link the hardness increase to the
microstructural changes. Hu et al. [24] performed isochronal annealing testing
following neutron irradiation of tungsten samples with neutrons at a tempera-
ture of 90 °C to 0.006 dpa and 0.03 dpa. They investigated the evolution of
the Vickers hardness, vacancy clusters (with sizes ranging from monovacancies
to several nm using PAS and TEM) and interstitial clusters (of at least 1 nm)
as the temperature was increased. Their results suggest that vacancy clusters
with sizes above 1 nm dominate the hardening, but small interstitial clusters
were not taken into account in their analysis, as they are not detectable by PAS
or TEM techniques. In [25], ion-irradiation was used to study the hardening of
pure W and of W-3%Re at temperatures of 500 and 800 °C and at high doses
of up to 5 dpa. Nano-indentation tests showed a saturation of the hardening
at 1 dpa. For W-3%Re, less hardening was found and this was attributed to
the lower amount of voids (determined using TEM) [25].

In [23], Hu et al. predicted the hardness increase based on the TEM-observed
sizes and densities of the voids, dislocation loops and precipitates, by using
the dispersed barrier hardening (DBH) model, using experimental results that
were obtained in three different reactors HFIR, JMTR and JOYO [26, 27, 28,
29, 23]. The defect barrier strengths, different for every defect type and size,
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were chosen such that the DBH-model and the measured Vickers hardness ad-
equately matched for most samples. Their results suggest that the hardness
increase is dose dependent but not strongly temperature dependent. Voids of
over 4 nm were identified as the main contributors to hardening in most cases,
except for samples that received doses of above 1.5 dpa in the HFIR-reactor.
In the latter case, the precipitates were the dominant defect contributing to
hardening, according to their DBH-model [23]. Huang et al. [7] simulated
the hardness increase in the reactors DEMO, HFIR and JOYO using stochas-
tic cluster dynamics (SCD), including Re-transmutations, for temperatures of
400-800 °C and for doses up to 2 dpa. They found precipitates to be the main
contributor to hardening, already for doses of 0.5 dpa, for each of the three
reactors. Between voids and dislocation loops, the latter contributed more to
the hardening than the voids, in most of the cases. The predicted hardness
increases were in the order of 5-20 GPa. Without explicit formation of precipi-
tates, the measured displacement-induced irradiation hardening does generally
not exceed 4 GPa (see Hu et al. [23]). In [30], stochastic cluster dynam-
ics (SCD) was used to predict hardening in the fission reactor JOYO and in
ITER. In this case, the production of He gas was taken into account but not
the Re-precipitation. Low hardening values were found in the order of 100 MPa.

The yield strength depends on the concentrations of the vacancy and intersti-
tial clusters, the dislocation network density and the grain size (grain boundary
density). Each of these defect types form obstacles that restrict dislocations in
their motion. The yield strength is then given by:

σy = σ0 + ∆σ(r) + ∆σ(ρ, Cj), (3.17)

with σ0 the yield strength of coarse grained recrystallized tungsten, ∆σ(r) the
grain boundary hardening contribution and ∆σ(ρ, Cj) the hardening contribu-
tions of the dislocation network density and the vacancy and interstitial clus-
ters. The Hall-Petch relation describes the grain size dependence, the Taylor
relation [31, 32] the effect of dislocation hardening and the Dispersed Barrier
Hardening Model [23] the contributions of the vacancy and interstitial clusters.
Combining the contributions in a similar manner as in [33, 34] leads to:

σy = σ0 + k1√
rg

+MαTµb
√
ρ+

√∑
j

∆σ2
j , (3.18)

with ∆σj = Mαjµb
√

2Cjrj . In the grain size contribution, rg is the grain
radius, rj is the radius of the defect type j that forms the barrier and k1 is a
constant. k1 should be dependent on the temperature, but here, a value of 0.099
MPa m1/2 is used, based on experimental results by Vashi [35]. For σ0, 64 MPa
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is used (the value for recrystallized tungsten at 1200 °C, taken from [36]). In the
contributions of the various defect types, M is the Taylor factor, µ is the shear
modulus, αj is the defect barrier strength factor (for perfectly strong barriers to
dislocations, α = 1) and Cj is the defect concentration. The parameter values
are given in Table 5.5 (Appendix 4.A.3) and in section 3.3.2. In the simulations,
the parameters µ and b are treated as temperature independent and also given
in Table 5.5. The yield strength increase is directly related to the Vickers
hardness increase [23]. In this work, only the qualitative aspects of the hardness
evolution under the combined effects of irradiation, recrystallization and grain
growth are studied. Therefore, a hardness indicator IH is introduced:

IH =
√
ρ+ 1

αT

√∑
j 2α2

jCjrj
√
ρ0

, (3.19)

where ρ0 is the initial network dislocation density. The Hall-Petch effect is
neglected in this expression.

3.3 Results
This section analyses how the microstructural evolution of tungsten, under
combined heat and neutron loads, is affected by loop incorporation and bulk
nucleation, as an extension to the work done in [3]. In section 3.3.1, the effects
of loop incorporation on the defect concentration distribution and on the de-
fect energy evolution of individual grains are studied. Next, in section 3.3.2,
the temperature-dependent neutron-induced recrystallization with loop incor-
poration is explored and a prediction of the irradiation hardening during the
process is made. The effects of bulk nucleation are described in section 3.3.3.

3.3.1 Single grain
First, the effect of the incorporation of prismatic loops on the microstructural
evolution of tungsten at high irradiation temperatures is investigated using the
cluster dynamics model only. In Figure 3.5a, the concentration distribution
in a grain of 3 µm after 100 hrs of irradiation at a temperature of 1100 °C is
shown, with and without loop incorporation, using an initial dislocation density
of ρ = 1013 m−2.

As visible in Figure 3.5a, loop incorporation leads to a decrease in the concen-
tration of the largest interstitial clusters and to an increase of the dislocation
network density (see Figure 3.5b). Note that without the loop incorporation
mechanism, the dislocation density in the simulations stays close to 1013 m−2.
The strength of the sinks for the mobile defects (the grain boundaries and the
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Fig. 3.5. Simulation of displacement damage in an irradiated grain of r = 3 µm: (a)
the concentration distribution of the interstitial and vacancy defect clus-
ters after irradiation for 100 hours at a temperature of 1100 °C; (b) the
evolution of the dislocation network density at several temperatures, as a
consequence of Bardeen-Herring sources, dipole annihilation and incorpo-
ration of prismatic dislocation loops into the dislocation network.

dislocations) thus increases and with that, the concentrations of the single va-
cancies and single SIAs decrease. The concentration of the interstitial clusters
of intermediate size (n = 5 to 25) increases slightly, whereas the concentration
of the largest vacancy clusters decreases somewhat. The dislocation density,
shown in Figure 3.5b, rises considerably for all simulated temperatures when
loop incorporation is included, approaching the physical limit for the disloca-
tion density in metals, 1017 m−2 [37].

Figure 3.6 shows the evolution of the bulk stored energy density inside the grain,
with and without the loop incorporation mechanism. Figures 3.6a and 3.6b re-
veal that at longer irradiation times, the temperature dependence of the bulk
stored energy density EB becomes more pronounced when loop incorporation is
included in the simulations, reaching much higher values for the lower temper-
atures (1000 °C - 1200 °C) and a similar/lower value at 1300 °C. Comparison of
Figure 3.5b and Figure 3.6b indicates that the value of EB is largely determined
by the dislocation network density. Furthermore, when loop incorporation is
included, saturation of the stored energy density in the single grain occurs.
For e.g. 1300 °C, this occurs within 100 hours and for 1100 °C, saturation is
reached at 2500 hours.

As an example, the influence of the damage rate and Nmax on the results
is shown for T = 1000 °C in Figure 3.14 in Appendix 3.C.1.
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Fig. 3.6. Evolution of the bulk stored energy density EB in a single grain with a
radius of 3 µm at several irradiation temperatures: (a) without and (b)
with loop incorporation.

3.3.2 NIRX with loop incorporation
Previously, the competition between damage and recovery during the micro-
structural evolution of tungsten under heat and neutron loads was already
investigated in [3], omitting loop incorporation. It was found that the original
grains, which accumulate defect energy during irradiation, all shrink simulta-
neously at the cost of newly nucleated grains. This simultaneous loss of the
original grains triggered temporal fluctuations in the average stored energy
density in the microstructure EB . Now that loop incorporation is included,
EB shows fluctuations that are clearly periodic, see Figure 3.7a. Before, only
the first undulation was clear. The undulations in EB correspond to the cyclic
recrystallization of the entire irradiated microstructure [3]. For the simulations
displayed in Figure 3.7, an energy density threshold ET = 106 J/m3 was used.
In all original grains the initial dislocation density was ρ = 1013 m−2. The
defect-free volume has a dislocation density ρeq = 109 m−2. For the initial
vacancy and interstitial defect concentrations, thermal equilibrium values were
used. The 50 original representative grains had a number average radius of r̄ =
3 µm and a standard deviation of σr = 0.5 µm. The time period characterizing
cyclic recrystallization is temperature-dependent. Over time, the behaviour
of the individual grains becomes less synchronized, and the amplitude of the
fluctuations of EB decreases and the stored energy density evolves to a tem-
perature-dependent equilibrium value. For temperatures of 1200 °C - 1300 °C,
EB oscillates around the equilibrium value.

The average grain size, shown in Figure 3.7b, does not reveal a strong tem-
perature dependence. Both the evolution of the grain size and of the defect
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Fig. 3.7. Evolution of (a) the bulk stored energy density EB and (b) the average
grain size r̄ during neutron-induced recrystallization simulations.

density depend strongly on the nucleation rate, see Figure 3.8a. At each tem-
perature the nucleation rate shows a clear drop when the nucleation surface
area has decreased, which occurs when the grain size has increased (when the
original microstructure has been replaced). The nucleation rate depends on the
choice of the energy density threshold ET , since all the grain boundaries of the
HD-grains act as nucleation surfaces. From Figure 3.8b it becomes clear that
the fraction fHD of the total microstructural volume that resides in the high
defect density medium is close to 1 most of the time for the temperatures up
to 1200 °C. From 1200 °C, the surface area that is available for nucleation per
unit volume (Figure 3.8c) fluctuates, which leads to variations in the nucleation
rate and in EB .

Distributions in grain size and defect density
In Figure 3.9, the evolution of the bulk energy density distribution and grain
size distribution are shown for an irradiation temperature of 1200 °C. Over time,
the distributions broaden, i.e. the microstructure becomes more heterogeneous
and recrystallization becomes more gradual. This explains the decrease in the
amplitude of EB in Figure 3.7 after the first 200 hours. The evolution of the
grain size and energy distributions at the other simulated temperatures are
reported in Figure 3.15 and Figure 3.16 in Appendix 3.C.2.

Irradiation hardening
The evolution of the irradiation hardening was predicted, using the values in
Table 5.1 for the DBH-model for the indicated cluster sizes. In Figure 3.10a, the
results are shown, in comparison with results from Vicker’s hardness tests on
samples that were irradiated in the fission reactors HFIR, JOYO and JMTR
[23]. Figure 3.10b exclusively shows the (negligible) effect of the grain size
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Fig. 3.8. Evolution of the nucleation rate (a), of the fraction of the volume that
corresponds to the HD-medium (b) and of the surface area per unit volume
that is available for nucleation (c).

on the evolution of the yield strength, based on the Hall-Petch relation. The
contributions of the different defect types to the irradiation hardening indicator,
taken at time instances of the maximum value for the hardness indicator, are
shown in Figure 3.10c.

Tab. 3.1. Barrier strengths as used in the DBH-model, based on [23].

Barrier strength factor α Diameter (nm) Cluster size N
Interstitial loop 0.15 1.0 - 2.7 14 - 100
Void 0.25 1.0 - 1.4 33 - 100

Under the selected neutron displacement damage rate, the hardness indicator
increases during the first 20-900 hours of irradiation (for 1300°C and 1000°C).
Subsequently, cyclic recrystallization leads to a periodic increase and decrease
of the hardness indicator. The hardness indicator reaches a maximum value of
7-50 times the initial value (=1).
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Fig. 3.9. Evolution of (a) the bulk energy density distribution and (b) the grain size
distribution at a temperature of 1200 °C, in terms of cumulative volume
fractions.

Figure 3.10c reveals it can be seen that the contribution of the dislocation
network density to the hardening is the highest at each of the simulated tem-
peratures, which is logical based on the high dislocation density reached, see
Figure 3.5b. In [24], it is suggested that the large voids are the main defects
that are responsible for the hardness increase. Therefore, additional simula-
tions were performed using the cluster dynamics model at 1100 °C on a single
grain of 3 µm for increasing maximum vacancy cluster size Nmax. The results
(not displayed here) showed that the evolution of the hardness is almost con-
verged for Nmax = 100, as expected, since the same holds for EB , indicating
that large clusters would not play a significant role in the hardness prediction
for this model.

In the present analysis, the influence of the grain boundaries on the yield
strength is taken into account only partly. In [10], it is pointed out that at
high temperatures, the grain boundary loses strength relative to the grain inte-
rior. Furthermore, recrystallization and grain growth may lead to an increase
of impurities at the grain boundaries, some of which may cause embrittlement
at the grain boundaries [38, 39].

3.3.3 NIRX with bulk nucleation
The effect of nucleation in the bulk (on top of necklace-type nucleation) on the
microstructural evolution is next studied for an irradiation temperature of 1100
°C. The parameter KB

a for the reduction of the activation energy for nucleation
in the bulk is varied from 104 - 107 and KB

N = 1024 (#/m3s) is used. An energy
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Fig. 3.10. (a) Evolution of the irradiation hardening indicator as a function of ap-
plied damage; (b) Effect of the grain size on the hardening; (c) Contribu-
tions of the various defect types to thehardening indicator, taken at time
instances where IH reaches its maximum.



84 3. Long-term microstructural evolution

density threshold of ET = 107 J/m3 is adopted. To ensure that most newly
nucleated grains that are indeed growing, rnuc = 1.3r0 is taken.
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Fig. 3.11. Influence of parameter KB
a on the evolution of (a) the average bulk stored

energy density EB , (b) the average grain radius r̄, (c) the necklace-type
nucleation rate (solid lines) and bulk type nucleation rate (dashed lines)
and (d) the nucleation radius for necklace-type nucleation (solid lines) and
bulk-type nucleation (dashed lines) for simulations of neutron-induced
recrystallization at 1100 °C.

Figure 3.11 depicts the effects of bulk nucleation on the microstructural evo-
lution. At this temperature, the effects of bulk nucleation on the average
grain size and defect energy become visible for values of KB

a larger than 105

(KB
a = 104 overlaps with 105 in the figure). For these values, the nucleation

rate in the bulk is in the same order of, or exceeds, the necklace-type nucle-
ation rate, see Figure 3.11c. The total nucleation rate increases, which leads
to a faster replacement of the original grains (visible from the first dip in EB)
and to a shorter cycle for the cyclic recrystallization. The equilibrium value
for EB drops, as well as the average grain size r̄. At KB

a = 105, the bulk
nucleation rate strongly depends on EB (indirectly, through the calculation of
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EBact), while for KB
a = 107, the bulk nucleation barrier becomes so small that

the nucleation rate does not depend on the stored energy density anymore.

Evolution of individual nuclei
It is investigated whether the nucleation spot (in the bulk or at the grain
boundaries) has a significant effect on the evolution of a nucleus. For this,
the simulation at 1100 °C and KB

a = 107 is used. During the simulation, a
single grain in the bulk and a single grain at the grain boundary are nucleated
at specific irradiation times. The grains represent a negligible microstructural
volume and therefore do not affect the evolution of the other representative
grains. They are not allowed to merge with any other grains, so that the
development of their size and stored defect energy can be traced.

Figure 3.12 shows the results of the evolution of the individual HD daughter
grain and necklace nucleated grain for initiation after 147.7 hours and 449.8
hours of irradiation. The evolution paths for both grains are quite similar, but
not the same. The necklace nucleated grain reaches a slightly higher maximum
radius than the HD daughter grain; this was the case for each of the initiation
times that were simulated approximately every 50 hours, ranging from 50 to 500
hours). The point at which the HD daughter grain resumes normal growth is
marked. Figure 3.12c and 3.12d explain why the (r, EB)-paths in Figure 3.12b
do not overlap: the HD daughter starts with a much faster growth than the
necklace nucleated grain. After resuming normal growth, the defect energy
accumulates rapidly. The paths in the (r, EB) graphs are quite similar but not
fully synchronized in time, as is clearified by Figure 3.12c and d.

3.4 Conclusions and discussion
A model was developed for neutron-induced recrystallization using cluster dy-
namics and a mean-field recrystallization model. The model includes the in-
corporation of interstitial loops to become part of the dislocation network and
nucleation in both the bulk and at the grain boundaries. In the recrystalliza-
tion model, distinction was made between the growth mechanism of a bulk
nucleus and of a grain boundary nucleus. The effects of nucleation in the bulk
on the evolution of the overall microstructural behavior and the evolution of
individual grains were investigated. The predicted microstructural properties
were used to make qualitative predictions for the evolution of the hardness
during the neutron-induced recrystallization.

With the loop incorporation included, a cyclic neutron-induced recrystalliza-
tion process is systematically predicted. This cyclic behaviour is apparent from
the evolution of the bulk stored energy density, as well as from the evolution of



86 3. Long-term microstructural evolution

0 5 10
0

1

2

3

4

E
B

(1
0

7
J/

m
3
)

Nucleation at t=147.7 hr

148

200

600

t i
rr

(h
r)

Necklace

HD-daughter

0 5 10
0

1

2

3

4

E
B

(1
0

7
J/

m
3
)

Nucleation at t=449.8 hr

450 

470 

1000

t i
rr

(h
r)

Necklace

HD-daughter

450 500 550 600
0

2

4

6

8

450 500 550 600
0

2

4

6

E
B

(M
J/

m
3
)

Nucleation at t=449.8 hr

(a) (b)

(c) (d)

Fig. 3.12. Simultaneous evolution of the radius and bulk stored energy density of an
HD daughter grain and of a necklace-nucleated grain that are formed after
(a) 150 hours and after (b) 450 hours of irradiation; evolution of the (c)
grain radius and (d) the bulk stored energy density EB in the grains that
were formed after 450 hours of irradiation. The dot indicates the start
of normal growth. All results are taken at an irradiation temperature of
1100 °C with KB

a = 107.
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the grain size and grain energy distributions. The period for complete renewal
of the grains is clearly temperature-dependent. Over time the microstructure
becomes more heterogeneous and the periodicity fades out.

Based on the concentrations of the vacancy clusters, interstitial clusters and
dislocation densities, the increasing hardness was assessed, using a hardness in-
dicator. The type of defects that dominate the hardening in these simulations
were identified as dislocations. The Hall-Petch effect was shown to be negligi-
ble in comparison to the hardening due to obstacles at the grain interior; the
evolution of the integrity of the grain boundaries was not taken into account
here. The obtained simulation results on the evolution of the hardness call for
more experimental results on the evolution of this quantity under irradiation,
also for low doses. The inclusion of loop incorporation as a mechanism into
the model leads to high values for the dislocation density and to a (faster)
saturation of the defect concentrations in a single grain, when recrystallization
is not included (as was shown in cluster dynamics simulations on a single grain).

The effect of bulk nucleation on the evolution of the microstructural properties
has been studied. Depending on the nucleation barrier, the bulk nucleation
rate may heavily depend on EB for large barriers, or only very little if the nu-
cleation barrier is very low. A higher total nucleation rate will lead to a lower
equilibrium value for EB , a smaller average grain size and a shorter period for
cyclic recrystallization. Nuclei that form and grow in the bulk initially grow
faster and accumulate less damage; afterwards they evolve quite similarly as
necklace nucleated grains. Because of their faster initial growth, they accu-
mulate a somewhat higher bulk stored defect energy density, which leads to a
lower maximum grain size.

Here, the effects of bulk nucleation and loop incorporation on the microstructu-
ral evolution were considered. An addition to the multi-scale model that could
be considered in a future study, is the effect of point defect absorption at grain
boundaries and on the grain boundary mobility. The review of Humphreys et
al. [40] shows that the grain boundary mobility likely enhances as a result of
the point defects. However, it is difficult to make this phenomenon quanti-
tative, as the measurement of the grain boundary mobility is experimentally
challenging and because the presence of point defects simultaneously increases
the grain boundary velocity and the grain boundary mobility. Furthermore,
the irradiation-enhanced grain boundary mobility may be caused by both the
thermal spike that accompanies the displacement cascade (an intra-cascade
phenomenon) and by the point defects that have formed as a result of the cas-
cade (an inter-cascade phenomenon) [41].
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One way to increase the lifetime of the divertor monoblocks could be by means
of a heat treatment. With the developed model, it can be explored what the
effect of possible heat treatments on the microstructural evolution could be. By
linking the mechanical properties to the microstructural properties, an optimal
microstructure may be determined. This model can then be applied to identify
the conditions under which such a microstructure can be formed.

3.A Solution procedure
The following steps are taken to solve the grain growth and nucleation model.

Nucleation
The procedure is explained for necklace nucleation. For bulk nucleation, a
similar procedure is used. The main differences are pointed out.

1. The volume averaged total HEM-energy densities EHD and ELD and the
volume averaged bulk stored energy densities of the HEMs, EB,HD and
EB,LD are calculated, as well as the total energy density Ek and bulk
energy density EBk for each grain k.

• Here, EBk =
∑Nmax
n=1

[
CIn,kE

f
In

+CVn,kE
f
Vn

]
+µb2ρk/2−TSk, where

CIn,k and CVn,k are the concentrations of clusters In and Vn in grain
k.

2. The mobile surface fractions φLD and φHD are calculated:

• The volume fraction of LD-grains: fLD = V LD/(V LD + V HD).
• The mobile surface fraction of LD grains is given by φLD = 1 −(

fLD
)2/3

. The condition of volume conservation (the total volume

transferring from LD to HD should equal the total volume that
transfers from HD to LD) is met by using:
φHD = −φLD

[∑
j∈LD r

2
jNj∆EHDj

]
/
[∑

i∈HD r
2
iNi∆ELDi

]
.

• The maximum value of φHD is limited to 1. In that case φLD is
calculated based on φHD, such that volume conservation is met.

3. EB = φLDEB,HD+(1−φLD)EB,LD and E = φLDEHD+(1−φLD)ELD.

4. The numerical derivatives dEB

dt and dEB,HD

dt are calculated using a linear
least-squares fit to approximate the derivative:
dEB/dt ≈ Cov(t, EB)/V ar(t) =

[∑n
i=1(ti − t̄)(EBi − ĒB)

]
/
[∑n

i=1(ti −
t̄)2], where the results of the last hour of irradiation are used.

5. The radius and activation energy for necklace nucleation are determined:
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• All roots of to the polynomial d∆EA/dt=0 are determined. The
largest real solution is rL.

• The static solution r∗ = 3γb/(2(EB − EB0 )) is calculated.
• The candidate solution for the nucleus radius is rAnuc = 1.01xmax(rL, r∗).
• If d∆EA(rAnuc)/dt < 0, then the candidate solution is stable. If this

is the case, then EAact = ∆E(rAnuc). If not, then ṄA = 0.

6. The nucleation surface area, which consists of all HD/HD and HD/LD-
grain boundaries, is Anuc = 2π

(∑
i∈HD r

2
iNi + φLD

∑
j∈LD r

2
jNj

)
.

7. The amount of new nuclei in this time increment is:
N = ṄA∆t = KA

NAnucexp
(
− 1/kBT [EAact +QGB/NA]

)
∆t.

8. The total nucleation volume V Anuc = 4πN
(
rAnuc

)3. This nucleation volume
is delivered by the other grains. The new radii for the HD- and LD-grains
are respectively:

• rHD := rHD
(

1− [φLDV Anuc]/[
∑
i∈HD

4π
3 Nir

3
i ]
)1/3

;

• rLD := rLD
(

1− [(1− φLD)V Anuc]/[
∑
j∈LD

4π
3 Njr

3
j ]
)1/3

.

9. For bulk nucleation, the procedure is similar, with main differences:

• Vnuc =
∑
i∈HD

4π
3 r

3
iNi;

• The new radii for the HD-grains change a second time during the
nucleation procedure, to become:

rHD := rHD
(

1− [V Vnuc]/[
∑
i∈HD

4π
3 Nir

3
i ]
)1/3

.

10. The nucleated grains are added to the LD-set. If necessary, the merging
procedure is used. In this procedure, ES and EB are calculated for all
q grains that exist within the HEM (that are of the same type) and for
the grain that will be added to the set during the procedure. For each of
the q+ 1 candidates for merging, the square difference with all the other
grains, (ES − ES′)2 + (EB − EB′)2, is calculated. The grains with the
smallest square difference are merged. The grain properties are volume
averaged.

11. If any HD daughter grain satisfies r > r̄HD/4, it is subsequently treated
as a normal grain.

Grain Growth

1. The HD-daughter grains that grow only at the expense of the HD-interior,
are kept separate. For all the other grains, steps 2-6 are performed.
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2. The energy density difference ∆EHEMk = EHEM − Ek for each grain is
computed.

3. The mobile surface fractions φLD and φHD are computed.

4. The volume changes per grain ∆V HEMk are computed. For LD-grains that

shrink with respect to their own HEM, ∆V LDj =

∑
∆ELD

j
>0

r2
j∆ELDj Nj∑

∆ELD
j

<0
r2
j
∆ELD

j
Nj

(1−

γLD)4πm∆tr2
j∆ELDj is used, and likewise for the HD-grains that shrink

with respect to their own HEM.

5. Based on the volume changes, the concentrations and the new grain

radii are updated. The new concentrations are C(ti+1) = C(ti)
(

1 −

∆V growth
k

Vk(ti+1)

)
+ Ceq

∆V growth
k

Vk(ti+1) , where C(t) is the concentration of a certain

defect of a certain grain k, ∆V growthk is the defect-free volume that is
added to the grain and Vk(ti) is the grain volume at time ti. The ther-
mal equilibrium concentrations for vacancy and interstitial defects are
determined from their formation energies: Ceq = exp(−Ef/kBT ).

6. In case a grain volume becomes negative during the increment, the fol-
lowing procedure is used:

• A subincrement for the time step is used, for which the grain exactly
vanishes: ∆t∗ = ∆ti V (tn)

V (tn)−V (tn+1) , see Figure 3.13.
• Steps 2-6 of the grain growth routine are repeated, starting from tn,
using the subincrement ∆t∗.

• To complete the increment, steps 2-5 of the grain growth routine are
repeated, starting from t = ti + ∆t∗, using a time step size ∆tr (see
Figure 3.13). In case another grain volume becomes negative during
the remainder of the increment, the time interval ∆tr is further
subdivided using the described procedure.

7. Finally, each HD-daughter grain k interacts with the HD-HEM, leading
to a volume change of: ∆Vk = 4πr2

km∆EHDk ∆t. Using this, the new
grain radius and new defect concentrations are calculated.

Fig. 3.13. Schematic illustration of the time step subincrementation, in case of van-
ishing grains.
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3.B Modelling details

3.B.1 Rate coefficient details
The formulas for computation of each rate coefficient can be found in Table
5.3. The parameter values that have been used can be found in Table 5.5.

Tab. 3.2. Rate coefficients. The superscript ‘+ ‘ denotes absorption of a point defect
and the subscript ‘-’ denotes emission.

Dislocation loop In
Absorption rate Emission rate

Interstitial α+
n = 2πrInZIInDI α−n = 2πrIn−1Z

I
In−1

DI exp (−EbIn−I/kBT )/Vat
Vacancy k+

In+V = 2πrInZVInDV k−In−1−V = 2πrIn−1Z
V
In−1

DV exp (−EbIn−V /kBT )/Vat
VI-recombination k+

I+V = 4πrIV (DI +DV )
Vacancy cluster Vn

Absorption rate Emission rate
Interstitial k+

Vn+I = 4πrVnDI −
Vacancy γ+

n = 4πrVnDV γ−n = 4πrVn−1DV exp
(
− EbVn−V /kBT

)
/Vat

Tab. 3.3. Rate coefficients related to the strengths of the sinks (grain boundaries
and dislocations).

Dislocation sink ρD
k+
D+I = ρDZ

I
DDI Interstitial

k+
D+V = ρDZ

V
DDV Vacancy

Grain boundary sink
k+
S+I = 3SskI DI/rgrain Interstitial

k+
S+V = 3SskV DV /rgrain Vacancy

3.B.2 Entropy of point defect clusters
The point defect clusters contribute to the entropy of mixing of the system.
As long as the defect density can be called dilute, the sum of all the individual
contributions of each defect type to the mixing entropy can be taken as [43].

S = kB ln Ω (3.20)

S is the entropy density (J/(m3K)) and Ω is the number of possible configura-
tions of the defects in the material, with:
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Tab. 3.4. Expressions for the grain boundary sink strength, the formation energies
and binding energies of the defect clusters, the diffusion coefficients of the
mobile defects and the bias factors for the interaction between mobile de-
fects and self-interstitial clusters. For the simulations, rp = 2b is assumed
[8].

Sink strength coefficient for GB-sink strength calculation (based on [42])(
SskI

)2
= 1

DI

[
2α+

1 CI1 +
∑NI−1
n=2 α+

nCIn +
∑NV
n=1 k

+
Vn+ICVn

]
+ ρZID(

SskV

)2
= 1

DV

[
2γ+

1 CV1 +
∑NV −1
n=2 γ+

n CVn +
∑NI
n=1 k

+
In+V CIn

]
+ ρZVD

Binding energy (using the capillarity approximation)
EfIn = EfIn−1

+ EfI − EbIn−I (by definition)

EbIn−I = EfI + EbI2−E
f
I

22/3−1
[
n2/3 − (n− 1)2/3]

EbIn−V = EfV + Ef
I
−EbI2

22/3−1
[
n2/3 − (n− 1)2/3]

EbVn−V = EfV + EbV2−E
f
V

22/3−1
[
n2/3 − (n− 1)2/3]
Diffusion coefficients

DI = DI0 exp (−EmI /kBT )
DV = DV0 exp (−EmV /kBT )

Dislocation bias factor
ZIIn = ZIDmax

[ 2π
ln(8rIn/rp) , 1

]
ZVIn = ZVDmax

[ 2π
ln(8rIn/rp) , 1

]
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ln Ω =
∑
m

Ωm =
∑
m

[
ln

mN(m)(NSm )!
(NSm −N(m))!(N(m))!

]
(3.21)

=
∑
m

[
N(m) lnm+ NS

m
ln(NS

m
)

− [NS
m
−N(m)] ln[NS

m
−N(m)]

−N(m) ln[N(m)]
]

Here m denotes the number of point defects in the cluster, NS is the number
of lattice sites that is availabe in a unit volume. If the unit volume is 1 m3,
then NS = 1/Vat and if the concentrations are in atomic units, then NS = 1.
Lastly, N(m) is the defect distribution.

3.B.3 Model parameters

Tab. 3.5. Parameter values

Parameter Unit Value Description Source
a0 nm 0.31652 Lattice parameter [44]
γb J/m2 0.869 GB-surface energy [14]
DGB

0 m2/s 0.27×10−4 Self-diffusivity Estimated,
along grain boundaries using [44]

δ nm 1 GB thickness [45]
DI0 m2/s 8.77×10−8 SIA-diffusivity [46]
DV0 m2/s 177×10−8 Vacancy diffusivity [46]
EfI eV 9.466 Formation energy SIA [8]
EfV eV 3.80 Formation energy vacancy [8]
EbI2 eV 2.12 Binding energy SIA-SIA [8]
EfV2

eV 0.6559 Binding energy V-V [8]
EmI eV 0.013 SIA migration energy [46]
EmV eV 1.66 Vacancy migration energy [46]
KA
a - 1×108 Nucleation activation energy reduction -

Km - 1.8×104 GB mobility parameter -
Km0 - 25 GB mobility parameter with pinning -
KA
N #/m2s 3.16×1017 Necklace nucleation rate constant -

KV
N #/m3s 1×1024 Bulk nucleation rate constant -

M - 3.06 Taylor factor [47]
µ Pa 161×109 Shear modulus (T = 0°C) [44]
Nmax - 100 Maximum cluster size -
QGB J/mol 4×105 Activation energy for GB mobility [44]
rIV nm 0.465 Recombination radius [8]
ρeq m−2 109 Equilibrium dislocation density -
ZID - 1.2 SIA-dislocation bias [8]
ZVD - 1 V-dislocation bias [8]
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Tab. 3.6. Parameter values for the displacement damage production rate G0 and
for the power law exponents SI and SV at different temperatures, from
[3], based on MD-results [18]. Linear interpolation is used to obtain the
parameter values at other temperatures.

T (K) G0 (# defects/atom s) SI SV
300 4.3×10−8 2.20 1.63
1025 3.3×10−8 2.50 1.86
2050 3.1×10−8 2.17 2.42

3.B.4 Dislocation evolution details
Here, the expressions governing the evolution of the dislocation density (Equa-
tion 4.3), based on [16], are given. The density of the Bardeen-Herring sources

SBH depends on the pinned dislocation density ρp as SBH =
(
ρp/3

)1.5
.

The pinned dislocation density is assumed to be given by ρp = 0.1ρ, fol-
lowing [16]. The dislocations climb with a velocity vcl, which is given by

vcl = 2π
b lnR/rc

(
ZIDDICI − ZVDDV (CV − CDV )

)
. Here ZVD and ZID are the

same dislocation biases as in the equations for the rate coefficients, see Ap-
pendices 4.A.3 and 3.B.1, R and rc are the dislocations outer and core radii
(R/rc = 2π is used here) and CDV is the equilibrium concentrations of vacancies
nearby a dislocation. CDV depends on the equilibrium vacancy concentration in
the bulk CeqV and on the internal stress σ due to immobilized dislocations, by:

CDV = C0
V exp

(
σVat
kBT

)
[10], with σ = Aµb

√
ρp, where A = 0.4 is a geometric

parameter and µ is the shear modulus. Finally, the dislocations can travel a
distance dcl =

(
πρ
)−1/2 before they annihilate.

3.B.5 Cluster evolution details
The full set of cluster dynamics equations is given below, adapted from [8].
At every cluster growth term, a factor 1 − fn(ρt) is added to account for the
incorporation of prismatic loops, after [17].

The full Cluster Dynamics equations

dCI
dt

= GI + k+
I2+V CI2CV + 2α−2 CI2 +

NI∑
n=3

α−nCIn

− k+
I+V (CICV − CeqI C

eq
V )− 2α+

1 C
2
I −

NI∑
n=2

α+
nCICIn
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−
NV∑
n=2

k+
Vn+ICICVn − (k+

D+I + k+
S+I)CI (3.22)

dCI2
dt

= GI2 + α+
1 C

2
I + k+

I3+V CI3CV + α−3 CI3 + k−I−V CI − α
−
2 CI2

− α+
2 CI2CI − k

−
I2−V CI2 − k

+
I2+V CI2CV (3.23)

dCIn
dt 3≤n≤NI−2

= GIn + α−n+1CIn+1 + (1− fn(ρt))
[
α+
n−1CICIn−1

+ k−In−1−V CIn−1

]
− α+

nCICIn + k+
In+1+V CV CIn+1 − α−nCIn

− k+
In+V CV CIn − k

−
In−V CIn (3.24)

dCINI−1

dt
= GINI−1 + α−NICINI + (1− fn(ρt))

[
α+
NI−2CICINI−2

+ k−INI−2−V CINI−2

]
− α+

NI−1CICINI−1 − α−NI−1CINI−1

− k+
INI−1+V CV CINI−1 + k+

INI+V CV CINI − k
−
INI−1−V CINI−1

(3.25)
dCINI
dt

= GINI + (1− fn(ρt))
[
α+
NI−1CICINI−1 + k−INI−1−V CINI−1

− α−NICINI − k
+
INI+V CV CINI (3.26)

dCV
dt

= GV + 2γ−2 CV2 + k+
V2+ICV2CI +

NV∑
n=3

γ−n CVn

+
NI+1∑
n=2

k−In−1−V CIn−1 − k+
I+V (CICV − CeqI C

eq
V )− 2γ+

1 C
2
V

−
NV∑
n=2

γ+
n CV CVn −

NI∑
n=2

k+
In+V CV CIn − (k+

D+V + k+
S+V )CV

(3.27)
dCVn
dt 2≤n≤NV −2

= GVn + k+
Vn+1+ICICVn+1 + γ−n+1CVn+1 − k+

Vn+ICICVn

+ γ+
n−1CV CVn−1 − γ−n CVn − γ+

n CV CVn (3.28)
dCVNV −1

dt
= GNNV −1 + k+

VNV +ICICVNV + γ−NV CVNV + γ+
NV −2CV CVNV −2

− k+
VNV −1+1CICVNV −1 − γ−NV −1CVNV −1

− γ+
NV −1CV CVNV −1 (3.29)

dCVNV
dt

= GNNV + γ+
NV −1CV CVNV −1 − k+

VNV +ICICVNV − γ
−
NV
CVNV

(3.30)
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3.C Additional results

3.C.1 Influence of the damage rate on the cluster dynam-
ics results

To illustrate the influence of the damage rate on the results produced with
the cluster dynamics model, the evolution of the defect fractions and the final
concentration distributions are shown for η = 0.001, 0.01, 0.1 and 1 and for
Nmax = 100 and 1000, at an irradiation temperature of 1000 °C, in Figure 3.14.
For simplicity, loop incorporation is not considered in these simulations. The
trends are the same for both values of Nmax. The origin of the differences
in the results for the different damage rates is simple, i.e.: at low damage
rates, it takes longer for the material to receive the same amount of damage.
Therefore, the mobile defects have more time to diffuse to sinks (dislocations,
grain boundaries). Moreover, vacancy clusters have more time to emit vacancies
and SIA-clusters absorb more vacancies. This leads to lower concentrations for
the mobile defects, vacancy clusters and the SIA-clusters of medium size. The
concentrations of the large SIA-clusters are not significantly affected at this
stage. Later on, the lower concentration of medium-sized SIA-clusters leads
to considerable absorption of mobile SIAs at large SIA-clusters, for the lowest
damage rate (η=0.001). The differences in defect concentrations that thus
form, explain the differences in the evolution of the defect fraction. The defect
fraction evolves linearly with the amount of applied damage, diminished by the
annihilation rate at defect sinks. From the results, it was found that for each
damage rate, initially, the main defect sinks are vacancies and dislocations.
From roughly η × tirr=0.1 hr, the main manner in which mobile defects are
removed, is by the absorption of vacancies at SIA-clusters.
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Fig. 3.14. Evolution of the atomic defect fraction at an irradiation temperature of
1000 °C for (a) Nmax=100 and (b) Nmax=1000. (Note that for the pur-
pose of comparison, the irradiation time is multiplied by η.) Concentra-
tions of the vacancy clusters and interstitial clusters at tirr × η = 15000
hr, for (c) Nmax = 100 and (d) Nmax = 1000.
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3.C.2 Evolution of the grain size distribution
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Fig. 3.15. Evolution of the grain size distributions at (a) 1000 °C, (b) 1100 °C and
(c) 1300 °C, in terms of cumulative volume fractions.
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Fig. 3.16. Evolution of the grain energy distributions at (a) 1000 °C, (b) 1100 °C and
(c) 1300 °C, in terms of cumulative volume fractions; Final concentration
distributions for (c) Nmax=100 and (d) Nmax=1000.
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Abstract
The economical lifetime of the divertor is a key concern for realizing nuclear fu-
sion reactors that may solve the world’s energy problem. A main risk is thermo-
mechanical failure of the plasma-facing tungsten monoblocks, as a consequence
of irradiation hardening induced by neutron displacement cascades. Lifetime
extensions that could be carried out without prolonged maintenance periods are
desired. In this work, the effects of potential treatments for extending the life-
time of an operational reactor are explored. The proposed treatments make use
of cyclic recrystallization processes that can occur in neutron-irradiated tung-
sten. Evolution of the microstructure under non-isothermal conditions is inves-
tigated, employing a multi-scale model that includes a physically-based mean-
field recrystallization model and a cluster dynamics model for neutron irradi-
ation effects. The model takes into account microstructural properties such as
grain size and displacement-induced defect concentrations. The evolution of a
hardness indicator under neutron irradiation was studied. The results reveal
that, for the given microstructure and under the assumed model behaviour, pe-
riodical extra heating can have a significant positive influence on controlling
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the irradiation hardening. For example, at 800 °C, if extra annealing at 1200
°C was applied after every 100 hrs for the duration of 1 hr, then the hardness
indicator reduces from maximum 48 to below 24.

4.1 Introduction
In a tokamak-design nuclear fusion device, the component that receives the
highest heat load (10 MW/m2 for DEMO [1]) is the divertor. Monoblocks,
made out of high purity tungsten, are positioned on the plasma-facing side of
this component. They absorb the heat that was generated during the fusion
reaction and direct it towards the cooling water. The monoblocks are actively
cooled, and therefore the heat load induces a strong temperature gradient that
leads to thermal stresses in the monoblock. Moreover, the tungsten is also
damaged by high neutron and ion loads (leading to 15 dpa (displacements per
atom) in 5 years of operation of DEMO and peak ion loads of 1024 ions/m3s
[1]). Hereby, the ions mainly affect the surface of the monoblock, while the
neutrons affect the entire monoblock. Despite these extreme conditions, the
divertor needs to have a minimum lifetime of 2 years prior to replacement for
reasons of economical viability. This means that interim repairs for prolonga-
tion of the divertor lifetime are most likely needed.

The lifetime of the tungsten monoblocks under heat and neutron irradiation
will depend strongly on the evolution of the strength and ductility of the mate-
rial. A high hardness, which is reported for fission-neutron-irradiated tungsten
[2, 3] can be associated to a high yield strength and low ductility.

The microstructure of the monoblocks will evolve over time as a consequence
of the neutron, ion and heat loads. The neutrons continuously generate dis-
placement cascades, leading to high concentrations of lattice defects, as well
as transmutations (Re, Os, but also H, He). Over time, the Re- and Os-
transmutations evolve to neutron-induced precipitates.

The high density of displaced atoms (resulting from the continuous neutron
displacement cascades that are generated by the 14.0 MeV fusion neutrons)
entails a high stored energy in the material. The ongoing accumulation of
stored energy, in combination with sufficiently high temperatures, can lead to
(repeated) dynamic recrystallization. During dynamic recrystallization, the
material’s microstructure is completely renewed, from heavily defected to vir-
tually free of lattice defects. Dynamic recrystallization can be instrumental in
decreasing the material’s hardness. In [4], it was shown for steel that (strain-
induced) recrystallization can lead to softening and to an improved ductility.
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A treatment that achieves an improved ductility and removes the accumu-
lated lattice damage, is most likely necessary for neutron-irradiated tungsten.
Although, depending on the composition, recrystallization can lead to embrit-
tlement, under the right circumstances, it may lead to an improved ductility
by regeneration of the lattice.

For most materials, recrystallization leads to an increase in ductility and a
decrease in yield strength. For tungsten, the literature is divided on this point.
Degradation of the ductility for post-recrystallization was reported in [5] and
[6]. However, the testing temperature may have been too low in that analysis
to improve the ductility (below the brittle-to-ductile transition temperature,
which is reported to increase by recrystallization). On the other hand, there
are also examples in literature where the ductility of tungsten increases after
recrystallization, such as by Wirtz et al. [7], who found for several grades of
tungsten a significantly improved uniform elongation and total elongation in
post-recrystallization (accompanied by a lower yield strength), or [8], where
fracture strains were reported of 17% and 22% prior to recrystallization and
68% after recrystallization. The impurity content of the tungsten grade may
play a role in the grain boundary cohesion [9], which can affect the ductility.
Recrystallization may lead to an increase in impurity concentrations at the
grain boundary surfaces, because the impurities are redistributed and because
the grain boundary surface density changes for a different average grain size.
It was suggested that the ductility in tungsten may be determined by the pres-
ence of edge dislocations [10], but the mechanisms that control the ductility
of tungsten are not properly understood, whereby the effects of grain size and
cold working were not studied separately yet.

The combined effect of heat and neutron load on the microstructural evolu-
tion of tungsten were already studied in [11, 12], using multi-scale modelling.
In [11], a multi-scale model was presented, consisting of a mean-field recrys-
tallization model and a cluster dynamics model. The model was parametrized
based on static recrystallization experiments [13] and the evolution of the mi-
crostructural properties (grain size distribution, defect distribution) was pre-
dicted. Cyclic neutron-induced recrystallization was predicted to occur for
temperatures in the range 1000°C - 1300°C [12] for the considered microstruc-
ture, displacement damage rate and material behaviour. In addition, only a
limited irradiation hardening was predicted for cyclic recrystallization [12] at
high temperatures. In the multi-scale model, the focus is limited to the effects
of heat and neutron-induced displacements on the microstructural evolution in
the bulk of the monoblock. The plasma loads and transmutation effects are not
taken into account. Neutron-induced recrystallization and grain growth were
also studied in [14, 15].
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In this paper, the main objective is to explore the use of dedicated interim
heat treatments of tungsten for manipulating the microstructure such that the
divertor lifetime may be prolonged. In particular, it is studied whether tem-
porary, periodical, extra heating can be used to keep the hardness increase
below a certain level. For these non-isothermal studies, the multi-scale model
that was presented in [12] is extended, employing a multitude of homogeneous
equivalent media (HEMs) instead of just two HEMs, to eliminate the effects
of additional parameters in the grain growth part of the model. Furthermore,
because of these extensions, a reparametrization of the model is done and it
is discussed which recrystallization experiments would be valuable in order to
further improve model predictions.

4.2 Method

4.2.1 Multi-scale approach
A multi-scale model is used to describe microstructural evolution under neutron
loading for a prescribed temperature profile (isothermal or non-isothermal).
The framework of the model was described elaborately in [12] and is further
extended here. A schematic representation of the model is shown in Figure 4.1.
The evolution of a set of (spherical) grains that is representative for the micro-
structure (hereafter referred to as representative grains), is predicted. For each
grain, the evolution of the defect concentrations (in the form of dislocations,
vacancies, self-interstitial atoms and their clusters) is predicted using Cluster
Dynamics [16, 17]. The lattice damage that accumulates induces a bulk stored
energy EB in the microstructure, which is strongly temperature dependent
and which may drive recrystallization. The nucleation of new, nearly defect-
free grains and grain growth are described using a mean-field recrystallization
model based on [18]. In this model, each representative grain interacts with
surrounding averaged media (homogeneous equivalent media, HEMs). The
amount of growth of grain k is determined by the differences in stored energy
∆EHEMk between each of the HEMs and the grain. As the grain boundaries
move, the encountered defects are swept, so that grain growth affects both the
defect concentrations and the grain radii. Two types of nucleation can occur in
the model: bulk and necklace nucleation. The amount of nucleation that oc-
curs at a certain time, depends on the nucleation activation barrier Eact (which
depends on the amount of stored energy in the microstructure) and on the nu-
cleation surface area Anuc or nucleation volume Vnuc, available for necklace
and bulk interaction, respectively. The grain boundary mobility m, which is
strongly temperature dependent, plays an important role in the rates of grain
growth and nucleation. The model is solved incrementally, in a staggered way,
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according to Figure 4.1.

Fig. 4.1. Schematic overview of the multi-scale model, showing the key mechanisms
(defect evolution, grain growth and nucleation) and their impact on the
microstructural evolution. Here, C is the defect concentration, ∆t = ti+1−
ti is the size of the ith time increment, ϕ1 is the grain boundary surface
fraction that is shared between HEM 1 and each representative grain k,
v5
k is the velocity of the grain boundary segment that is shared between
HEM 5 and grain k, rk is the radius of grain k, Ck is the concentration
of a defect in grain k, EB is the bulk stored energy density, Eact is the
activation energy for nucleation, Anuc is the nucleation surface area, Ṅ is
the nucleation rate, T is the temperature and Nk is the number of grains
that is represented by grain k.

4.2.2 Cluster dynamics
Neutron-induced displacement cascades result in the formation of many vacan-
cies (V ), self-interstitial atoms (I) and clusters of these (Vn, In, where n refers
to the amount of vacancies or self-interstitial atoms contained in a cluster).
Indirectly, the displacement cascades affect the dislocation density (ρ) as well:
by climb and by Bardeen-Herring sources [19]. The evolution of the concentra-
tions of the defect clusters is described by a set of coupled rate equations [17,
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16], that consist of production (G), reaction (J) and annihilation (L) terms:

d

dt

[
CIn

]
= GIn + JIn−1,n + JIn+1,n − [JIn,n−1 + JIn,n+1]− LInCIn , (4.1)

d

dt

[
CVn

]
= GVn + JVn−1,n + JVn+1,n − [JVn,n−1 + JVn,n+1]− LVnCVn , (4.2)

d

dt

[
ρ

]
= 2πvclSBH − ρτ−1

cl . (4.3)

Here, CIn , CVn and ρ are the concentrations of self-interstitial clusters In, va-
cancy clusters Vn and the density of dislocations, respectively, and L represents
the dislocation and grain boundary sinks for the mobile defects. JIn,n+1 repre-
sents the rate of the reactions In+I → In+1 and In → In+1 +V and analogous
for the other J . Large In-clusters can become part of the dislocation network
and the fraction of the growing clusters of size n that does that is denoted by
fn [20]. Dislocations can be generated by Bardeen-Herring sources and they
can be removed by dipole annihilation. vcl denotes the climb velocity, SBH
the density of Bardeen-Herring sources, and τcl the average dislocation lifetime
prior to dipole annihilation. In the model, I1 and V1 are considered mobile.
These are the defects that make absorption, emission and annihilation at sinks
possible. The detailed expressions are given in Table 5.5 in Appendix 5.A.

Note that the cluster dynamics model has a temperature-dependence and a
grain size dependence. The temperature dependence can affect the absorption
and emission rates (which depend on the diffusion of the mobile defects) and
the climb velocity of the dislocations. The grain boundary sink strength de-
pends on the grain size: in larger grains, the mobile defects have more difficulty
to reach the grain boundaries. However, depending on the temperature, the
smaller grains may be the fastest to accumulate damage, as the evolution of
the defect concentrations are all interconnected.

Damage production
The temperature-dependent power law for the defect generation rates during
displacement cascades was discussed before in [11, 12]. In this work, the ex-
pression is further refined to:

Gεn = (1− fD/fmax)ηAε
nSε

. (4.4)

Here, ε = I or V denotes the defect type, Gεn is the damage production
rate of defects of size n and type ε, Sε and Aε are temperature-dependent
parameters, with Aε = G0/

∑Nmax
n=1 n1−Sε For intermediate temperatures, the

parameter values are interpolated using the values of Table 5.2, which are
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based on MD-simulation results. Further, η is a parameter that denotes the
fraction of defects, out of those that have survived the MD-simulations, that
remain on longer time scales [12]. In this work, η = 1 is used, but similar
results (at different time scales) are expected if a value of η = 0.01 would be
used, based on limited simulations. Finally, the term (1 − fD/fmax) ensures
a decrease in defect production rate as damage accumulates in the material,
where fD denotes the atomic defect fraction, and fmax denotes the saturated
defect fraction level.

Tab. 4.1. Parameter values for the defect production rate G0 and power law expo-
nents SI and SV at different temperatures, from [11], based on MD-results
[21].

T (K) G0 (# defects/atom s) SI SV
300 4.3×10−8 2.20 1.63
1025 3.3×10−8 2.50 1.86
2050 3.1×10−8 2.17 2.42

Few studies are available regarding the defect saturation level in bcc metals.
In 1996, Gao and Bacon studied the effect of overlapping cascades on the mi-
crostructural evolution for bcc-Fe, using MD-simulations [22]. Recently, Sand
et al. [23] showed that the microstructural evolution due to overlapping cas-
cades strongly differs from metal to metal. For the bcc metals Fe and W,
subcascades easily form in Fe, while W displays compact cascades and cascade
overlap is not required to form large defects. Here, only an educated guess of
the defect saturation level can be made. To estimate this level, as a conse-
quence of displacement cascades, it is assumed that during the thermal spike
that accompanies the cascade, within the region where the melting tempera-
ture is exceeded, the pre-existing displacement defects are erased. Gao and
Bacon found that the radius of the molten zone Rmelt is related to the cascade
energy Ep by Rmelt ≈ 3a0E

1/3
p , based on MD-results [22]. Furthermore, using

the NRT-model [24], the amount of Frenkel pairs NF created during the same
cascade of energy Ep is approximately given by NF = 0.4EpEd , where Ed = 128
eV is the displacement threshold energy for tungsten [21]. Assuming a spher-
ically shaped thermal spike, this gives fmax ≈ NF /Nmelt = 0.01, where Nmelt
is the number of atoms in the region that exceeds the melting temperature
during the thermal spike. This is in the same range as the saturated defect
fraction of 0.004-0.008 that was recently reported in [25], based on fcc studies.
A lower bound for fmax = 0.004 is estimated based on the reported defect
densities for neutron-irradiated tungsten in the fast neutron reactor JOYO at
irradiation temperatures of 400-756 °C [26, 27]. In this work, the estimated
value of fmax = 0.01 will be used in the simulations.
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4.2.3 Mean-field recrystallization model
The original multi-scale model [12] consists of only two homogeneous equivalent
media (HEMs), following [18]. It is extended to comprise more than two HEMs,
which enables an improved description of the grain growth behaviour. The
microstructure consists of representative grains, which are considered spherical
with properties: radius r, a number of grains N that they represent, defect
concentrations C and dislocation density ρ. As illustrated in Figure 4.2, each
representative grain interacts with all the HEMs and each of those interactions
results in the movement of a grain boundary segment. Together, the motion of
the segments determines the amount of grain growth or shrinkage that occurs
for a representative grain. The representative grains are assigned to a specific

Fig. 4.2. A representative grain, surrounded by 6 HEMs. The grain boundary sur-
face fractions of the HEMs are denoted by ϕ.

HEM based on their bulk stored energy densities, where for a number of HEMs
NHEM , there are NHEM−1 energy limits; e.g. all grains for which 105 J/m3 ≤
EB < 106 J/m3 could be in HEM 2, all represenative grains for which 106

J/m3 ≤ EB < 2.5× 106 J/m3 in HEM 3, and so on.

Grain growth
Assuming that the grain boundary mobility m is constant throughout the mi-
crostructure, the amount of grain growth depends on the stored energy dif-
ference ∆E between two neighbouring grains. The stored energy density Ek
of a spherical representative grain k consists of a bulk contribution EBk and a
surface contribution ESk and is given by

Ek = EBk + ESk =
Nmax∑
n=1

[
CIn,kE

f
In

+ CVn,kE
f
Vn

]
+ µb2ρk/2− TSk + 3γb/2rk,

(4.5)

where CIn,k is the concentration of interstitial clusters of size n in grain k, EfIn
is the formation energy for cluster In, and likewise for the vacancy clusters, µ is
the shear modulus, b is the magnitude of the Burgers vector, ρk the dislocation
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network density in grain k, Sk is the configurational (mixing) entropy, γb the
grain boundary energy and rk the radius of grain k. The adopted parameter
values [17, 19, 13] can be found in Table 5.5.
In the mean-field model, grain growth is calculated based on the stored energy
difference between a grain and the HEMs, ∆E = EHEMq − Ek. Here, EHEMq

is the volume average of the stored energy density of all the grains that are
contained in HEM q:

EHEMq =
∑
k∈q r

3
kNkEk∑

∀k r
3
kNk

. (4.6)

The volume change of a grain k that occurs in a time step ∆t = ti+1 − ti is
then given by:

∆Vk =
NHEM∑
q=1

∆V qk =
NHEM∑
q=1

φq4πr2
kv
q
k∆t =

NHEM∑
q=1

ϕq4πr2
km(EHEMq − Ek)∆t,

(4.7)

where ∆V qk is the volume change of grain k due to its interaction with HEM q,
NHEM is the number of HEMs, ϕq is the fraction of the grain boundary surface
area of a grain that is shared with HEM q, vqk is the grain boundary velocity
between HEM q and grain k, m is the grain boundary mobility. The grain
boundary surface fraction that HEM q shares with any representative grain is

ϕq = Aq
Atot

=
∑
k∈q Nkr

2
k∑

∀kNkr
2
k

. (4.8)

The grain boundary mobility is taken to be [11, 28]:

m(T ) = Km
βδVm
b2RT

DGB
0 exp

(
−QGB

kBT

)
, (4.9)

where Km is characterized based on static recrystallization experiments on
tungsten ([13]), QGB is the activation energy for diffusion of tungsten along
grain boundaries, δ is the thickness of the grain boundaries, β=0.3 is a fraction
parameter [28], Vm is the molar volume, R is the gas constant and DGB

0 is
the self-diffusivity of tungsten along the grain boundaries. The parameters are
specified in Table 5.5 in Appendix 5.A.

In the model it is assumed that the moving grain boundaries sweep the de-
fects they encounter. Therefore, defect-free volume is added to growing grains,
which leads to a reduction in the average defect concentrations in the grain [18,
12]. The solution procedure for grain growth in this multi-HEM mean-field ap-
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proach is detailed in Appendix 4.B, where it is also explained how the grains
are assigned to the HEMs, how the total amount of representative grains is
bounded and how volume conservation is satisfied.

Nucleation
Nucleation of new, defect-free, grains, is in principle expected to take place
primarily at the grain boundaries for tungsten (necklace-type nucleation) [12,
13]. On top of that, under irradiation conditions, the displacement cascades
may lead to a high lattice stored energy at the grain interior, which may trigger
an additional nucleation mechanism: bulk nucleation. Both types of nucleation
are illustrated in Figure 4.1. During nucleation, a small defected volume is
replaced by a defect-free volume and new grain boundary surface area emerges.
The process is driven by the reduction in the Gibbs free energy ∆E, which is
given by

∆ES = 1
KS
a

[
− 4πr3

3 (EB − EB0 ) + 3πr2γb

]
, (4.10)

∆EB = 1
KB
a

[
− 4πr3

3 (EB,HD − EB0 ) + 4πr2γb

]
, (4.11)

for necklace and bulk nucleation respectively. Here, r is the radius of the
nucleus (new grain), EB =

∑NHEM
q=1 ϕqEq is the average bulk stored energy

density, EB0 is the bulk stored energy density for a grain with equilibrium de-
fect concentrations, EB,HD is the average bulk energy density for all the grains
with a (HD, high) bulk energy density that exceeds the nucleation threshold
(EBk > EB,thrnuc ) and KS

a and KB
a are parameters for reduced activation energy

during necklace and bulk nucleation respectively. A nucleation threshold ap-
plies, because nucleation is considered not to be possible at/in grains with a low
defect density. Therefore, these low-defect density grains should not contribute
to the average bulk stored energy, since this would lead to a higher nucleation
activation barrier otherwise.

The necklace and bulk nucleation rates ṄS and ṄB are given by:

ṄS = KS
NAnucexp

(
−ESact
kBT

)
exp
(
−QGB

kBT

)
, (4.12)

ṄB = KB
NVnucexp

(
−EBact
kBT

)
exp
(
−QGB

kBT

)
. (4.13)

The nucleation rates depend on the nucleation activation energies ESact and
EBact, the temperature T , the nucleation surface area Anuc, the nucleation vol-
ume Vnuc, the activation energy for the grain boundary mobility QGB and the
nucleation rate constants KS

N and KB
N . Necklace nucleation takes place at all
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grain boundary segments, except for the segments where both the represen-
tative grain and the HEM have bulk energies below the nucleation threshold
(EB,thrnuc ). This leads to the following expression for the nucleation surface area:

Anuc = 2π
∑
i

r2
iNi

[
1−

(∑
j:Ej<EB,thrnuc

Njr
2
j∑

j Njr
2
j

)2]
, (4.14)

In this expression, the summations hold over all representative grains in the
microstructure, unless specified otherwise. The nucleation volume Vnuc for
bulk nucleation consists of the volume of all the grains for which EB > EB,thrnuc .
Stable nuclei will form when ∂∆E

∂t < 0 and when vnucGB > 0 (i.e. the nucleus
is growing). Solving for these conditions gives the nucleation activation en-
ergies ESact and EBact and the nucleation radii rSnuc and rBnuc, as detailed in
Appendix 4.B.

HD daughter grains
Grains that form by bulk nucleation are called HD daughter grains (HD =
high defect density), and all the other grains are referred to as regular grains.
The HD-daughter grains only grow with respect to the representative grains
for which EB > EB,thrnuc . HD-daughter grains are converted to regular grains
as soon as their radius exceeds rHD/4, where rHD is the average radius of all
the grains for which EB > EB,thrnuc , or when the bulk energy density of the
HD-daughter grains exceeds EB,thrnuc (see [12]).

4.2.4 Hardening
The displacement defects in the lattice induce hardening of the material, as
they form obstacles for dislocation motion. A hardness indicator IH , based
on the Dispersed Barrier Hardening model, is used to qualitatively study the
evolution of the hardness under irradiation [2, 12]:

IH =
√
ρ+ 1

αT

√∑
j 2α2

jCjrj
√
ρ0

. (4.15)

Here, M is the Taylor factor, αT is the dislocation barrier strength, ρ0 is the
initial dislocation density, αn is the defect barrier strength of defect type n (see
Table 5.1) and rn is the radius of defect type n, see Equations 4.36 and 4.37 in
Appendix 4.A.1.

4.2.5 Parameter characterization
The parametersKm, KN andKa, that are related to the grain boundary mobil-
ity, the nucleation rate and the reduced nucleation activation energy, have been
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Tab. 4.2. Barrier strengths as used in the DBH-model, based on [2], for the cluster
sizes as listed. For clusters of smaller sizes, α = 0 is taken.

Barrier strength factor α Diameter (nm) Cluster size N
Interstitial loop 0.15 1.0-2.7 14-100
Void 0.25 1.0-1.4 33-100

identified by performing static recrystallization simulations using the mean-
field recrystallization model and the experimental results of Lopez et al. [13].
Reparameterization (with respect to [11]) is performed here because in the im-
proved model, the surface fractions are calculated differently. Only necklace
nucleation is assumed to take place here, based on experimental observations
of static recrystallization of tungsten [13]. The initial and final microstructural
parameters are listed in Table 4.3. The original microstructure consisted of 500
representative grains with normally distributed sizes and dislocation densities.
2 HEMs were used, with the bulk energy threshold for the second HEM taken as
106 J/m3 and with a nucleation energy density threshold of EB,thrnuc = 106 J/m3.
The obtained fit (for KS

a=5× 107, Km=1490 and KS
N = 2.5× 1017m−2s−1) is

Tab. 4.3. Initial and final microstructural properties, before and after static recrys-
tallization, based on [13].

Property Value Source

Initial microstructure
Initial average grain size r̄i 18.6 µm [13]
Standard deviation for r̄i 3.1 µm
Initial average dislocation density ρ̄i 3.2×1014 m−2 [13]
Standard deviation for ρ̄i 5.2×1013 m−2

Final microstructure
Final average grain size r̄f 54.1 µm [13]
(after 25 hr at T=1200 °C)
Final dislocation density ρf 1×109 m−2 [17]

shown in Figure 4.3a and is in adequate agreement with the experimental data.
Initially, the parameter identification was done for T=1200 °C; once a satis-
factory fit for this temperature was found, the temperature dependence was
also taken into the consideration. Parameters KS

a and Km and KS
N were deter-

mined such that full recrystallization would be obtained after 25 hours, with a
final grain size of 54.1 µm. It was found that given KS

a , a unique set of Km

and KS
N exists that fullfills these requirements, as illustrated in Appendix 4.C.

Figure 4.3b shows the temperature dependence of the time required to reach a
recrystallized volume fraction fRX=0.50, both for the experimental results and
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Fig. 4.3. (a) Simulation results for the evolution of the recrystallized volume fraction
fRX as a function of annealing time during static recrystallization, for
various temperatures, compared to experimental results obtained by Lopez
[13], from hardness measurements and EBSD, for warm-rolled samples that
were thickness-reduced with 90%. (b) Temperature-dependence of the half-
time for recrystallization, including a fit of the slope, for the experimental
results and for the simulations; (c) Influence of KS

a on the temperature-
dependence of the speed of recrystallization, slope a.

for the simulation results, expressed by the slope a = ∆log10(t1/2)/∆T of the
recrystallization time as a function of temperature. The slope was determined
for various choices of KS

a (with the corresponding Km and KN such that the
expected final grain size and expected recrystallization time is reached at 1200
°C). It was found that the slope a depends on the parameter KS

a , as shown in
Figure 4.3c. This dependence converges to a plateau and it is not possible to
choose KS

a such that the experimental slope is recovered. Below, the influence
of the choice of KS

a on the microstructural evolution under neutron irradiation
will be shown. For each of the choices for KS

a (with the corresponding Km and
KS
N ), the shape of the evolution of the recrystallized volume fraction fRX un-



118 4. Controlled irradiation hardening by cyclic recrystallization

der static recrystallization is the same (not shown). However, there is another
difference: a lower value for Ka is accompanied by a higher value of KS

N and
a nucleation rate that is initially higher and decreases afterwards, while a high
value for KS

a leads to lower nucleation barrier and a nearly constant nucleation
rate. The total amount of new grains over the course of the simulation is the
same for both cases. The final grain size distribution will be slightly broader in
the case of a high value for KS

a , because of the constant nucleation rate, that
leads to more heterogeneous sizes for the new grains.
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Fig. 4.4. (a) Evolution of the bulk stored energy density EB and of the (b) aver-
age grain size r̄ for different parameter sets during neutron iradiation at
T=1100 °C. The dashed line shows the threshold that separates the two
HEMs for the simulation with KS

a = 108.

Tab. 4.4. Two currently possible parameter sets identified from the experimental
data and the previous parameter set, that includes a reduced grain bound-
ary mobility for pinned grains, Km0 .

KS
a KS

N (m−2s−1) Km Km0 Previous/current
3×106 9.3× 1026 1335 - Current
5×107 2.5×1017 1490 - Current
1×108 3.16×1017 1.8×104 25 Previous

Parameter effects on the full model
Based on the results shown in Figure 4.3, there is too little information to deter-
mine for which value of KS

a the reality is best represented, other than that for
a higher value of KS

a , the temperature dependence is slightly better matched.
In Figure 4.4a and b it is shown how much the results for the full model for
neutron-induced recrystallization are affected by the set of recrystallization pa-
rameters. Simulations were performed using KS

a = 3× 106 and KS
a = 5× 107

(see Table 4.4) at T=1100 °C and are compared to the simulation results that
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were obtained with KS
a = 1 × 108 (see Table 4.4), using the previous method

for calculating the surface fractions and using only 2 HEMs. For the present
simulations 20 HEMs were used, with 50 representative grains in each HEM.
From Figure 4.4a and b it becomes clear that the recrystallization parameters
clearly affect the evolution of the mean grain size, whereas the bulk stored
energy evolves similarly for either of the two recrystallization parameter sets.
These results show thatin spite of the fact that the values for the nucleation pa-
rameters are uncertain, the multi-scale model is not very sensitive to the choice
of these parameters. To obtain more accurate recrystallization parameters, the
model could be parameterized better with experimental data that entail the
final grain size and halftime t1/2 of recrystallization for several temperatures.
Additional information about the evolution of the grain size distribution would
improve the parameterization as well.

The experimentally determined temperature-dependency of the recrystalliza-
tion half-time, captured with slope a, is uncertain for several reasons: (1) at
high annealing temperatures, when the recrystallization half-time is small, the
effect of the ramp time to heat the sample may be non-negligible; (2) for most
temperatures, the recrystallized fraction was only determined from hardness
measurements, whereas EBSD-data would be more reliable and (3) the infor-
mation on the initial and final grain size is not very precise. Nevertheless,
to capture the current experimental temperature-dependency of the recrys-
tallization half-times correctly, further extensions of the mean-field model for
recrystallization would be needed. For example, it may then be necessary to
include the effect of the grain shapes and/or grain orientations on the grain
boundary mobility.

In the remainder of this article, the parameter set with Ka=5×107 will be
used.

4.3 Results

4.3.1 Isothermal microstructural evolution
Figure 4.5 shows the microstructural evolution, as expressed by the bulk energy
density EB , the average grain size r̄, the hardness indicator IH and the volume
fraction of original grains during irradiation at temperatures of 800°C, 900°C
and 1000°C, considering necklace nucleation only. The simulation settings for
the representative grains and the HEMs can be found in Appendix 5.A. Note
that EB is defined as the summation of the energies of the HEMs, weighted
with their respective surface fractions, while for IH , the overall volume averaged
concentrations are used.
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Fig. 4.5. Temporal evolution of (a) the bulk stored energy density EB , (b) the hard-
ness indicator IH , (c) the average grain radius r̄ and (d) the nucleation
rate, during irradiation at temperatures 800 °C, 900 °C and 1000 °C. The
dashed lines in (a) indicate the energy limits of the HEMs.

For the adopted nucleation parameters, recrystallization takes place rapidly at
an irradiation temperature of 1000 °C (as visible from the dip in EB , which
is due to a rise in recovery rate that accompagnies the recrystallization pro-
cess [11]). The hardness indicator stays under the value of 10. For 900 °C,
recrystallization only sets in after more than 1000 hours of irradiation with a
maximum value for the hardness indicator of 25. For 800 °C, no recrystalliza-
tion takes place in the first 4000 hrs and the hardness indicator reaches 48 and
keeps increasing. Figure 4.5 reveals that cyclic recrystallization takes place for
the temperatures of 900 °C and 1000 °C, indicating that the average grain size
keeps increasing until it saturates (as a result of the balance between the nu-
cleation rate, the amount of damage by irradiation and the amount of recovery
by growth of the nucleated grains). A potential reduction of the high hardness
found at 800 °C, using heat treatments, is thereby suggested. Therefore, 800
°C is selected as the base temperature for simulations of non-isothermal heat
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treatments.

4.3.2 Non-isothermal microstructural evolution
In the next simulations, it will be explored how much recovery can be obtained
by heating repeatedly for a short amount of time. Figure 4.6a shows the typical
temperature profile that is applied every 500 hrs (or every 100 hrs) in the next
simulations. The material is heated in 10 min to the annealing temperature
of 1200 °C, at which it is kept for 1 hr and after which the material is cooled
back to 800 °C in 10 min. At first, only necklace nucleation is considered,
and thereafter, the combination of necklace and bulk nucleation is considered.
Figures 4.6 b-d show the microstructural evolution that occurs during the first
heat treatment cycle (annealing at 1200 °C) after 500 hrs of irradiation at
800°C: the nucleation rate rises (Figure 4.6b) because of the increased tempe-
rature, which affects the exponential terms in Equation 4.13. The increased
grain boundary mobility and the high amount of new nuclei lead to a fast,
complete recrystallization: the original representative grains shrink in size un-
til they vanish (Figure 4.6c) and the stored energy density of the nucleated
grains (Figure 4.6d) decreases, while they grow to become large grains. Upon
full recrystallization, the average stored energy density (pink line) drops and
the average grain radius increases, as shown in Figures 4.6c and d. Once the
average stored energy density decreases, the nucleation rate also drops. The
material is cooled down to 800 °C again, and up to 1000 hrs (when the next
cycle of extra heating starts) the mobility of the grain boundaries and point
defects again decreases, making recovery difficult, whereas the stored energy
due to lattice damage will accumulate again.

The effects of repeated heating, every 100 hrs and every 500 hrs, are shown
in Figure 4.7 and are compared to the isothermal irradiation situation. In
the isothermal situation, the hardness indicator reaches 48, see Figure 4.7c. By
heating every 500 hrs for 1 hr to 1200 °C, its value can be limited to a value be-
low 36 and by heating more frequently, every 100 hrs, it stays below 24. For the
500 hrs repetitive heat treatment, for the first cycle, full recrystallization takes
place, where EB drops by several orders of magnitude (Figure 4.7a). During
the second cycle, the amount of grain boundary area per volume is smaller, as
the average grain size is larger (Figure 4.7b). This leads to a lower nucleation
rate (Figure 4.7d) and full recrystallization is no longer achieved (EB does not
drop below 5× 107 J/m3 at 1000 hrs). Nevertheless, IH reduces considerably
and it does not seem to be critical to reach full recrystallization, as long as a
sufficient amount of recovery is achieved. If the annealing is applied every 100
hrs, full recrystallization is not achieved during the first cycle, as the driving
force for recrystallization is lower after 100 hrs of irradiation, which means that
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Fig. 4.6. (a) Typical temperature profile during the applied heat treatment; (b)-(d)
Microstructural evolution during heat treatment;(b) Nucleation rate (in
comparison to the nucleation rate in the isothermal simulation at 800 °C);
(c) Evolution of the grain radius and (d) evolution of the stored energy
density of the representative grains. The colors in (c-d), from blue to
red, indicate the order in which the new grains formed. Lines end when
grains are completely consumed by other grains, or when grains merge with
other representative grains, which occurs when the maximum amount of
representative grains in a HEM is exceeded, see Appendix 4.B.

the full recrystallization process completes less easily within 1 hr of annealing
at 1200 °C. The expected maximum increase of the hardness indicator for a
certain interval of time between cyclic heat treatments is related to its evo-
lution under isothermal conditions (Figure 4.7c): each new cycle following a
heat treatment entails a hardness indicator that increases to the same level at
the start of the first cycle. Yet, the peaks in IH can be slighly higher if the
recrystallization was incomplete during the previous cycle.

Temperature of annealing In Figure 4.8a, the influence of the annealing
temperature on the hardness indicator is shown, only considering necklace nu-
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Fig. 4.7. Temporal evolution of (a) the bulk stored energy density EB , (b) the hard-
ness indicator IH , (c) the average grain radius r̄ and (d) the nucleation
rate, during irradiation, for repeated heat treatments every 100 hr, every
500 hr, in comparison to the evolution under isothermal conditions. The
dashed lines in (a) indicate the energy limits of the HEMs.

cleation. An annealing temperature Th of 1000 °C during 1 hr after every 100
hrs does not result in full recrystallization, but IH is somewhat reduced: during
the first 1800 hrs, the maximum value is 41, compared to 48 for the isothermal
simulation at 800 °C. For higher annealing temperatures, of 1050 °C and 1100
°C, the maxima are 35 and 31, respectively (for the selected parameter set).
For 1200 °C and 1400 °C, the maximum is the same, 28. Also, for the an-
nealing temperature of 1000 °C, the maximum for the hardness indicator keeps
increasing, whereas for the higher temperatures, the maximum remains stable.
Figure 4.8b displays the evolution of the original volume fraction, which clearly
reveals the moment at which no original grains are left in the microstructure.
For an annealing temperature of 1400 °C and higher, full recrystallization takes
place during the first annealing cycle, while for 1200 °C, the original microstruc-
ture vanishes only in the 10th cycle. At 1100 °C or lower, even 18 cycles are
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Fig. 4.8. The effect of the annealing temperature Th on (a) the evolution of the
hardness indicator IH , during annealing every 100 hrs for 1 hr, and (b) the
evolution of the original volume fraction.

not sufficient for full recrystallization to take place.

Bulk nucleation effects So far, only necklace nucleation has been consid-
ered, as parameterization of the model was done assuming necklace nucleation
only. However, the average grain radius rises significantly after the first recrys-
tallization, and bulk nucleation could have a significant effect on the obtained
microstructure. Here, the effects for bulk nucleation with KB

N = 1024 m−3s−1

and for two values of KB
a , KB

a =105 and KB
a =106, are shown in Figure 4.9.

Bulk nucleation affects the average grain size significantly (Figure 4.9b), be-
cause of the higher nucleation rate, but the increase of the hardness indicator is
only marginally affected by the extra nucleation mechanism (Figure 4.9c). The
bulk nucleation rate mostly exceeds the necklace nucleation rate. As a general
rule, as long as (nearly) full recrystallization is achieved during the anneal-
ing period, it does not matter for the hardness indicator how much nucleation
takes place. This implies that the more bulk nucleation occurs, the lower the
annealing temperature can be, while still achieving full recrystallization.

4.4 Conclusions
The divertor of the nuclear fusion reactors ITER (and DEMO), with plasma-
facing parts made out of tungsten, will be heavily damaged during neutron
displacement cascades, which leads to strong irradiation hardening, accompa-
nied by a loss of ductility. At sufficiently high temperatures, neutron-induced
recrystallization is expected to take place, which (partially) removes the ir-
radiation hardening. At intermediately high temperatures, on the order of
800°C, recrystallization does not take place easily and interim annealing treat-
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Fig. 4.9. Temporal evolution of (a) the bulk stored energy density EB , (b) the hard-
ness indicator IH , (c) the average grain radius r̄ and (d) the bulk (dashed
line) and necklace (solid line) nucleation rate, during irradiation at 800
°C, with repeated annealing at 1200 °C every 500 hrs, for different bulk
nucleation parameters.

ments inducing recrystallization may be an interesting option for regions in the
monoblocks where this temperature is not exceeded.

In this work, it is explored whether the hardening of neutron-irradiated tung-
sten might be appreciably reduced by applying repeated cyclic heat treatments.
Use is made of a multi-scale model for the microstructural evolution combined
with a mean-field recrystallization model (with multiple homogeneous equiv-
alent media) and a cluster dynamics model for the neutron damage. Here, a
base temperature of 800 °C was used, and the annealing heat treatments were
applied every 100 hrs or every 500 hrs, during 1 hr at 1200 °C. The evolution of
the hardness was studied qualitatively, using a hardness indicator, which is a
function of the concentrations of irradiation defects. For the selected parameter
set, it was found that with these treatments, the hardness indicator reduced
significantly (here, from more than 48 to less than 24, by heating every 100
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hrs, or to 36, by heating every 500 hrs). Increasing the frequency of the cyclic
heating can further reduce the value of the hardness indicator.

The annealing temperature for the heat treatments was varied from 1000 °C to
1400 °C. It was found that the hardness indicator reduces significantly as long
as the annealing temperature is chosen sufficiently high to achieve at least par-
tial recrystallization (here, minimum 1050 °C, for heating every 100 hrs with a
base temperature of 800 °C).

Under cascade damage conditions, the stored energy may be high in the grain
interior, which possibly entails significant bulk nucleation, whereas for strain-
induced recrystallization, nucleation mostly takes place near the grain bound-
aries. The simulation results show that under these circumstances, a higher
total nucleation rate is expected during the heat treatments, leading to a faster
or more progressed (partial) recrystallization. As a result, a lower annealing
temperature might suffice in the case that bulk nucleation takes place.

A systematic parameter characterization of the model was carried out in this
study, based on experimental data from static recrystallization experiments.
The analysis shows the need for more experimental data, mostly to validate
and better capture the temperature-dependency of the microstructural evolu-
tion during recrystallization. Furthermore, experimental information is lack-
ing to make an optimal and unique choice for the parameters, which affects
the prediction of the grain size evolution. Such experiments should provide
temperature-dependent information on the initial and final (average) grain size,
initial defect density, as well as on the evolution of the recrystallized fraction.
More reliable information on the recrystallization behaviour may also lead to
the need to refine the mean-field recrystallization model.

The evolution of the hardness indicator that was found here shows that the
yield strength of tungsten may vary considerably when the reactor is in op-
eration. Recrystallization might be a way to limit the (maximum) hardness
and improve the ductility. Cyclic heat treatments are suggested as a possible
route to improve the lifetime of the tungsten monoblocks. In order to apply
such heat treatments, a change in the monoblock design might be needed, as
the temperature of tungsten close to the cooling tube is now too limited by the
maximum temperature of the cooling tube and the cooling fluid.

It was shown here that heat treatments could be a valuable too in reducing
irradiation-induced embrittlement. After this first step, in future it will be
important to consider other aspects of the microstructural evolution, notably
the effects of the plasma loads and the transmutations. The plasma particles
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that penetrate into the bulk of the material are expected to affect the recrys-
tallization kinetics and they will interact with the displacement-induced lattice
defects. The transmutations will form precipitates, which is expected to lead to
an increase in the hardness. The effects of heat treatments on the precipitates
requires investigation and optimization.

4.A Defect evolution details
The full set of cluster dynamics equations (that were summarized by Equa-
tion 4.1 and 4.2), which are adapted from [17] and [20], is given below. The
largest vacancy cluster size is NV and the largest interstitial cluster size is NI .

4.A.1 The full Cluster Dynamics equations

dCI
dt

= GI + 2α−2 CI2 +
NI∑
n=3

α−nCIn + β−3 CI3 + (k+
I2+V + k+

V1+I2)CI2CV

− 2α+
1 C

2
I − (α+

2 + β+
1 )CICI2 −

NI−1∑
n=3

α+
nCICIn

− k+
I+V (CICV − CeqI C

eq
V )−

NV∑
n=2

k+
Vn+ICICVn

− k−I1−V CI − (k+
D+I + k+

S+I)CI (4.16)
dCI2
dt

= GI2 + α+
1 C

2
I + k+

I3+V CI3CV + α−3 CI3 + β−3 CI3 + 2β−4 CI4

+
NI∑
n=5

β−n CIn + k−I−V CI − α
−
2 CI2 − (β+

1 + α+
2 )CI2CI − 2β+

2 C
2
I2

− k−I2−V CI2 −
NI−2∑
n=3

β+
n CI2CIn − (k+

I2+V + k+
V1+I2)CV CI2

−
NV∑
n=2

k+
Vn+I2CVnCI2 − (k+

D+I2 + k+
S+I2)CI2 (4.17)

dCIn
dt

= GIn + α−n+1CIn+1 + β−n+2CIn+2 + α+
n−1CICIn−1 + β+

n−2CI2CIn−2

+ k−In−1−V CIn−1 + k+
In+1+V CV CIn+1 − α+

nCICIn − α−nCIn
− β+

n CI2CIn − β−n CIn − k+
In+V CV CIn

− k−In−V CIn 3 ≤ n ≤ NI − 2 (4.18)
dCINI−1

dt
= GINI−1 + α−NICINI + α+

NI−2CICINI−2 + β+
NI−3CI2CINI−3
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+ k−INI−2−V CINI−2 + k+
INI+V CV CINI − β

−
NI−1CINI−1

− α+
NI−1CICINI−1 − α−NI−1CINI−1 − k+

INI−1+V CV CINI−1

− k−INI−1−V CINI−1 (4.19)
dCINI
dt

= GINI + α+
NI−1CICINI−1 + β+

NI−2CI2CINI−2 + k−INI−1−V CINI−1

− α−NICINI − β
−
NI
CINI − k

+
INI+V CV CINI (4.20)

dCV
dt

= GV + 2γ−2 CV2 + k+
V2+ICV2CI + k+

V3+I2CV3CI2 +
NV∑
n=3

γ−n CVn

+
NI−1∑
n=1

k−In−V CIn − k
+
I+V (CICV − CeqI C

eq
V )− 2γ+

1 C
2
V

−
NV −1∑
n=2

γ+
n CV CVn − (k+

V1+I2 + k+
I2+V )CI2CV −

NI∑
n=3

k+
In+V CV CIn

− (k+
D+V + k+

S+I)CV (4.21)
dCVn
dt

= GVn + k+
Vn+1+ICICVn+1 + γ−n+1CVn+1 + k+

Vn+2+I2CI2CVn+2

+ γ+
n−1CV CVn−1 − k+

Vn+ICICVn − γ
−
n CVn − γ+

n CV CVn

− k+
Vn+I2CVnCI2 2 ≤ n ≤ NV − 2 (4.22)

dCVNV −1

dt
= GNNV −1 + k+

VNV +ICICVNV + γ−NV CVNV + γ+
NV −2CV CVNV −2

− k+
VNV −1+1CICVNV −1 − γ−NV −1CVNV −1 − γ+

NV −1CV CVNV −1

− k+
VNV −1+I2CVNV −1CI2 (4.23)

dCVNV
dt

= GNNV + γ+
NV −1CV CVNV −1 − k+

VNV +ICICVNV − γ
−
NV
CVNV

− k+
VNV +I2CVNV CI2 , (4.24)

The formulas for computation of each rate coefficient can be found in Table
5.3, and the calculation of several parameters in this table is specified hereafter.
The parameter values that have been used can be found in Table 5.5. The
expressions related to the evolution of the dislocation density are detailed in
section 4.A.2.
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Tab. 4.5. Rate coefficients. The superscript ‘+ ‘ denotes absorption of a point defect
and the subscript ‘-’ denotes emission.

Dislocation loop In
Absorption rate Emission rate

α+
n = 2πrInZIInDI α−n = 2πrIn−1Z

I
In−1

DI exp (−EbIn−I/kBT )/Vat Interstitial
k+
In+V = 2πrInZVInDV k−In−1−V = 2πrIn−1Z

V
In−1

DV exp (−EbIn−V /kBT )/Vat Vacancy
k+
I+V = 4πrIV (DI +DV ) − VI-recombination

Vacancy cluster Vn
Absorption rate Emission rate

k+
Vn+I = 4πrVnDI − Interstitial
γ+
n = 4πrVnDV γ−n = 4πrVn−1DV exp

(
− EbVn−V /kBT

)
/Vat Vacancy

Tab. 4.6. Rate coefficients related to the strengths of the sinks (grain boundaries
and dislocations).

Dislocation sink ρD
k+
D+I = ρZIDDI Interstitial

k+
D+V = ρZVDDV Vacancy

Grain boundary sink
k+
S+I = 3SskI DI/rgrain Interstitial

k+
S+V = 3SskV DV /rgrain Vacancy

The sink strength sums of Table 5.4 are given by:(
SskI

)2
= 1
DI

[NI−1∑
n=1

α+
nCIn +

NV∑
n=1

k+
Vn+ICVn

]
+ ρZID, (4.25)

(
SskV

)2
= 1
DV

[NV −1∑
n=1

γ+
n CVn +

NI∑
n=1

k+
In+V CIn

]
+ ρZVD . (4.26)

The binding energies, that are used in the expressions for the emission rates
are calculated using the capillarity approximation, using [17]:

EfIn = EfIn−1
+ EfI − E

b
In−I (by definition), (4.27)

EbIn−I = EfI +
EbI2 − E

f
I

22/3 − 1
[
n2/3 − (n− 1)2/3], (4.28)

EbIn−V = EfV +
EfI − EbI2
22/3 − 1

[
n2/3 − (n− 1)2/3], (4.29)

EbVn−V = EfV +
EbV2
− EfV

22/3 − 1
[
n2/3 − (n− 1)2/3]. (4.30)
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The diffusion coefficients of the isolated point defects I and V are given by:

DI =DI0exp(−EmI /kBT ), (4.31)
DV =DV0exp(−EmV /kBT ). (4.32)

The dislocation bias factors, used in the dislocation network sink rate and
the absorption rates for vacancies and self-interstitial atoms by self-interstitial
defect clusters are:

ZIIn =ZIDmax
[ 2π
ln(8rIn/rp)

, 1
]
, (4.33)

ZVIn =ZVDmax
[ 2π
ln(8rIn/rp)

, 1
]
, (4.34)

(4.35)

where rp = 2b is assumed, following [17]. The capture radii rIn and rVn , for
interstitial and vacancy clusters of size n are given by:

rIn =
√
nVat
πb

, (4.36)

rVn =(3nVat/4π)1/3 +
√

3a0/4. (4.37)

4.A.2 Dislocation evolution details
In the evolution of the dislocation density (Equation 4.3) [19], the climb velocity
of the dislocations is given by:

vcl = 2π
b lnR/rc

[
ZIDDICI − ZVDDV (CV − CDV )

]
, (4.38)

where, CDV is the equilibrium concentration of vacancies near a dislocation,

CDV = CeqV exp
(
σVat
kBT

)
[29], where CeqV is the equilibrium vacancy concentra-

tion in the bulk, Vat is the atomic volume, σ is the internal stress due to pinned
dislocations, σ = Aµb

√
ρp, where ρp = 0.1ρ is the pinned dislocation density

and A=0.4. R/rc = 2π is taken, where R and rc are the outer radius and core
radius of the dislocations.

Furthermore, SBH , the Bardeen-Herring source density is given by SBH =(
ρp/3

)1.5 and dcl =
(
πρ
)−1/2 is the distance that dislocations can travel before

they annihilate [19].
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Tab. 4.7. Parameter values.

Parameter Unit Value Description Reference
a0 nm 0.31652 Lattice parameter [30]
αT - 0.15 Taylor barrier strength [31]
γb J/m2 0.869 GB-surface energy [13]
δ nm 1 grain boundary thickness [32]
DGB

0 m2/s 0.27×10−4 Self-diffusivity Estimated,
along grain boundaries using [33]

DI0 m2/s 8.77×10−8 SIA-diffusivity [34]
DV0 m2/s 177×10−8 Vacancy diffusivity [34]
EfI eV 9.466 Formation energy SIA [17]
EfV eV 3.80 Formation energy vacancy [17]
EbI2 eV 2.12 Binding energy SIA-SIA [17]
EbV2

eV 0.6559 Binding energy V-V [17]
EmI eV 0.013 SIA migration energy [34]
EmV eV 1.66 Vacancy migration energy [34]
KA
a - 5×107 Nucleation activation energy reduction -

Km - 1490 grain boundary mobility parameter -
KN #/m2s 2.5×1017 Nucleation rate constant -
M - 3.06 Taylor factor [35]
µ Pa 161×109 Shear modulus [33]
QGB J/mol 4×105 Activation energy for GB mobility [33]
rIV Å 4.65 Recombination radius [17]
Vm m3/mol 9.55×10−6 Molar volume -
ZID - 1.2 SIA-dislocation bias [17]
ZVD - 1 V-dislocation bias [17]

4.A.3 Model parameters
Simulation settings
The simulations were performed using 17 different HEMs, with the following 16
limits for the bulk stored energy density that cover a range from 1×102 J/m3 to
2.5× 108 J/m3 (namely: 1×102; 1×103; 3×103; 6×103; 1×104; 5×104; 1×105;
2.5×105; 5×105; 1×106; 2.5×106; 4×106; 1×107; 3×107; 1×108; 2.5×108). The
number of representative grains at the start of a simulation was taken to be
16. Besides those representative grains, each HEM was allowed to have up to
20 representative grains that were nucleated in the course of the simulation,
so in total the maximum number of representative grains amounted up to 370,
sufficient to allow for a distribution of grain sizes within each HEM. In some
simulations, the maximum number of representative grains per HEM was taken
to be 8 (for bulk nucleation, with KB

a = 105 and KB
a = 106, and for necklace

nucleation with extra heating every 100 hrs) or 12 (for necklace nucleation with
annealing every 500 hrs). In all simulations, the nucleation threshold was taken
to be EB,thrnuc = 106 J/m3. In the cluster dynamics model, NI = NV = 100 is
used for all simulations. The simulations that were performed in section 4.2.5
were performed with 20 different HEMs, using 3 extra HEM limits (namely:
1.3×106, 1.6×106 and 2.0×106).
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4.B Solution procedure
The solution procedure is based on [12], but with several modifications to ac-
count for non-isothermal loading and for multiple HEMs.

1. Time step. The size of the time step ∆t = ti+1− ti is calculated, where
the constraints of Table 4.8 are taken into account.

2. Defect evolution. The evolution of the defect concentrations for each
grain is calculated using cluster dynamics.

3. Redistribution. Based on EB , the representative grains are assigned to
the HEMs. If the maximum amount of representative grains in a HEM is
exceeded, then the two representative grains in this HEM that are most
alike (based on their bulk and surface properties EB and ES) are merged
to form one representative grain.

4. Nucleation. For necklace nucleation, ṄA, rAnuc, EAact and Anuc are cal-
culated. The volume for the newly nucleated grains is delivered by all the
HEMs, according to the surface fractions. Within a HEM, the nucleated
volume is provided by the representative grains according to their volume
fraction. In the simulations where bulk nucleation is taken into account,
ṄB , rBnuc, EBact and Vnuc are calculated. Also for bulk nucleation, all re-
presentative grains that contribute to the nucleation volume, deliver the
volume for the new nuclei according to their volume fractions. The nuclei
that are formed are placed in the lowest energy HEM. A HD-daughter
grain can only merge with other HD-daughter grains.

5. Time step check. If more grains nucleated in the previous time incre-
ment than were already present (counting nucleated grains only), then
the calculations for this time increment are repeated, using a reduced
time step size ∆t.

6. Grain growth. All regular grains obtain new grain radii and new con-
centrations. If grains vanish, then subincrements are used to avoid neg-
ative radii.

7. Time step check. If the overall stored energy density of the microstruc-
ture decreased too much in a single time increment (more than 5%), then
the calculations are repeated with a smaller time step size ∆t.

Volume conservation during grain growth
In general, the volume change of a grain k during grain growth is calculated
using Equation 4.7. An exception is made for grains that shrink with respect
to their own HEM. If a grain k in HEM q shrinks with respect to HEM q,
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then the appropriate term in the summation of Equation 4.7 is replaced by the
following:

∆V qk = −4πm∆tr2
kϕ

q∆Eqk

∑
k∈q:∆V q

k
>0 ∆V qkNk∑

k∈q:∆V q
k
<0 ∆V qkNk

, (4.39)

to conserve the volume, after [18].

Tab. 4.8. Time step limitations.

Mechanism Rule
General The size of the time step can increase no more than 5% with respect to

the step size during the previous time increment (or, when the step size
is smaller than 10 s, an increase of up to 50% is allowed).

Grain
growth

No grain is allowed to growth or shrink more than 10% with respect
to a HEM (unless the grain is smaller than 0.1% of the average grain
volume). This is estimated based on the relative volume changes during
the previous time increment.

Nucleation The amount of nucleated grains Nnew during a time step may not exceed
the total amount of newly formed grains Nnew,tot that already exist in
the microstructure. If this number is exceeded, then all events during
the time increment are recalculated, using an adjusted time step size
dt→ dt×Nnew,tot/Nnew.

Temperature During a single time increment, the temperature may increase no more
than 30 K. Also, the starts and ends of the dwell times should coincide
with the start/end of a time increment. Since the temperature is pre-
scribed, these adjustments can be made at the beginning of the time
increment.

Recovery The total energy density E =
∑nHEMs
n=1 γnEHEM,n should not decrease

more than 5% during a single time increment:
if (Ei+1 − Ei)/Ei > −0.05,
then dt→ dt/(|Ei+1 − Ei|/0.05Ei),
where E(i) is the total energy density during the previous time incre-
ment; and E(i + 1) the total energy density during the first try for the
current time increment.

Gibbs free energy change during nucleation
To determine the nucleation radii and activation energies for necklace nucle-
ation and bulk nucleation, the following expressions are used:

∂∆E
∂t

= ∂∆E
∂EB

dEB

dt
+ ∂∆E

∂r

dr

dt
= (4.40)

= 1
KA
a

[
− 4π

3 r3 dE
B

dt
− 4πr2m(EB − EB0 )(E − EB0 ) (4.41)

+ 6πrmγb(EB + E − 2EB0 )− 9πmγ2
b

]
< 0, (4.42)
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for necklace nucleation, and

∂∆E
∂t

= ∂∆E
∂EB,HD

dEB,HD

dt
+ ∂∆E

∂r

dr

dt
=

= 1
KB
a

[
− 4π

3 r3 dE
B,HD

dt
− 4πr2m(EB,HD − EB0 )(EHD − EB0 )

+ 6πrmγb(EB,HD + 4
3E

HD − 7
3E

B
0 )− 12πmγ2

b

]
< 0, (4.43)

for bulk nucleation. Here, EB,HD and EHD are the (volume) average stored
energy densities of the representative grains for which EB exceeds the nucle-
ation threshold energy density. As detailed in [12], the derivatives are deter-
mined numerically. The nucleated grain size is taken to be rnuc = 1.01r0,
where r0 denotes the largest solution to the above equations. The nucleation
activation energy follows from Eact = ∆E(r∗), where r∗ is the solution to the
static case, d∆E/dr = 0.

4.C SRX parameter characterization
Figure 4.10 shows the dependence of the final average grain size and the time
to complete recrystallization on the parameters KN and Km for a given Ka, for
static recrystallization, using the microstructure parameters, process conditions
and simulation settings as mentioned in section 4.2.5.
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Fig. 4.10. Final grain size r̄f after static recrystallization and time of full recrys-
tallization tRX for Ka=3×106 and for various values of Km and KN , in
comparison to the experimental result of [13].
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Abstract
The lifetime of the divertor in tokamak nuclear fusion reactors is uncertain, due
to the severe heat, ion and neutron loads that are imposed on the plasma-facing
monoblocks, which are made of tungsten. In this work, the microstructural
evolution throughout the monoblock is modelled, using a multi-scale model that
spans from displacement damage evolution to macroscopic material properties
and temperature profiles. The evolution of the hardness and the thermal con-
ductivity as a function of monoblock depth are studied, under a combination of
heat and neutron loading, based on the concentrations of the radiation-induced
defects. An increase of the temperature gradient over the monoblock is pre-
dicted, which entails serious consequences for the magnitude of the thermal
stresses and the accompanying surface temperature. For the selected parameter
set, the high surface temperature leads to recrystallization of a small layer of
material near the surface, locally reducing the amount of irradiation hardening.
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Interim heat treatments of 1 hour are simulated, which evoke recrystallization
in the monoblock and which either reset the accumulated irradiation hardening,
or keep it low, throughout the monoblock, thereby increasing the ductility again,
and proving that such treatments could be a valuable tool on the way to prolon-
gation of the lifetime of these monoblocks.

5.1 Introduction
Currently, mankind is facing a transition from electricity generation from non-
renewable fuels to more sustainable sources. Electricity generation powered
by nuclear fusion would largely help solve the energy problem in society. A
critical component in a Tokamak fusion reactor is the divertor, which receives
the highest heat load (∼ 10 MW/m2 for ITER in steady state [1] and perhaps
similar for DEMO [2]) of all plasma-facing materials. On top of that, there is
also a significant neutron load (∼ 4× 10−8 displaced atoms/s [3], based on [4,
5]), as well as continuous ion irradiation. For economical reasons, the divertor
should stay functional, and mechanically intact, for at least 2 full power years
until replacement in the case of DEMO [6].

The plasma-facing part of the ITER divertor consists of 2×105 monoblocks,
which are made of tungsten. The tungsten surrounds a cooling tube, consist-
ing of a Cu-interlayer and a CuCrZr-tube, which contains the cooling water.
The tungsten acts as an armour for the cooling tube, protecting it from the
severe plasma irradiation. The required thickness of the tungsten monoblocks
is based on the expected erosion rate that occurs during ion sputtering. The
high heat flux through the monoblock leads to a strong temperature gradi-
ent over the monoblock. This induces thermal stresses that cause severe me-
chanical loading of the monoblocks. Moreover, during operation, the macro-
scopic thermo-mechanical material properties of the tungsten will change due
to irradiation-induced damage within the microstructure.

For the prediction of the evolution of the material properties throughout the
tungsten block, the combined effect of the heat and neutron load is important,
whereas the ion irradiation mainly affects the surface. The neutron irradiation
generates atomic displacement cascades (leading to the formation of lattice de-
fects) and induces transmutations [7]. The displacement damage affects the
mechanical material properties, through irradiation hardening [8], embrittle-
ment (which accompanies the hardening) and by elevating of the ductile-to
brittle transition temperature (DBTT [9]). Moreover, the neutron irradiation
will lead to swelling [10] and creep. This evolution of the material’s structure
and properties under neutron irradiation depends strongly on the irradiation
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temperature.

The effect of neutron displacement damage (such as vacancies, self-interstitial
atoms and dislocations) on the thermal material properties of tungsten is often
assumed to be negligible [11, 12]. However, there are convincing indications
that the displacement defects lead to a significant decrease in the thermal con-
ductivity: (1) severe cold working of tungsten (wire drawing) was shown to
lead to an increase of the electrical resistivity [13] of 50%, and (2) several
recent measurements on the thermal diffusivity and thermal conductivity of
irradiated tungsten [14, 15]. Thermal diffusivity measurements by Habainy et
al. [14] indicate that the displacement damage significantly affects the thermal
conductivity. Habainy et al. measured the thermal diffusivity change of tung-
sten as a consequence of proton irradiation in combination with fast neutron
irradiation to 3.8 dpa (leading to 2 wt.% Re). To distinguish the contributions
of the transmutations and the displacements, they performed measurements
before and after annealing the sample for 1 hr to 1000 °C, and found 28-51%
recovery of the thermal conductivity by annealing. Furthermore, Cui et al.
[15] measured a 20% reduction of the thermal conductivity at the tungsten
surface following 0.2 dpa of ion-irradiation of tungsten at 1000 K, which can
be attributed purely to displacement defects.

A continuous decrease of the thermal conductivity during neutron load leads
to an increasing temperature at the surface of the monoblock. This also means
that an increasing part of the monoblock material will approach or exceed the
recrystallization temperature, and that due to the increased temperature gra-
dient inside the monoblock, the thermal stresses increased.

The combination of high temperatures and displacement damage makes re-
crystallization and grain growth likely to occur. Usually, for metals, recrys-
tallization leads to an increase in ductility and a decrease in strength [16].
Sometimes, recrystallization of tungsten is presumed to cause embrittlement
[17], which should be avoided. In any case, it may proof difficult to avoid the
occurrence of recrystallization in the monoblocks, as the increasing material
damage leads to an increase of the DBTT and also to a decrease of the recrys-
tallization temperature, so the operation temperature window in which it can
be avoided continuously shrinks.

However, several studies contradict the embrittlement hypothesis and indicate
an increase of the ductility of tungsten after recystallization. In [11] and [18],
a remarkable increase of the total elongation is reported after recrystallization,
over the entire temperature ranges measured (500 °C - 1800 °C and 500 °C -
2500 °C, respectively). Also in [19, 20], a significantly increased total elonga-
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tion was reported. In a recent review paper by Marian et al. [21], it is stated
that the brittle behaviour of sintered tungsten under irradiation is most likely
not an intrinsic property of tungsten, but rather an artefact that comes from
grain boundary weakening caused by the processing method.

If this embrittlement can be avoided, recrystallization can actually be bene-
ficial in a divertor monoblock, as it erases some of the detrimental effects of
neutron irradiation.

To study the combined processes of neutron irradiation and recrystallization
and grain growth, model simulations are necessary, because currently no ex-
perimental facility exists where the irradiation effects of 14 MeV neutrons on
the material’s structure can be mimicked [22]: fission neutrons have a dif-
ferent energy spectrum and therefore create too many transmutations, while
(self-)ions affect only a volume of ∼300 nm thick, which is too small to test the
thermo-mechanical bulk material properties. Moreover, surface effects play a
dominant role in this region. Simulations were performed in [3] to study the
combined effect of heat and neutrons, using a multi-scale model that consists of
a cluster dynamics model for the neutron displacement damage in the grains,
coupled to a mean-field recrystallization model which describes the evolution
of recrystallization and grain growth. Cyclic neutron-induced recrystalliza-
tion was predicted to occur for irradiation temperatures of 1000 °C - 1300 °C
[23]. Clear indications were found that the cyclic recrystallization limits the
irradiation hardening considerably. The results in [3] also showed the strong
temperature dependence of the competition between the occuring damage and
recovery mechanisms. The modelling framework was used to explore the effects
of intermittent heat treatments in the temperature range of 800 °C - 1000 °C,
as a means to systematically reduce the severe irradiation hardening [24].

In this paper, the microstructural evolution over the entire thickness of the mo-
noblock as a consequence of neutron displacement damage and heat is studied
using an extended multi-scale model which includes thermal coupling, yielding
a spatial distribution for the microstructural properties. The temporal and
spatial variations of two charateristic thermo-mechanical material properties,
i.e. hardness (which is used as a predictor for the ductility) and thermal con-
ductivity, are studied. Due to the thermal coupling, the change of the thermal
conductivity directly affects the (strongly temperature dependent) microstruc-
tural evolution. An investigation of the effects of possible lifetime-improving
heat treatments on the entire monoblock is performed, taking benefit of the
rejuvenating effect of recrystallization.
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5.2 Modelling framework

5.2.1 Problem statement
The microstructural evolution along the center line of a divertor monoblock
is studied, by simulating the heat and neutron effects in a volume of bulk
tungsten of 8 mm in thickness. The material receives a heat flux of qin =10
MW/m2 at the top surface, and is cooled at the bottom. From [25], it is clear
that the steady-state temperature distribution over the monoblock is reached in
less than 10 s after heating is started. Since in this work, the microstructural
evolution will take place on much longer time scales, it is assumed that the
steady-state temperature distribution is obtained instantaneously and that the
heat influx qin equals the heat outflux qout at all times. The temperature at the
bottom of the tungsten is taken to be 380°C, based on the simulation results
in [25] with a similar heat load. On top of the heat load, the entire monoblock
receives neutron irradiation, which leads to 3-4×10−8 displaced atoms/s in the
tungsten, depending on the temperature, see section 5.2.3.

5.2.2 Multi-scale model
The microstructural evolution in the monoblock as a consequence of the heat
and neutron loads is described with a multi-scale model, which is schemati-
cally depicted in Figure 5.1. The heat load at the surface in combination with
the cooling creates a temperature gradient over the tungsten block, leading to
a different temperature at different depths along the center line of the block.
Neutron irradiation leads to damage accumulation in the individual grains.
Depending on the temperature, rejuvenation takes place locally, in the form
of: clustering of defects [26], defect annihilation [26] at sinks or annihilation of
vacancies with self-interstitial atoms, defect sweeping during grain growth [27]
and nucleation of new grains [27].

At the macroscopic level, the spatial temperature distribution T (x) is mod-
elled using the local thermal conductivities kth(x). The local temperature
determines the rate of the various microstructural recovery processes.

At the mesoscopic level, the local changes in grain size rg,k and defect con-
centrations Ck and dislocation densities ρk for a set of k representative grains
in each material point l at the macroscopic level is modelled, using a mean-field
recrystallization model [27, 24]. These changes are the consequence of grain
growth and nucleation.

At the microscopic level, the production and evolution of the defect concen-
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Fig. 5.1. Schematic representation of the multi-scale model for the thermally cou-
pled microstructural evolution under combined heat and neutron loads.
Here, qin = qout denotes the heat flux (W/m2) that is conducted through
the material. Each material point has a different temperature, inducing a
thermal gradient at sufficiently high temperatures. Interactions between
the grains can lead to nucleation of new grains and grain growth. Mean-
while, neutron damage is induced in the individual grains with evolving
damage concentrations.



5.2. Modelling framework 145

trations in all of the representative grains of each material point, is modelled
using cluster dynamics. These defects occur as a consequence of atomic dis-
placements that are induced by bombardments of the atoms with fast neutrons.
these defects interact with each other, leading to clustering or annihilation.

Coupling
The following types of displacement defect concentrations are considered at the
microscopic level: vacancies CV , vacancy clusters of size n, CVn , self-interstitial
atoms CI , self-interstitial atom clusters of size n, CIn and the dislocation net-
work density ρ. These defects represent a particular contribution to the stored
energy in the crystal lattice, which drives nucleation and grain growth at the
mesoscopic level [3], which in turn affects the defect concentrations. Also, the
defect concentrations determine the local thermal conductivity kth, which will
affect the macroscopic temperature distribution.

Below, the three parts of this multi-scale model are presented. For each part,
the physical mechanisms of the model are set out. The cluster dynamics model
and the recrystallization model have been extensively described in [3, 23, 24]
and are therefore only discussed briefly. Computational details can be found
in Appendices 5.A and 5.B.

5.2.3 Neutron-induced lattice damage
The production and evolution of neutron-induced defects in single grains is
modelled using cluster dynamics [26, 23]. An overview of the processes that
are accounted for in the model, is shown in Figure 5.2. The production orig-
inating from displacement cascades caused by neutrons [28] and evolution of
the defect concentrations in the grains over time are predicted, using a set
of coupled differential equations, see Appendix 5.A for details. The evolution
of the dislocation density and of the concentrations of vacancies (V) and self-
interstitial atoms (SIAs) and their clusters is modelled, where SIA-clusters are
assumed to be planar defects and V-clusters are assumed to be spherical [26].
The single vacancies (V1) and single SIAs (I1) are the only defects that are
considered to be mobile.

The following processes are incorporated in the model, see Figure 5.2:

• the production of the defects (1), which is temperature dependent [5].
• Following their production, the defect clusters can change in size, during
absorption and emission of mobile defects (2).

• The mobile defects can also be absorbed by grain boundaries (3) (which
introduces a grain size dependence),
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Fig. 5.2. Overview of the cluster dynamics model, showing which defect concentra-
tions inside a grain are produced by neutron irradiation and how they are
evolving, along with the physical processes driving the evolution.
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• annihilate with their opposite defect (together V1 and I1 are a Frenkel
pair)(4),

• or be absorbed by dislocations (5).

The rates of these processes are temperature dependent, because the diffusivity
of the mobile defects is temperature dependent as well as the attempt frequency
for a mobile defect to be emitted from its cluster. Meanwhile, the dislocation
density evolves by dipole annihilation (by climb) (a) and by pinned dislocation
segments that form Bardeen-Herring sources (b), which operate by climb. The
climb velocity is temperature dependent and also depends on the concentrations
of the mobile defects.

5.2.4 Mean-field recrystallization model
The high temperatures and high concentrations of irradiation defects drive
the evolution of the microstructure through recrystallization and grain growth.
These processes are modelled using a mean-field recrystallization model [27].
The microstructure in a material point is described with a set of k represen-
tative grains, which interact with a number of homogeneous equivalent media
(HEMs) [24]. The representative grains are spherical in shape with properties:
rg,k (grain radius), Ck and ρk (defect concentrations and dislocation density)
and Nk (the number of grains they represent in the microstructure). Note that
the non-topological nature of the model makes it computationally feasible to
use it within the multi-scale model.

The microstructure contains stored energy due to lattice defects in the bulk
of the grains (EB) and at the grain boundaries (ES). The difference between
the stored energy of a grain and that of the HEMs determines the velocity of
the shared grain boundary segments.

The stored energy in the microstructure also determines the nucleation ac-
tivation energy and the radius of a stable nucleus. It is assumed that new
grain nuclei form at grain boundaries, as observed for static recrystallization
by [29]. Nucleation in the bulk of the grains has been studied in [23]. The model
contains parameters for the grain boundary mobility, the nucleation rate and
the nucleation activation energy, which have been characterized using static
recrystallization experiments on tungsten [24].

During nucleation, a defect-free lattice volume is formed consuming a defected
lattice [16]. Furthermore, during grain growth, the grain boundaries move
and sweep the defects on their path, leaving behind near-perfect crystals. A
schematic illustration of these processes is given in Figure 5.1. Thereby, nucle-
ation and grain growth lead to a reduction in the stored energy in the lattice.
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Details can be found in Appendix 5.B and a more elaborate discussion of the
model can be found in [24].

5.2.5 Thermal problem
In steady state, the spatial temperature distribution along the depth of a tung-
sten monoblock is described by a one-dimensional model:

∂

∂x

(
kth(x)∂T

∂x

)
= 0, (5.1)

with boundary conditions:

kth(x0)∂T (x0, t)
∂x

= −qin, (5.2)

T (xL, t) = TL. (5.3)

Here, x is the distance to the surface of the monoblock, kth is the thermal
conductivity, qin=10 MW/m2 is the heat flux that enters the divertor’s surface
at x = x0, xL is the position of the interface of tungsten with the cooling tube
at the center line of the monoblock and TL is the temperature at this location.
Equation 5.1 is discretized in space and is solved using a finite difference scheme.
This gives:

T (xj+1) = T (xj) + qin
kth(xj)

(xj+1 − xj). (5.4)

Here, xj is the position of node j, T (xj) is the temperature at position xj and
kth(xj) is the thermal conductivity at xj .

5.2.5.1 Thermal conductivity

The thermal conductivity for metals is closely related to their electrical resis-
tivity. For pure metals, the electrical resistivity is given by [30]:

ρel(T ) = ρel0 + ρeli (T ). (5.5)

Here, ρel is the electrical resistivity in Ωm, ρel0 is the residual resistivity and ρeli
is the intrinsic resistivity. The first term is temperature-independent, and is
caused by electron scattering with chemical impurities and physical imperfec-
tions in the material (defects), while the second term is due to electron-phonon
scattering, which is a temperature-dependent process.

Expressions for the thermal conductivity kth (in W/mK) depend on the resid-
ual resistivity were developed by NIST (which in their case is a function of
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impurity content) [31]:

kth =
(
W0 +Wi +Wi0

)−1
, (5.6)

with

W0 = ρel0
TL0

, (5.7)

where T is the temperature in Kelvin and L0 = (π2/3)(kB/e)2 = 2.443× 10−8

WΩ/K2 the Sommerfeld value of the Lorenz ratio [32] with e the electrical
charge, and

Wi = P1(T/Tref )P2

1 + P1P3(T/Tref )P2+P4exp(−(P5Tref/T )P6) +Wc, (5.8)

Wi0 = P7WiW0

(Wi +W0) , (5.9)

where the values of the parameters P1, . . . , P7 and Tref are given in Table 5.5
in Appendix 5.C, along with the empirical function Wc [31]. Equation 5.6
was also recommended to be used for the calculations for ITER [12] (in there,
the residual resistivity ρel0 is taken such that the residual resistivity ratio (=
ρel300K/ρ

el
0K) = 300, which corresponds to a material with a low concentration

of defects).

The intrinsic electrical resistivity ρel0 of the material is determined by all the
defects (impurities, grain boundaries, displacement defects and dislocations).
The specific dislocation resistivity (resistivity due to a single unit of dislocation
length per unit volume) has been measured at low temperatures to be Rd =
6×10−25 Ωm3 [33]. The electrical resistivity due to dislocations is then given
by:

ρel,d0 = Rdρ, (5.10)

with ρ the dislocation density. According to [34], the grain boundary resistivity
of tungsten is 2.0×10−15 Ωm2, which may induce a small decrease in thermal
conductivity1, which is however neglected here. Furthermore, the vacancy and
interstitial defects are expected to contribute to the resistivity, but no specific
information allowing to quantify this effect is available at present. The contri-
bution is therefore taken to be equivalent to the dislocations, based on their

1 A grain radius of 3 µm would give ρel0 = 2×10−9Ωm. From Equation 5.6, this gives a
thermal conductivity which is 3.5% lower than in the defect-free case, at T = 380°C (which
is the minimum value that occurs in the thermal problem of this paper).
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stored energy, leading to:

ρel0 = Rd
EB

1
2µb

2 , (5.11)

where EB is the bulk stored energy, µ is the shear modulus and b is the Burgers
vector.

5.2.6 Hardness
Based on the Dispersed Barrier Hardening-model [35], a hardness indicator was
formulated previously [23], and used to study the evolution of the hardness
during the microstructural evolution. The lattice defects are considered to be
obstacles that obstruct glide of dislocations. Depending on the defect size and
type, the defect forms a stronger or weaker barrier, which is expressed using
the barrier strength factor α. The hardness indicator is given by

IH =
√
ρ+ 1

αT

√∑
j 2α2

jCjrj
√
ρ0

, (5.12)

where the barrier strengths αn correspond to defect clusters of size n and
the defect radius rn can be found in Table 5.1. In Equation 5.12, αT is the
dislocation barrier strength and M is the Taylor factor, see Appendix 5.C,
Table 5.5. All parameters are temperature-independent.

Tab. 5.1. Barrier strengths in the DBH-model for the corresponding cluster sizes.
For clusters of smaller sizes, α = 0 is taken [35].

Barrier strength factor α Diameter (nm) Cluster size N
Interstitial loop 0.15 1.0 - 2.7 14 - 100
Void 0.25 1.0 - 1.4 33 - 100

5.2.7 Solution procedure
The geometry consists in total of P = 801 equally separated macroscopic ma-
terial points, which are located at x0 = 0 mm up to xL = 8 mm. In 13 of
these points, which are adequately distributed over the monoblock center line
(see Figure 5.3a), the model for neutron-induced recrystallization (NIRX) is
applied. For all other points, linear interpolation of the defect concentrations
is used to determine the local thermal conductivity, which governs the tempe-
rature profile. The solution procedure for the multi-scale model is illustrated
in Figure 5.3b. The following steps are repeated until the final simulation time
has been reached:
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(a) (b)

Fig. 5.3. (a) Nodal positions of the 13 material points in the monoblock. Their
precise spatial locations can be found in the section 3; (b) Sketch of the
solution procedure for the multi-scale model. At each time increment, the
temperature distribution over the monoblock is determined based on the
defect densities. Next, for each NIRX-material point l, the cluster dynamics
model (CD) and the recrystallization model (RX) are used sequentially to
update the microstructural parameters for the representative grains k that
consitute the microstructure. The (volume averaged) defect concentrations
of the NIRX-points are interpolated for the other points.

1. The size of the time increment ∆t = ti+1 − ti is determined. The time
step size is constrained such that only moderate amounts of grain growth,
nucleation, heating and defect accumulation occur within a single incre-
ment.

2. Based on the current defect concentrations in each of the 13 NIRX-nodes,
the thermal conductivity and temperature distribution are determined.

• First, the volumetric average of the defect concentrations in each
material point is determined.

• To estimate the residual resistivity due to all defects, the bulk stored
energy is calculated for the NIRX-nodes, using Equation 5.11.

• Interpolation is used to estimate ρel0 for all other nodes.
• Equation 5.6 is used to calculate the thermal conductivity kth(xl)
in each material point xl.

• Equation 5.4 is solved to calculate the temperature profile T (xl).
• In case of an intermittent heat treatment, the temperature profile is
prescribed, using a ramp time of 600 s, and no neutron irradiation
is applied. During the ramp time, the temperature is increased
(or decreased) linearly, based on the thermal conductivity for the
momentary defect concentrations.

3. The neutron-induced recrystallization-calculation is performed separately
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for each NIRX-node, which results in updated microstructural properties
(CIn,k, CVn,k, ρk, rg,k, Nk) for all k representative grains in the micro-
structure at material node l, and for cluster sizes n = 1 . . . Nmax. The
complete NIRX solution procedure is described in more detail in [24].

5.3 Results
The simulation results for the microstructural evolution along the depth of the
monoblock under neutron irradiation and heat are presented. Section 5.3.1
reports the results under constant heat loading; section 5.3.2 describes the
effects of the intermittent heat treatments. For the initial microstructure, a
normal grain size distribution is assumed, with an average radius of rg = 3 µm
and a standard deviation of 0.5 µm. Thermal equilibrium defect concentrations
(based on the defect formation energies) for the vacancy and interstitial defects
and a dislocation density of 1×1013m-2 are assumed for the initial state.

5.3.1 Steady-state spatial evolution
In Figure 5.4, the resulting evolution of the microstructure at various depths
of the monoblock is shown. Over time, the temperature gradient over the
block increases (Figure 5.4b) due to the decreasing thermal conductivity (Fi-
gure 5.4a). The thermal conductivity decreases most at larger depths, where
defect concentrations are highest since less recovery took place (lower mobility
of the defects and grain boundaries). The temperature at the surface of the
monoblock has raised by more than 60 °C, from 1045 °C to 1106 °C.

The evolution of the hardness (Figure 5.4d) largely follows that of the bulk
stored energy EB (Figure 5.4c), except at larger depths (> 5.5 mm) where
lower irradiation temperatures are endured, point defects undergo less cluster-
ing. The smaller clusters form less effective obstacles and do not affect the
hardness much, while they do contribute to the bulk stored energy. The max-
imum increase of the hardness indicator after 600 hours of irradiation is found
at a depth around 5.5 mm from the monoblock’s surface.

Figure 5.4e and f reveal that recrystallization and grain growth take place
near the surface of the monoblock. After 600 hours, the first 1.5 mm of the
block has recrystallized. At this time instance, recrystallization starts to take
place at the node located at 2 mm. At this node, the temperature has increased
from initially 868 °C to 927 °C over the course of the 600 hours of irradiation.

Summarizing, recrystallization takes place in the region of 0-2 mm (entail-
ing a reduction of defects in that region), whereas this would be most desired
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in the region of 4-8 mm, where the increase of the hardness indicator is the
highest. Therefore, heat treatments for regeneration of the microstructure may
be an interesting option to reduce the embrittlement within the monoblock.

5.3.2 Heat treatment effects
The effect of interim heat treatments on the microstructural evolution of the
tungsten monoblock is investigated. In Figure 5.5, a comparison is shown for
the evolution of the bulk stored energy EB and the hardness indicator IH un-
der the following operation conditions: (1) continuous loading with neutrons
and 10 MW/m2 of heat, (2) same loading condition, but with 1 hr of intermit-
tent annealing at 1200 °C and no neutron irradiation, repeated every 100 hrs,
which will be referred to as the heat treatment case. The 1 hr of treatment is
preceded and followed by 10 min. of ramp time, towards, or away from 1200 °C.

Figure 5.5a and b show the evolution of the bulk stored energy EB and tem-
perature at the NIRX-points, for the continuous loading case and for the heat
treatment case. The occurrence of recrystallization at depths of 0-1.5 mm is ap-
parent from the evolution of EB as a function of irradiation time in Figure 5.5a.
The heat treatments (Figure 5.5b) affect the microstructural evolution over the
entire thickness of the monoblock: at the bulk of the block (2-8 mm), the heat
treatments lead to a reduction of lattice defects and the bulk stored energy
does not rise as high as for the continuous loading case. Near the surface, in
the region of 0-1 mm, heat treatments are not necessary for recrystallization
to take place. After 800 hrs, the stored energy levels that are reached are
slightly higher for the heat treatment case, because these treatments lead to
a lower surface temperature, so that faster damage accumulation occurs when
the neutron source is on) and less recovery takes place. At a depth of 1.5
mm, the obtained levels for the stored energy after 800 hrs are similar, with or
without heat treatment. In the continuous loading case, more recovery takes
place during irradiation (because of the higher irradiation temperature, which
is due to the decreased thermal conductivity in the region 2-8 mm), while for
the heat treatment case, short, sudden drops in the stored energy occur, after
which damage accumulation resumes.

The application of the periodical heat treatment leads to significantly lower
maxima for the hardness indicator in the monoblock, as shown in Figures 5.5c
and d. Instead of reaching over 50 at 5.5 mm after 800 hours of irradiation,
IH stays below 42 for all material points.

Now, the microstructural developments during the first heat treatment (start-
ing after 100 hours of irradiation) are investigated. Figure 5.6a and b show
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Fig. 5.4. Temporal evolution of (a) the thermal conductivity kth, (b) the tempera-
ture T , (c) the stored energy EB , (d) the hardness indicator IH , (e) the
average grain size ravg along the thickness of the monoblock; (f) evolution
of the recrystallized fraction over time at all NIRX-nodes. fRX denotes
that no original grains remain left in the microstructure.
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Fig. 5.5. Evolution of the stored energy EB at the NIRX material points along the
thickness of the monoblock under (a) constant neutron irradiation and
heating and (b) neutron irradiation and intermittent heat treatments at
1200 °C every 100 hrs, as a function of simulation time t. The evolution of
the hardness indicator IH over time is shown for all NIRX-points, during
constant heat loading and neutron irradiation, in (c), and with intermittent
heat treatments, in (d).
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the decrease in IH and increase in grain size that occur during the annealing
time, as a function of depth. During the treatment, IH reduces to(nearly)
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Fig. 5.6. Evolution of the spatial distributions of (a) the hardness indicator IH and
(b) the average grain size ravg during the heat treatment. Temporal evo-
lution of (c) the evolution of IH and (d) the recrystallized fraction fRX in
all the NIRX-nodes during the heat treatment.

zero at depths of 4-8 mm. At more shallow depths, recrystallization already
partially took place before the start of the heat treatment (see Figure 5.5d),
whereby the accumulated damage since then is not sufficient for completing
recrystallization, despite the elevated temperature. Nevertheless, during the
heat treatment, the partial recrystallization is accelerated at 0-4 mm, and IH
decreases significantly in most of the nodes. After each heat treatment, IH has
dropped below 10 at all nodes. From Figure 5.6a and d, it can be observed
that recrystallization occurs more rapidly at larger depths, entailing a larger
decrease of IH . Indeed, at large depths the driving force for recrystallization
is the highest. The average grain size after recrystallization is also higher at
higher depths (Figure 5.6b), where recrystallization occurs so fast that not
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many nuclei form. Figure 5.6c shows sudden significant peaks of hardness in-
crease for depths of 5.5-8 mm, while for 2-4 mm, there are no peaks at all.
The peaks can be ascribed to the clustering of small defects that formed at low
irradiation temperatures. The defect clustering occurs before recrystallization
sets in.

5.4 Conclusions
The lifetime of the divertor is a main concern for realizing nuclear fusion reac-
tors generating electrical power on a continuous basis. The divertor monoblocks
are severely loaded with heat, neutrons and ions, and over time, the thermo-
mechanical properties of the monoblocks are expected to degrade.

Here, the evolving material properties throughout the monoblock were studied,
down from the microstructural evolution that occurs as a consequence of heat
and neutron displacement damage (both affecting the bulk of the material, in
contrast to ion irradiation which is mostly confined to the surface). A multi-
scale model was developed for this purpose, that describes (1) the neutron-
induced damage evolution at the lattice level, (2) the microstructural evolution
as a consequence of recrystallization and grain growth at the polycrystalline
material point level and (3) the evolving thermal conductivity (dictated by the
local neutron displacement damage) which governs the temperature profile over
the monoblock.

The model was used to study the effect of neutron-induced displacement defects
on the microstructural evolution and the thermal conductivity, and through the
heat equation also the temperature distribution over the monoblock. Under
continuous heat and neutron loading, the thermal conductivity was predicted
to degrade significantly over time, leading to a steeper temperature gradient
over the monoblock and a higher surface temperature. The thermal conduc-
tivity decrease was most severe deeper in the monoblock, close to the cooling
tube. The irradiation-induced hardness appears to be the highest in this re-
gion as well. Meanwhile, near the surface, recrystallization and grain growth
occurred, thereby accumulating less irradiation damage. Over time, the thick-
ness of the recrystallized surface layer was observed to grow as a consequence
of the increasing temperatures and ongoing damage accumulation.

Furthermore, it was investigated whether an intermittent heat treatment, trig-
gering recrystallization throughout the entire monoblock, allows to reduce the
irradiation hardening (especially deeper in the monoblock) in order to improve
the material’s ductility.



158 5. Microstructural evolution and regeneration in monoblocks

Every 100 hours of irradiation, a heat treatment was applied during 1 hour,
using an annealing temperature of 1200 °C. At almost all instances, the hard-
ness indicator over the entire spatial range decreased, to below 30, and full
recrystallization was attained at depths of 5.5-8 mm in the monoblock after
the first heat treatment, limiting the maximum value for the hardness indi-
cator considerably (from over 150 after 800 h of continuous heat and neutron
irradiation to less than 125). Deeper in the monoblock, rapid increases in the
hardness indicator were observed at the start of the heat treatment, prior to
recrystallization, as a consequence of massive clustering of the small irradiation
defects (which had previously been nearly immobile due to the relatively low
irradiation temperatures).

Note that, given the lack of sufficient experimental data, the multi-scale model
only provides qualitative predictions. Nevertheless, this framework can be used
to investigate possible scenarios in terms of design and engineering solutions.
The physical mechanisms that are predicted are expected to occur also for dif-
ferent parameters in the model, albeit perhaps at different time scales or load
levels. The model can serve as a primary tool for studying the effects of operat-
ing conditions, designs and initial microstructure on the evolving properties and
functionality of the monoblock. Specifically, it was investigated here how heat
treatments could affect the spatially varying evolution of the microstructure,
the hardness and the thermal conductivity, enabling possible divertor lifetime
improvements.

Even though an intermittent heat treatment has been shown to be useful, ap-
plying it still poses significant challenges. The current divertor design is based
on the presence of a temperature gradient, with a lower temperature at the
cooling tube. The material that was selected for the cooling tube (CuCrZr)
will not be able to sustain the elevated temperatures during the heat treat-
ments (its temperature window is in the range 180-280 °C [36]). Also, texture
and grain shape now play a role in the choice of the initial structure of the
monoblocks, but the initial structure will be lost after recrystallization.

In the current model, only the combined effect of neutron irradiation and heat
loads for relatively short time scales is considered. For longer time scales, addi-
tional effects of transmutations (composition changes and He production) due
to neutrons are important. Except by transmutation, He is also implanted at
the surface due to the plasma load. While it is known that He initially gets
trapped in a small surface layer on short time scales, in the long term, helium
diffuses into the bulk of the material. There, the helium will cluster with vacan-
cies and voids and will also settle at dislocations and grain boundaries, thereby
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reducing the mobility of the grain boundaries. This will lead to a retardation
of the recrystallization process [37].

The model predictions can be made more quantitative by performing vali-
dation experiments for the accumulation of the stored lattice energy across a
wide temperature range and by studying the defect saturation levels. Also,
experimental investigation of the recrystallization mechanisms and time scales
under these conditions would be useful. Such experiments may be feasible in
the future irradiation facility IFMIF. In the future, the model can be extended
to include not only thermal coupling, but also the effects of the mechanical
stress state on the evolution of the defects and the recrystallization process.

5.A Cluster dynamics model
The following coupled set of differential equations describes the production and
evolution of all the defect concentrations inside a grain [23]:

dCI
dt

= GI + k+
I2+V CI2CV + 2α−2 CI2 +

NI∑
n=3

α−nCIn − 2α+
1 C

2
I

−
NI∑
n=2

α+
nCICIn − k+

I+V (CICV − CeqI C
eq
V )−

NV∑
n=2

k+
Vn+ICICVn

− (k+
D+I + k+

S+I)CI (5.13)
dCI2
dt

= GI2 + α+
1 C

2
I + k+

I3+V CI3CV + α−3 CI3 + k−I−V CI − α
−
2 CI2

− α+
2 CI2CI − k

−
I2−V CI2 − k

+
I2+V CV CI2 (5.14)

dCIn
dt

= GIn + α−n+1CIn+1 + α+
n−1CICIn−1 + k−In−1−V CIn−1 − α+

nCICIn

+ k+
In+1+V CV CIn+1 − α−nCIn − k+

In+V CV CIn

− k−In−V CIn , for 3 ≤ n ≤ NI − 2,
(5.15)

dCINI−1

dt
= GINI−1 + α−NICINI + α+

NI−2CICINI−2 + k−INI−2−V CINI−2

− α+
NI−1CICINI−1 − α−NI−1CINI−1 − k+

INI−1+V CV CINI−1

+ k+
INI+V CV CINI − k

−
INI−1−V CINI−1 , (5.16)

dCINI
dt

= GINI + α+
NI−1CICINI−1 + k−INI−1−V CINI−1 − α−NICINI

− k+
INI+V CV CINI , (5.17)
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dCV
dt

= GV + 2γ−2 CV2 + k+
V2+ICV2CI +

NV∑
n=3

γ−n CVn +
NI+1∑
n=2

k−In−1−V CIn−1

− k+
I+V (CICV − CeqI C

eq
V )− 2γ+

1 C
2
V −

NV∑
n=2

γ+
n CV CVn

−
NI∑
n=2

k+
In+V CV CIn − (k+

D+V + k+
S+V )CV , (5.18)

dCVn
dt

= GVn + k+
Vn+1+ICICVn+1 + γ−n+1CVn+1 − k+

Vn+ICICVn

+ γ+
n−1CV CVn−1 − γ−n CVn

− γ+
n CV CVn , for 2 ≤ n ≤ NV − 2,

(5.19)
dCVNV −1

dt
= GNNV −1 + k+

VNV +ICICVNV + γ−NV CVNV + γ+
NV −2CV CVNV −2

− k+
VNV −1+1CICVNV −1 − γ−NV −1CVNV −1 − γ+

NV −1CV CVNV −1 ,

(5.20)
dCVNV
dt

= GNNV + γ+
NV −1CV CVNV −1 − k+

VNV +ICICVNV − γ
−
NV
CVNV .

(5.21)
dρ

dt
= 2πvclSBH − ρτ−1

cl . (5.22)

For each defect size and type, a separate evolution equation exists, so that
there are NI + NV + 1 equations in total. Here, the G-terms are for defect
production, and the + and − terms are for absorption and emission; CIn and
CVn are the concentrations of the clusters In and Vn respectively, ρ is the
dislocation density, vcl is the dislocation climb velocity, SBH is the Bardeen-
Herring source density and τcl is the average network dislocation lifetime prior
to dipole annihilation. The individual terms that appear in these equations are
given below.

5.A.1 Defect production
The production rate of SIA- and vacancy defects of size n is modelled with
Gn = Gn0η(1−fD/fmax) and the power law Gn0 = Aε

nSε
[24]. Here, ε stands for

I or V , η is a parameter that expresses the fraction of defects, out of those that
survived the thermal aging of the displacement cascade in MD-simulations, that
are still present on a cluster dynamics time scale, where η = 1 is taken here [24].
Furthermore, fD is the fraction of atomic sites that contain defects, fmax is the
saturated defect fraction level, where fmax = 0.01 is used here [24], G0 is the
production rate of defects in defect-free tungsten and Aε = G0/

∑Nmax
n=1 n1−Sε ,
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where Nmax is the maximum defect size that is accounted for. The parameters
G0, SI and SV are temperature-dependent. Linear interpolation of the values
given in Table 5.2 is used.

Although η = 1 is used in the simulation results that are presented in this
paper, it has been verified that by using η = 0.01 similar results are obtained,
and the same physical phenomena play a role (at different time scales).

Tab. 5.2. The defect production rate G0 and power law exponents SI and SV at
different temperatures, from [3], based on MD-results [5].

T (K) G0 (# defects/atom s) SI SV
300 4.3×10−8 2.20 1.63
1025 3.3×10−8 2.50 1.86
2050 3.1×10−8 2.17 2.42

5.A.2 Absorption and emission coefficients at defect clus-
ters

The absorption and emission rates of the mobile vacancies and interstitials
at/from SIA-clusters and vacancy clusters are given in Table 5.3 [26]. These

Tab. 5.3. Rate coefficients for defect absorption and emission at clusters, from [26].

Dislocation loop In
Absorption rate Emission rate

α+
n = 2πrInZIInDI α−n = 2πrIn−1Z

I
In−1

DI exp (−EbIn−I/kBT )/Vat Interstitial
k+
In+V = 2πrInZVInDV k−In−1−V = 2πrIn−1Z

V
In−1

DV exp (−EbIn−V /kBT )/Vat Vacancy
k+
I+V = 4πrIV (DI +DV ) VI-recombination

Vacancy cluster Vn
Absorption rate Emission rate

k+
Vn+I = 4πrVnDI − Interstitial
γ+
n = 4πrVnDV γ−n = 4πrVn−1DV exp

(
− EbVn−V /kBT

)
/Vat Vacancy

rates depend on the capture radii rIn =
√

nVat
πb , and rVn = (3nVat/4π)1/3 +

√
3a0/4 of the In (planar shaped) and Vn (spherically shaped) clusters, and on

the diffusion coefficients Dε = Dε0exp(−Emε /kBT ) of mobile defects ε = I, V .
Furthermore, bias factors Z and binding energies are involved, which are de-
tailed below. Lastly, T is the temperature, a0 is the lattice parameter, Vat is
the atomic volume, kB is the Boltzmann constant. The parameter values are
given in Table 5.5.
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The binding energies follow from the capillarity approximation [26]:

EfIn = EfIn−1
+ EfI − E

b
In−I (by definition), (5.23)

EbIn−I = EfI +
EbI2 − E

f
I

22/3 − 1
[
n2/3 − (n− 1)2/3], (5.24)

EbIn−V = EfV +
EfI − EbI2
22/3 − 1

[
n2/3 − (n− 1)2/3], (5.25)

EbVn−V = EfV +
EbV2
− EfV

22/3 − 1
[
n2/3 − (n− 1)2/3]. (5.26)

Here, EbIn−I is the binding energy of a SIA-defect to a SIA-cluster of size n,
and analogous for the other terms. EfIn is the formation energy of defect In.

The dislocation bias factors (for preferential absorption of SIAs) are given by:

ZIIn =ZIDmax
(

2π
ln(8rIn/rp)

, 1
)
, (5.27)

ZVIn =ZVDmax
(

2π
ln(8rIn/rp)

, 1
)
. (5.28)

Here, rp = 2b is taken, after [26].

5.A.3 Absorption coefficients at grain boundary and dis-
location sinks

The absorption rate coefficients of the sinks [26] are given in Table 5.4. Here,

Tab. 5.4. Rate coefficients of the sinks [26].

Dislocation sink ρD
k+
D+I = ρZIDDI Interstitial

k+
D+V = ρZVDDV Vacancy

Grain boundary sink
k+
S+I = 3SskI DI/rg Interstitial

k+
S+V = 3SskV DV /rg Vacancy

rg is the grain radius and SskI and SskV are the sums of the sink strengths of all
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sinks in the interior of the grain:(
SskI

)2
= 1
DI

[NI−1∑
n=1

α+
nCIn +

NV∑
n=1

k+
Vn+ICVn

]
+ ρZID, (5.29)

(
SskV

)2
= 1
DV

[NV −1∑
n=1

γ+
n CVn +

NI∑
n=1

k+
In+V CIn

]
+ ρZVD . (5.30)

5.A.4 Dislocation evolution expressions
In Equation 5.22, the evolution of the dislocation density depends on the dis-
location climb velocity vcl, which governs dipole annihilation and the Bardeen-
Herring source dislocation generation rate, is given by [38]:

vcl = 2π
b lnR/rc

[
ZIDDICI − ZVDDV (CV − CDV )

]
. (5.31)

Here, CDV = CeqV exp
(
σVat
kBT

)
[7] is the equilibrium concentration of vacancies

near a dislocation, CeqV is the equilibrium vacancy concentration in the bulk and
σ = Aµb

√
ρp is the internal stress due to pinned dislocations, with a pinned

dislocation density ρp = 0.1ρ; µ is the shear strength, b the Burgers vector
magnitude and A = 0.4. R/rc = is taken as 2π [26].

Furthermore, in Equation 5.22, the Bardeen-Herring source density is given
by SBH =

(
ρp/3

)1.5 and dcl = vcl × τcl =
(
πρ
)−1/2 is the average climb dis-

tance for a dislocation prior to annihilation [38].

5.B Recrystallization model

5.B.1 Mean-field approach
The representative grains constituting the microstructure at a certain mate-
rial point, are distributed among the NHEM homogeneous equivalent media
(HEMs) based on their bulk stored energies. The stored energy of a grain
k with radius rg,k and defect concentrations CIn,k and CVn,k and dislocation



164 5. Microstructural evolution and regeneration in monoblocks

density ρk is given by:

Ek = EBk + ESk =
Nmax∑
n=1

[
CIn,kE

f
In

+ CVn,kE
f
Vn

]
(5.32)

+ µb2ρk/2− TSk + 3γb/2rg,k, (5.33)

where the latter term is the surface stored energy, with γb the grain bound-
ary surface energy and the other terms represent the bulk stored energy, EfIn
and EfVn are the defect formation energies and Sk is the configurational entropy.

To limit computational costs, there is a maximum amount of representative
grains that can exist within each HEM. In case that this amount is about to
be exceeded, the two representative grains within the HEM that resemble each
other most (in terms of grain size and defect densities) are merged to form one
representative grain.

5.B.2 Grain growth
During grain growth, the grain boundaries move, which leads to shrinkage and
growth of the representative grains. The grains are assumed to be of a spherical
shape, so the new radius of a grain follows directly from the volume change
in a time increment. The volume change ∆Vk of a grain k during a time step
∆t = ti+1 − ti is given by:

∆Vk =
NHEM∑
q=1

∆V qk =
NHEM∑
q=1

φq4πr2
g,kv

q
k∆t (5.34)

=
NHEM∑
q=1

φq4πr2
g,km(EHEMq − Ek)∆t, (5.35)

where vqk is the velocity of the grain boundary segment that is shared between
grain k and HEM q, φq =

∑
k∈q Nkr

2
g,k/

∑
∀kNkr

2
g,k is the fraction of the grain

boundary surface area that HEM q shares with any of the representative grains,
EHEMq is the stored energy of HEM q, Ek is the stored energy of grain k and

m(T ) = Km
βδVm
b2RT D

GB
0 exp

(
−QGB
kBT

)
is the grain boundary mobility, with Vm

the molar volume, δ the thickness of the grain boundary, β = 0.3 a fraction
parameter, QGB the activation energy for self-diffusion of tungsten along a
grain boundary, R the gas constant and DGB

0 the self-diffusivity for tungsten
along grain boundaries. Grain growth is driven by the difference in stored
energy of the HEMs with the grain. The stored energy of a HEM, EHEMq , is
the volume average of the stored energy of its composing grains. The volume
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that is added to the growing grains is assumed to be defect-free, as the grain
boundaries sweep the defects on their path. The new defect concentration
of a grain k to which a defect-free volume ∆V growthk was added in increment
∆t = ti+1 − ti is given by:

C(ti+1) = C(ti)−
∆V growthk

Vk(ti+1)
[
C(ti)− Ceq

]
. (5.36)

Here, C(t) is the defect concentration at time t, Vk(t) is the volume of the grain
at time t and Ceq is the equilibrium defect concentration.

For reasons of volume conservation, the shrinkage of grains with respect to
their own HEM is calculated in an alternative manner (based on [27]):

∆V qk = −4πm∆tr2
g,kφ

q∆Eqk

∑
k∈q:∆V q

k
>0 ∆V qkNk∑

k∈q:∆V q
k
<0 ∆V qkNk

, (5.37)

where ∆V qk denotes the volume change of a grain k as a consequence of the
interaction with HEM q.

5.B.3 Nucleation
Driven by the stored lattice energy, defect-free nuclei form. The nucleation rate
is given by:

Ṅ = KNAnucexp
(
−Eact
kBT

)
exp
(
−QGB

kBT

)
, (5.38)

where KN is the nucleation rate constant, Anuc is the nucleation surface area
and Eact is the activation energy. The nucleation radius is found from solving:
d∆E/dt < 0, which is the condition for a stable new grain. ∆E is the Gibbs
free energy change as a consequence of the nucleation, which is given by:

∆E = 1
Ka

[
− 4πr3

3 (EB − EB0 ) + 3πr2γb

]
. (5.39)

Here, Ka is a fitting parameter [24], EB =
∑NHEM
q=1 φqEq is the average bulk

stored energy and EB0 is the bulk stored energy for a grain with equilibrium
defect concentrations. From Equation 5.39, it follows that

d∆E
dt

= ∂∆E
∂r

dr

dt
+ ∂∆E
∂EB

dEB

dt
< 0, (5.40)

is solved. Here, dEB/dt is determined numerically. Finally, the radius of the
nucleus is taken as rnuc = 1.01r0, with r0 the largest of the solutions to Equa-
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tion 5.40, and the activation energy is Eact = ∆E(r∗), where r∗ is the solution
of d∆E/dr = 0.

The nucleation surface area consists of all grain boundary surface area in the
microstructure, except for the grain boundary segments that are shared be-
tween two grains that have bulk stored energies below the nucleation threshold
EB,thrnuc :

Anuc = 2π
∑
i

r2
iNi

[
1−

(∑
j:Ej<EB,thrnuc

Njr
2
j∑

j Njr
2
j

)2]
. (5.41)

In this mean-field approach, the volume of the nucleated grains is delivered by
all the grains in the microstructure, weighted with their grain boundary surface
areas.

5.C Parameter values
The empirical function Wc of Equation 5.6 is given by:

Wc = −0.0085ln
(
T

130

)
exp
[
−
[

1
0.7 ln

(
T

230

)]2]
+ 0.00015exp

[
−
[

1
0.8 ln

(
T

3500

)]2]
+ 0.0006ln

(
T

90

)
exp
[
−
[

1
0.4 ln

(
T

80

)]2]
+ 0.0003ln

(
T

24

)
exp
[
−
[

1
0.5 ln

(
T

33

)]2]
. (5.42)
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Tab. 5.5. Parameter values.

Parameter Unit Value Description Reference
a0 nm 0.31652 Lattice parameter [39]
γb J/m2 0.869 GB-surface energy [29]
δ nm 1 grain boundary thickness [40]
DGB

0 m2/s 0.27×10−4 Self-diffusivity Estimated,
along grain boundaries using [41]

DI0 m2/s 8.77×10−8 SIA-diffusivity [42]
DV0 m2/s 177×10−8 Vacancy diffusivity [42]
EfI eV 9.466 Formation energy SIA [26]
EfV eV 3.80 Formation energy vacancy [26]
EbI2 eV 2.12 Binding energy SIA-SIA [26]
EbV2

eV 0.6559 Binding energy V-V [26]
EmI eV 0.013 SIA migration energy [42]
EmV eV 1.66 Vacancy migration energy [42]
KA
a - 5×107 Nucleation activation

energy reduction -
Km - 1490 Grain boundary

mobility parameter -
KN #/m2s 2.5×1017 Nucleation rate constant -
M - 3.06 Taylor factor [43]
µ Pa 161×109 Shear modulus [41]
Nmax - 100 Maximum cluster size -
P1 - 0.3258 - [31]
P2 - 2.449 - [31]
P3 - 147.1 - [31]
P4 - -0.22 - [31]
P5 - 0.1855 - [31]
P6 - 3.986 - [31]
P7 - 0.1 - [31]
QGB J/mol 4×105 Activation energy

for GB mobility [41]
rIV nm 0.465 Recombination radius [26]
Threshold HD-set J/m3 1×106 -
Tref K 373 Reference temperature -
Vm m3/mol 9.55×10−6 Molar volume -
ZID - 1.2 SIA-dislocation bias [26]
ZVD - 1 V-dislocation bias [26]
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6
Conclusions

The divertor in a nuclear fusion reactor is the component which is responsible
for the extraction of heat, impurities and helium ash from the fusion plasma.
Its lifetime is a major obstacle towards the realization of economically viable fu-
sion reactors for electricity generation. Within the divertor, the plasma-facing
components are monoblocks, made of tungsten, with cooling tubes running
through them. It is questionable whether the monoblocks will be able to with-
stand the severe heat, neutron and ion loads for a sufficient amount of time
prior to their replacement. Moreover, no experimental test facility currently
exists in which the monoblocks can be exposed to similar loads as they will
face in the nuclear fusion reactors ITER and DEMO.

The limitations of experimental testing facilities make modelling essential, and
at the same time, they make parameterization and validation of these models
challenging. In this thesis, a multi-scale model was developed for the micro-
structural evolution throughout the tungsten monoblocks, as a consequence of
heat and neutron loading. This model can serve as a tool for designing dedi-
cated experiments that are expected to lead to an increased understanding of
the evolution of the microstructure and material properties of the monoblocks.
It also allows to explore which adaptions could help extend the lifetime of the
monoblocks. The model itself sharpens the in-depth understanding of the pro-
cesses in the material that control its microstructure evolution, governing the
lifetime of the divertor.
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6.1 Key results

6.1.1 Microstructural evolution
In chapter 2, a multi-scale model was developed for the microstructural evo-
lution under combined heat and neutron loading. The model consists of a
mean-field recrystallization model, coupled to a cluster dynamics model for the
neutron damage production and evolution. The recrystallization model was
parameterized using experimental data on static recrystallization. The models
at different scales are coupled using the concept of stored energy. The resulting
coupled model describes the evolution of the grain size distribution and defect
concentrations in the grains.

The model was used to study the temperature dependence of the competition
between various damage and recovery mechanisms (that occur as a result of the
evolving neutron-induced defects) on the one hand, and grain growth and nucle-
ation on the other hand. A strong temperature dependence was found, both for
the cluster dynamics model itself, and for the coupled model. The importance
of several mechanisms for microstructural evolution are shown schematically as
a function of its spatial location in the monoblock in Figure 6.1. The balance
between the competing mechanisms resulted in the simultaneous evolution of
grain size and bulk stored energy. The general pattern reveals that newly
nucleating grains (initially defect-free) grow with respect to defected grains
and accumulate lattice damage. Their growth slows down the amount of ac-
cumulated damage, because grain growth is accompanied by the sweeping of
defects by the grain boundaries. Once the nucleated grains reached a certain
size, the phenomena of grain boundary sweeping and the grain boundary sink
rate can not compensate anymore for the increase of lattice damage through
neutron damage production. Accordingly, the grains stop growing, and shrink
subsequently until they are completely consumed by the other grains in the
microstructure. Furthermore, for the selected parameter set, neutron-induced
recrystallization and grain growth were found to be clearly active at temper-
atures of T = 1100°C and higher, whereby the newly nucleated grains grew
to much larger sizes than the original grains. Lastly, the rate of increase and
decrease in the bulk stored energy density by the neutron damage model and
the recrystallization model were studied. It was shown that, while the damage
accumulation by the neutron damage model remained gradual throughout the
entire time period, the effects of nucleation and grain growth lead to a sharp
decrease in the energy density over the course of only a small time interval.

In chapter 3, the effects of possible bulk nucleation (in addition to the regular
nucleation of new grains at the grain boundaries) and the incorporation of dislo-
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Fig. 6.1. Sketch showing the importance of several mechanisms affecting the micro-
structural evolution in the monoblock (neutron lattice damage, recovery by
annihilation of mobile defects, nucleation of new grains and grain growth)
as a function of location in the monoblock, under a steady-state heat load
in combination with neutron irradiation. The temperature gradient along
the monoblock centerline is also indicated.

cation loops into the dislocation network were studied. Cyclic neutron-induced
recrystallization was shown to take place, with a temperature-dependent pe-
riodicity. Over time, the microstructure became more heterogeneous and the
periodicity faded out. The mechanism of loop incorporation was shown to lead
to a faster saturation of the defect concentrations in a single grain. The main
observed effect of bulk nucleation was a higher nucleation rate, which led to
a smaller average grain size and a shorter period for cyclic recrystallization.
Furthermore, nuclei that formed in the bulk, initially grew faster, and conse-
quently accumulated less damage; afterwards their evolution was quite similar
to that of grains that nucleated at the grain boundaries.

6.1.2 Irradiation hardening
Qualitative predictions were made for the evolution of the hardness during
the neutron-induced recrystallization based on the predicted microstructural
properties, using a hardness indicator, in Chapter 3. In the simulations, the
dislocations were identified as the defects that dominate the hardening. Fur-
ther, the Hall-Petch effect on the hardness indicator was shown to be negligible
within the model’s assumptions. The hardening was predicted to evolve cycli-
cally along with the cyclical neutron-induced recrystallization.

6.1.3 The potential of heat treatments
Neutron-induced recrystallization is expected to take place spontaneously at
irradiation temperatures above 1000°C. However, it may prove useful to impose
annealing treatments at intermediately high irradiation temperatures (∼800°C),
as a means to counter the irradiation hardening and embrittlement, presumably
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prolonging the lifetime of the monoblocks. In chapter 4, it was shown, using the
hardness indicator, that repeated heat treatments (for example at a base irra-
diation temperature of 800°C, applying an extra annealing step every 100 h, for
a duration of 1 h, at 1200°C) may significantly reduce the irradiation hardening.

To identify the optimum heat treatment that leads to the preferred reduction
in hardness, the multi-scale model was shown to be versatile. A systematic
parameter characterization was carried out, showing the influence of the an-
nealing frequency and temperature on the hardness reduction. As before, the
accuracy of the results naturally depends on the accuracy of the modelling pa-
rameters.

Finally, in chapter 5, the evolving material properties throughout the mono-
block were studied, with and without the use of repeated cyclic heat treatments.
For this, the multi-scale model was extended with a thermal model, now involv-
ing a total of three length scales. The temporal evolution of the temperature
profile along the monoblock was determined, taking into account the evolving
thermal conductivity (which is a function of the local neutron displacement
damage). It was shown that the thermal conductivity is expected to decrease
as a consequence of the neutron displacement defects, leading to an increase in
the surface temperature of the monoblock, inducing recrystallization of a small
layer near the surface. Furthermore, the interim heat treatments lead to re-
crystallization deeper in the monoblock, entailing significantly lower values for
the hardness indicator throughout the monoblock. The lower irradiation hard-
ness that can be accomplished by the heat treatments is expected to lead to
an increase in ductility, and hence, such heat treatments may be instrumental
for prolonging the lifetime of the monoblocks.

6.1.4 Limitations
Despite the various useful applications of the model that were discussed in the
previous sections, significant uncertainties prevail in several of the mechanisms
that have been incorporated. Firstly, the order of magnitude of the lattice dam-
age production rate, used in the cluster dynamics model, is uncertain. This
renders the time scales for the various mechanisms that occur unclear as well.
Furthermore, the mechanisms related to the evolution of the dislocation net-
work density are modelled in a rather crude manner (e.g. dislocation pinning,
dipole annihilation). The mechanism of incorporation of prismatic dislocation
loops into the dislocation network has a large effect on the outcomes of the clus-
ter dynamics model. While the mechanism is known to occur, it is important
to investigate under what conditions it will actually take place.

Concerning the recrystallization model, the main nucleation mechanism (near
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the grain boundaries or in the bulk) under displacement damage irradiation
conditions is uncertain. This depends on the actual distribution of the stored
lattice energy over the grains, since nucleation is initiated very locally. The
effects of the main mechanisms on the resulting microstructural evolution were
investigated in this thesis. Additionally, the stability of nuclei depends on the
local microstructure, for which a mean-field approach was adapted here. The
nucleation mechanism was accounted for in a physically-based manner, but the
accuracy with which its stability was assessed, therefore remains debatable.
This uncertainty may have significant consequences for the predicted average
grain size (and grain size distribution). Furthermore, in the model, the grain
boundary mobility is treated as uniform. In reality, it may vary significantly,
as it depends on the misorientation relationship between the grains. The mo-
bility of the grain boundaries also depends on the degree of uniformity of the
stored lattice energy over the grains, and on the fluxes of mobile lattice defects
(vacancies and self-interstitial atoms) that reach the grain boundaries.

Given the reflections above, the model should mainly be used in a qualitative
sense. Despite these uncertainties, the main processes and trends in their time
and temperature dependence are modelled.

6.2 Recommendations

6.2.1 Main implications
Neutron-induced recrystallization is predicted to take place (for the selected
parameter set) at temperatures as low as 1100°C after less than 2000 hrs of
irradiation. The complete loss of the original microstructure in part of the
monoblock within the first few months of operation of the fusion reactor would
imply that initial microstructural characteristics (such as a preferred grain
shape or orientation, deemed to be beneficial to mitigate crack propagation in
the material) are not expected to be maintained in this part of the monoblock
in the long run.

As it may be hard to avoid recrystallization in the monoblocks, it becomes
essential to obtain a detailed understanding of its impact on the material prop-
erties, and to quantify the extent to which the evolution of these properties
may be tuned/controlled by manipulation of the process conditions, such as
the temperature.

The predictions for neutron-induced recrystallization and grain growth should
be confirmed experimentally and a more careful characterization of the recrys-
tallization behaviour of tungsten should be carried out, so that the model can
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be parameterized more precisely and/or be refined adequately. A sound first
step towards an experimental confirmation would be to experimentally demon-
strate the occurrence of displacement-induced recrystallization. After that,
focus can be shifted to the following question: what is the minimum irradi-
ation temperature at which neutron-induced recrystallization will take place
(and thus, which regions in the monoblock would be affected)? Furthermore,
experimental validation of the predicted microstructural evolution at high irra-
diation temperatures (ca. 1000-1400°C) seems a necessity (only annealing data
at high temperatures is available).

To apply the interim heat treatments that may prolong the lifetime of the
monoblocks, changes in the divertor design may be required. The material for
the cooling tubes will need to be able to withstand the high temperatures, and
either an additional heating system must be added or an existing one must be
adapted.

6.2.2 Recommendations for modelling / simulations
Many recommendations can be made for improving the multi-scale model, but
it will be mandatory to first gather experimental data to parameterize / validate
any modification that would increase the complexity of the model. Further-
more, many phenomena that may affect the microstructural evolution were
not considered in this model, even though they may significantly influence the
lifetime of the monoblocks. These phenomena include: swelling, creep, ther-
mal stresses, crack initiation and propagation and surface effects such as the
formation of fuzz and blisters (see section 1.5).

6.2.2.1 Cluster dynamics model

While cluster dynamics is an established modelling technique, which has been
used before for tungsten, the accuracy of the produced results (for the neutron-
induced defect evolution in the temperature range 400-1400°C) remains ques-
tionable. The defect configurations are simplified (e.g. only 3D vacancy com-
plexes and 2D SIA-clusters were taken into account, and apart from the dis-
tinction between prismatic dislocation loops and the dislocation network, all
dislocations are treated the same), impurities were not explicitly taken into
account and the spatial correlations between the defects are not considered ei-
ther. There is a substantial effort in the nuclear research community towards
accurate, validated models for the neutron defect evolution, as becomes clear
from recent review articles on the use of modelling for the prediction of the
structure and properties of irradiated materials using phase-field models [1],
cluster dynamics [2], and more generally, on modelling of primary damage [3]
and on modelling and simulations of irradiated tungsten [4]. Sometimes, ex-
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perimental trends may even be captured [5]. However, much more research
remains to be done before the cluster dynamics models, or even OKMC- and
MD-models, will deliver sufficiently accurate results [6].

Within the multi-scale framework of this thesis, most can be gained by im-
proving the following aspects of the cluster dynamics model:

• Dislocation density: it was shown in this work that the addition of the
loop incorporation mechanism to the model has a major impact on the
resulting defect distributions. It would be good to re-evaluate which
dislocation-related mechanisms should be included in the cluster dynam-
ics model and whether any modification of the implementation of the
selected mechanisms is required.

• Damage source: it was verified in Chapter 5 that even at a much lower
neutron damage rate (100 times lower) than the standard rate used
throughout the thesis, the same physical mechanisms prevail in the re-
sults of the multi-scale model. It is important to determine the rele-
vant time scales of the processes that are described in this thesis (and
accurate defect distributions). Herein, a more accurate neutron dam-
age production rate would be a significant step forward. The method
that was recently described by Jourdan and Crocombette in [7], in which
the primary damage is obtained from BCA-simulations of displacement
cascades, then coupled to SHKMC (sphere homogenized kinetic Monte
Carlo) and yielding the damage production term for a cluster dynamics
model, seems promising for obtaining a more accurate neutron damage
production term.

• Fokker-Planck approximation: in this thesis, for computational reasons,
the maximum cluster size that was used in the multi-scale model, was
limited to 100. In Chapter 3, the effect of the choice of the maximum
cluster size on the cluster dynamics model was studied. It was shown that
in most cases, a value of 100 is reasonable for the modelling purposes in
this thesis. Nevertheless, this choice still affects the modelling results.
The use of the Fokker-Planck approximation would allow to take into
account the evolution of clusters of much larger sizes (e.g. up to 106 - 107).
This may lead to a more realistic evolution of the defect distribution.

• Impurities: in this work, pure tungsten was considered and impurities
were not specifically taken into account. For some aspects of the model,
the impurities could be taken into account in an implicit manner (such
as in diffusion and reaction coefficients). In [5], Castin et al. approached
TEM-results for the defect sizes, types and densities upon neutron and
ion irradiation, by using an OKMC-model in which carbon impurities
and transmutations were explicitly taken into account. In future work,
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the insights obtained by their OKMC-model could be used to improve
the cluster dynamics model, for example by parameterization of the CD-
model based on the OKMC-model.

6.2.2.2 Recrystallization model

In this thesis, the complexity of the recrystallization model has been limited
to a large extent, still avoiding phenomenological elements wherever possible
(e.g. a physically-based nucleation criterion was used).

Various improvements to the model are conceivable. Yet, making it unnec-
essarily complex should be avoided, especially when there still is a lack of
experimental data on the recrystallization kinetics on tungsten.

• Grain size distribution: the recrystallization-part of the multi-scale model
was parameterized on the basis of limited experimental data of static
recrystallization experiments. Little data was available on the grain size
distribution and therefore only the average initial and final grain size
were used during the parameterization. Once experimental data becomes
available on the evolution of the grain size distributions during (static)
recrystallization at various annealing temperatures, refinements of the
mean-field recrystallization may become feasible, in order to be able to
capture the experimental trends. Similar refinements as discussed in [8]
or [9] could be relevant for this.

• Grain shape and orientation: in the current design for the ITER divertor
monoblocks, the grain shape and orientation are prescribed to be elon-
gated with the grain orientation in the direction of the heat flux (see [10]).
In this thesis, it was argued that recrystallization will erase the original
microstructure. Yet, it is likely that after recrystallization, elements of
the initial microstructural texture may still be reproduced [11]. Further-
more, in Chapter 4 in this thesis, a uniform grain boundary mobility was
used. However, in reality, the mobility of the grain boundary depends on
the misorientation between the neighbouring grains and on the orienta-
tion of their boundary plane [11]. If the grain shape and orientation are
taken into account in the multi-scale model (in a statistical and not in a
topological manner, to avoid a large increase of the computational costs),
a more realistic microstructural evolution may be simulated.

• Stresses: recrystallization will influence the stress state in the monoblock,
and vice versa: the recrystallization kinetics are likely dependent on the
local stress state in the monoblocks. In future work, it may be possi-
ble to capture these effects in the model, provided that there is a clear
understanding of the relevant physical mechanisms, e.g. by the use of
(multi-)phase field methods [12, 13].
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6.2.2.3 Coupling

Some phenomena affect both the recrystallization model and the neutron dam-
age model.

• Heat treatments and transmutations: the heat treatments that were pro-
posed in this thesis, are likely to significantly affect the evolution of the
distribution of the transmutations over the microstructure and the pre-
cipitates they form. It is important to study this, as the precipitates are
expected to form a large contribution to the hardening. Both experiments
and simulations of the evolution of the precipitates would be useful for
qualitative results.

• Stored energy distribution: the distribution of the stored lattice energy
as a function of position in the grains is of interest for grain growth and
for determination of the dominant type of nucleation in the grains (bulk
or necklace). Currently, the stored lattice energy is taken to be uniform
inside each grain. It may be possible to identify the actual stored energy
distribution by using kinetic Monte Carlo techniques, e.g. following a
similar approach as in [14] to account for grain boundaries.

• Composition changes: at longer time scales, part of the H- and He-ions
are expected to permeate the surface layer and diffuse into the bulk of
the monoblock. These ions will affect both the evolution of the neutron-
induced defects and the recrystallization kinetics. In [15], it was shown
that the presence of He leads to retardation of recrystallization. In ad-
dition to the effects of the plasma-ions, transmutations will also affect
the recrystallization process. The effects of second-phase particles on
recrystallization are discussed in [16].

• Point defects: the absorption of vacancies and SIAs can influence the
mobility of the grain boundaries. It would be useful to estimate the
relative magnitude of this effect.

6.2.2.4 Structure-property relations

With the current model, it was possible to study the evolution of the hard-
ness and of the thermal conductivity qualitatively. In a more sophisticated
version of this model, it would be important to predict more material proper-
ties, such as the fracture toughness and the grain boundary integrity following
recrystallization.

6.2.3 Recommendations for experiments
Experimental data on the following topics would significantly improve the ac-
curacy of the multi-scale model:
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• Parameterization of the recrystallization model: it was shown in this the-
sis that recrystallization will be hard to avoid in the monoblocks. How-
ever, the experimental data on recrystallization of tungsten is limited. It
is important to perform a more detailed characterization of the recrys-
tallization process, in order to gain understanding of the evolution of the
material properties and to be able to predict the effects of heat treat-
ments. Experimental data should ideally include the evolution of the
grain size distribution along with the evolution of the recrystallized frac-
tion. The characterization should include the temperature dependency
of the recrystallization kinetics. Between dynamic recrystallization and
static recrystallization, the latter might be the most relevant for neutron-
induced recrystallization.

• Fission neutrons and ions: in order to characterize / validate the devel-
oped model, fission neutron or ion irradiation experiments may prove to
be useful, even within the limitations discussed in section 1.6.1. For the
fission neutrons, preferably a reactor with a fast neutron spectrum should
be used and a limited irradiation dose should be applied in order to avoid
significant effects due to transmutations. High irradiation temperatures
are preferable, ideally 1000°C and higher. It would be useful to perform
in-situ measurements that can be translated to the evolution of the stored
energy in the material as a function of irradiation time. A database con-
taining a systematic dependence of the evolution of the stored energy
as a function of the dose, dose rate and irradiation temperature would
be of great value to reparameterize the model. Naturally, the damage
source term in the neutron damage model should be adjusted to match
the expected cascade damage.

• Displacement defect-induced recrystallization: neutron- and ion-induced
recrystallization and grain growth have been demonstrated in other ma-
terials before, but it would be useful to demonstrate the phenomenon for
tungsten and to identify the minimum conditions (the lowest irradiation
temperature in combination with a high displacement damage and exper-
imentally acceptable irradiation and annealing times) under which this
takes place.

• Grain boundary mobility: the recrystallization process can be modelled
in more detail once the grain boundary mobility as a function of grain
boundary misorientation and temperature would be known for tungsten.
These type of measurements have been done before on other materials
[11].

• Thermal conductivity: the thermal conductivity of tungsten is expected
to change significantly, not only due to transmutations, but also as a
result of neutron displacement-induced defects (see section 5.1). In this
thesis, the displacement-induced evolution of the thermal conductivity
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was estimated using the specific dislocation resistivity and based on the
stored lattice energy. The determination of the specific resistivities of
vacancy clusters and SIA-clusters may enable a more accurate prediction
of the evolution of the thermal conductivity.

• Recrystallization and ductility: at present, it is unclear under which con-
ditions the recrystallization of tungsten leads to an increase in ductility
or brittleness (see section 4.1). A systematic experimental characteriza-
tion of the stress-strain behaviour of recrystallized tungsten, using various
fabrication processes, is mandatory to resolve this issue.

• Precipitates and recrystallization: an understanding of the evolution of
the size distribution of precipitates during heat treatments / recrystal-
lization of tungsten is an essential step towards the application of heat
treatments in nuclear fusion reactors for prolongation of the monoblock’s
lifetime.
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Samenvatting

Het voorspellen van door neutronen geïnduceerde rekristallisatie van
wolfraam in kernfusiereactoren

Kernfusie kan een schone en goedkope manier zijn om elektriciteit op te wekken,
en kan leiden tot een maatschappij die minder afhankelijk is van olie, gas en
kolen. In fusiereactoren volgens het ’tokamak’-ontwerp, zoals ITER, heeft de
divertor de rol om het fusieplasma te zuiveren. Het gedeelte van de divertor
dat in aanraking komt met plasma bestaat uit wolfraam blokken (monoblok-
ken), die blootgesteld worden aan ongeëvenaard intense belastingen in de vorm
van neutronen, ionen en warmte. De levensduur van de monoblokken onder
deze omstandigheden is cruciaal bij het realiseren van economisch rendabele
fusiereactoren. Momenteel is het niet mogelijk om de levensduur van de di-
vertor experimenteel te testen, aangezien er geen faciliteit bestaat waar de
gecombineerde neutron-, ion- en warmtebelasting van reactoren, zoals ITER
of opvolger DEMO, kan worden nagebootst. Hierdoor is het noodzakelijk om
te vertrouwen op modellering, en tegelijkertijd is het hierdoor ingewikkeld om
deze modellen te parametriseren en te valideren.

Deze studie focust op de gecombineerde effecten van de neutronen- en warmte-
belasting. Beiden beïnvloeden het gehele monoblok. De neutronen genereren
cascades van verplaatsingen van atomen in het rooster, welke leiden tot een hoge
opgeslagen (rooster)energie in het materiaal. Deze opgeslagen energie vormt
een mogelijke drijvende kracht voor rekristallisatie. Gezien de lange bestra-
lingstijden (alle monoblokken moeten blijven functioneren gedurende minstens
2 jaar aan belastingen op volle kracht in DEMO voordat ze vervangen mogen
worden) vinden rekristallisatie en korrelgroei mogelijk plaats bij temperaturen
ver beneden de rekristallisatietemperatuur van wolfraam (deze ligt typisch rond
de 1300 °C). Rekristallisatie en korrelgroei leiden tot radicale veranderingen in
de mechanische materiaaleigenschappen, en daarom moeten deze effecten mee
worden genomen in een voorspellende levensduuranalyse.
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Om meer inzicht te krijgen in de processen die bepalend zijn voor de levensduur
van de monoblokken, wordt in deze thesis de evolutie van de microstructuur
van de wolfraam monoblokken als gevolg van neutronenbestraling en warmte
bestudeerd. Hiervoor is in Hoofdstuk 2 een model ontwikkeld dat bestaat uit
meerdere lengteschalen, bestaande uit een mean-field model voor rekristallisa-
tie en korrelgroei op polykristallijn niveau, en een cluster dynamics model voor
neutronenschade binnenin de korrels. De modellen op de verschillende schalen
zijn gekoppeld aan de hand van het concept van opgeslagen energie. Het resul-
terende gekoppelde model beschrijft de evolutie van de korrelgrootteverdeling
en van de defect-concentraties in de korrels.

Het rekristallisatiemodel is geparametriseerd aan de hand van experimentele
resultaten voor de statische rekristallisatie van wolfraam uit de literatuur.
Hierbij wordt een fysisch nucleatie-criterium gebaseerd op de defect-energie
van het rooster gebruikt. De verplaatsingsschade als gevolg van de neutronen
wordt geproduceerd in de vorm van defect-clusters, met een geparametriseerde
temperatuur-afhankelijke schaalformule, gebaseerd op molecular dynamics re-
sultaten uit de literatuur. Het model wordt gebruikt om de temperatuu-
rafhankelijkheid van de microstructuurevolutie te bestuderen (voor bestral-
ingstemperaturen van 1000-1400 °C) en om te bestuderen hoe verschillende
fysische mechanismen voor schade en herstel de microstructuurevolutie op ver-
schillende temperaturen beïnvloeden. De patronen voor microstructuurevolutie
worden in detail zichtbaar gemaakt en de rol van de verscheidene fysische mech-
anismen die de patronen bepalen wordt verklaard.

Het meerschalig schaal model wordt verder ontwikkeld in de Hoofdstukken 3
en 4. Het wordt onderzocht op welke manier diverse fyische mechanismen (de
nucleatie van nieuwe korrels in de bulk en het opnemen van dislocatielussen in
het dislocatienetwerk) de microstructuur mogelijk kunnen beïnvloeden. Verder
wordt het mean-field rekristallisatiemodel uitgebreid met meerdere homogene
equivalente media (HEMs). Met het meer geavanceerde model wordt cyclische,
door neutronen geïnduceerde, rekristallisatie voorspeld, met een temperatuur-
afhankelijke periodiciteit, waarbij de periodiciteit afzwakte gedurende de tijd.

Het model wordt gebruikt om de evolutie van verharding door bestraling te
voorspellen gedurende de microstructuurevolutie. In Hoofdstuk 4 werd het
model gebruikt om te onderzoeken of periodieke warmtebehandelingen, die re-
kristallisatie induceren, een rol kunnen spelen bij het reduceren van de verhar-
ding door bestraling, en of deze behandelingen daarmee mogelijk kunnen leiden
tot een verlenging van de levensduur van de divertor monoblokken. De resul-
taten wijzen erop dat de warmtebehandeling inderdaad kunnen zorgen voor een
significante vermindering van de verharding. Om de effecten van de warmtebe-
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handelingen op de monoblokken te onderzoeken, wordt het meerschalig model
uitgebreid met een thermisch model op macroscopische schaal, resulterend in
een model met drie lengteschalen, in Hoofdstuk 5. De evolutie van de ther-
mische geleiding op verschillende posities in het monoblok als gevolg van de
bestraling wordt voorspeld als een functie van de microstructuureigenschappen.

Deze thesis heeft laten zien dat het optreden van rekristallisatie in divertor
monoblokken van kernfusiereactoren waarschijnlijk is. Daarnaast werd een
veelbelovende methode gepresenteerd waarmee materiaalverharding door be-
straling zou kunnen worden beperkt en de levensduur van de divertor mono-
blokken kan worden verlengd, door het gecontroleerd toepassen van periodieke
warmtebehandelingen. De uitkomsten van deze studie leiden potentieel tot
veranderingen in het ontwerp van toekomstige monoblokken. Verder kan het
modelleerkader dat in deze thesis is gepresenteerd worden gebruikt om speci-
fieke experimenten te ontwerpen die leiden tot een beter begrip van de evolutie
van de microstructuur en materiaaleigenschappen van de monoblokken. Aan-
bevelingen voor diverse experimenten kunnen worden gevonden in Hoofdstuk 6,
tezamen met aanbevelingen voor het verbeteren van het model en een samen-
vatting van de belangrijkste resultaten van deze thesis.
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