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Technology, P.O. Box 513, 5600 MB Eindhoven, The Netherlands

April 16, 2019

Abstract

The economical lifetime of the divertor is a key concern for realizing nuclear fusion reac-
tors 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 lifetime of an operational reactor are explored. The proposed treatments
make use of cyclic recrystallization processes that can occur in neutron-irradiated tungsten.
Evolution of the microstructure under non-isothermal conditions is investigated, employing
a multi-scale model that includes a physically-based mean-field recrystallization model and
a cluster dynamics model for neutron irradiation effects. The model takes into account mi-
crostructural 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, peri-
odical extra heating can have a significant positive influence on controlling 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.

*Correspondence to J.A.W. van Dommelen. Electronic mail: j.a.w.v.dommelen@tue.nl



1 Introduction

In a tokamak-design nuclear fusion device, the component that receives the highest heat load
(10 MW/m? 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 10?4 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 vi-
ability. This means that interim repairs for prolongation 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 material. 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 displacement 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 cas-
cades 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 tem-
peratures, can lead to (repeated) dynamic recrystallization. During dynamic recrystallization,
the material’s microstructure is completely renewed, from heavily defected to virtually free of
lattice defects. Dynamic recrystallization can be instrumental in decreasing the material’s hard-
ness. In [4], it was shown for steel that (strain-induced) recrystallization can lead to softening
and to an improved ductility. A treatment that achieves an improved ductility and removes the
accumulated lattice damage, is most likely necessary for neutron-irradiated tungsten. Although,
depending on the composition, recrystallization can lead to embrittlement, under the right cir-
cumstances, 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 presence 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 evolution 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 recrystallization model and a cluster dynamics model. The



model was parametrized based on static recrystallization experiments [13] and the evolution of
the microstructural properties (grain size distribution, defect distribution) was predicted. Cyclic
neutron-induced recrystallization was predicted to occur for temperatures in the range 1000°C -
1300°C [12] for the considered microstructure, 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 re-
crystallization and grain growth were also studied in [14, 15].

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 temporary, 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
(HEMsS) 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.

2 Method

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 1. The evolution of a set of (spherical) grains that is representative for
the microstructure (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 EP 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 & is determined
by the differences in stored energy AEHEM 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 occurs at a certain time, depends on
the nucleation activation barrier E,. (which depends on the amount of stored energy in the
microstructure) and on the nucleation surface area A, or nucleation volume V., 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, according to Figure 1.

2.2 Cluster dynamics

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

4
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Figure 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, At = t;41 — t; is the size of the " time increment, o' is the grain boundary surface
fraction that is shared between HEM 1 and each representative grain k, v} is the velocity of the grain
boundary segment that is shared between HEM 5 and grain k, ri is the radius of grain k, C} is the
concentration of a defect in grain k, E® is the bulk stored energy density, Eac is the activation energy
for nucleation, Anye is the nucleation surface area, N is the nucleation rate, 7' is the temperature and
Ny, is the number of grains that is represented by grain k.
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Here, C1,, Cy, and p are the concentrations of self-interstitial clusters I,,, vacancy clusters V,,
and the density of dislocations, respectively, and L represents the dislocation and grain bound-
ary sinks for the mobile defects. J,Im 11 represents the rate of the reactions I, +1 — I,,1; and
I, = Ih41 + V and analogous for the other J. Large I,-clusters can become part of the dislo-
cation 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. v, denotes the climb velocity, Spy the density of Bardeen-Herring sources,
and 7. the average dislocation lifetime prior to dipole annihilation. In the model, I; and V;
are considered mobile. These are the defects that make absorption, emission and annihilation
at sinks possible. The detailed expressions are given in Table 5 in Appendix A.

Note that the cluster dynamics model has a temperature-dependence and a grain size depen-
dence. 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 depends 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 cas-
cades was discussed before in [11, 12]. In this work, the expression is further refined to:

(1= fo/ ) Ac

Gen, = 7S

(4)

Here, e =1 or V denotes the defect type, G, is the damage production rate of defects of size n
and type €, Se and A, are temperature-dependent parameters, with A, = G/ Zg;‘f" nt~5¢ For
intermediate temperatures, the parameter values are interpolated using the values of Table 1,
which are based on MD-simulation results. Further, 7 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, n = 1 is used, but similar results (at different time scales) are expected if a
value of 7 = 0.01 would be used, based on limited simulations. Finally, the term (1 — fp/ fimax)
ensures a decrease in defect production rate as damage accumulates in the material, where fp
denotes the atomic defect fraction, and fi,.x denotes the saturated defect fraction level.

T (K) | Go (# defects/atom s) | Sy Sy

300 4.3x1078 2.20 | 1.63
1025 | 3.3x10°8 2.50 | 1.86
2050 | 3.1x10°8 2.17 | 2.42

Table 1: Parameter values for the defect production rate Gp and power law exponents S; and Sy at
different temperatures, from [11], based on MD-results [21].

Few studies are available regarding the defect saturation level in bece metals. In 1996, Gao
and Bacon studied the effect of overlapping cascades on the microstructural evolution for bee-Fe,
using MD-simulations [22]. Recently, Sand et al. [23] showed that the microstructural evolution
due to overlapping cascades strongly differs from metal to metal. For the bce 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 consequence of displacement cascades, it is assumed
that during the thermal spike that accompanies the cascade, within the region where the melting
temperature is exceeded, the pre-existing displacement defects are erased. Gao and Bacon found
that the radius of the molten zone Ry, is related to the cascade energy Ej, by Rmere = 3a0E;/ 3,
based on MD-results [22]. Furthermore, using the NRT-model [24], the amount of Frenkel pairs
Nr created during the same cascade of energy FE), is approximately given by Ng = 0.4%, where
E4q = 128 €V is the displacement threshold energy for tungsten [21]. Assuming a spherically
shaped thermal spike, this gives fiax &= Np/Npet = 0.01, where Npep¢ 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
fce studies. A lower bound for fi,. = 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 fr,.x = 0.01 will be used in the
simulations.

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 repre-
sent, defect concentrations C' and dislocation density p. As illustrated in Figure 2, each represen-
tative 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

Figure 2: A representative grain, surrounded by 6 HEMs. The grain boundary surface fractions of the
HEMs are denoted by .

assigned to a specific HEM based on their bulk stored energy densities, where for a number of
HEMSs Nygu, there are Nggy — 1 energy limits; e.g. all grains for which 10° J/m? < EB < 10°
J/m3 could be in HEM 2, all represenative grains for which 106 J/m3 < EB < 2.5 x 10% J/m?
in HEM 3, and so on.

Grain growth

Assuming that the grain boundary mobility m is constant throughout the microstructure, in
this mean-field approach, the volume change AV, that grain k£ endures during a time step
At = t; 11 —t; depends on the differences in stored energy AE] = E4 — E}, of grain k with each
of the HEMs (denoted by g=1... Nggm), and on the grain boundary surface fractions ¢? that
each of the HEMs shares with the grain, according to:

Nugm Nuem Nugm
AV, = Z AV = Z plmrivi At = Z Plarrim(E? — Ey)At, (5)
q=1 q=1 q=1

where v} is the grain boundary velocity between HEM ¢ and grain k and Nyggwm is the number
of HEMs.

Furthermore, the stored energy density Fj of the grain k& depends on the defect concentra-
tions, the defect formation energies, the configurational entropy S, the temperature 7', the grain
boundary surface energy 7, and the grain size r;. The stored energy of a HEM ¢ is given by a
volume average of the stored energies of the grains that are contained within the HEM; for the
grain boundary surface fractions ¢4, the surface fractions of the total amount of grain boundary
area are used. The detailed expressions for Ey, F4, p? and m can be found in Appendix B.1.

In the model it is assumed that the moving grain boundaries sweep the defects they encounter.
Therefore, defect-free volume is added to growing grains, which leads to a reduction in the aver-
age defect concentrations in the grain [18, 12]. The solution procedure for grain growth in this
multi-HEM mean-field approach is detailed in Appendix C, 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 irra-
diation 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 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 AE, see Appendix B.2. A quantity EBHP is



defined, which expresses the average bulk energy density for all the grains with a (HD, high)
bulk energy density that exceeds the nucleation threshold (EP > EB:™) and K and K2 are
parameters for reduced activation energy during necklace and bulk nucleation respectively. A
nucleation threshold applies, 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 av-

erage bulk stored energy, since this would lead to a higher nucleation activation barrier otherwise.

The necklace and bulk nucleation rates NS and NB are given by:

. _ES _QGB
S __ S act
° = i mcenp( ot Yo S21). 6)
‘B B _EBt _ NGB
N KNVnucexp< T >exp< T ) (7)

The nucleation rates depend on the nucleation activation energies £S5, and EZ,, the tempera-
ture T, the nucleation surface area A, the nucleation volume V., the activation energy for
the grain boundary mobility Q“E and the nucleation rate constants K and K&. Details on
the calculation of A, and V., whereby the nucleation threshold is taken into account, can be
found in Appendix B.2.

Stable nuclei will form when ag—tE < 0 and when vg}s > 0 (i.e. the nucleus is growing). Solving
for these conditions gives the nucleation activation energies ES, and EZ, and the nucleation

radii 5 . and rZ | as detailed in Appendix C.

Bulk nucleation: 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 E® > EBh* HD-daughter grains are converted
to regular grains as soon as their radius exceeds P /4, where rfP is the average radius of all
the grains for which EB > EB:'h or when the bulk energy density of the HD-daughter grains

nuc
exceeds BB (see [12]).

2.4 Hardening

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

\/ﬁ + i Zj 20&?03'7‘]'
- Vm . (8)

Here, a is the dislocation barrier strength, pg is the initial dislocation density, «; is the de-
fect barrier strength of defect type j (see Table 2) and r; is the radius of defect type j, see
Equations 29 and 30 in Appendix A.1.

In

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

Table 2: Barrier strengths as used in the DBH-model, based on [2], for the cluster sizes as listed. For
clusters of smaller sizes, & = 0 is taken.

2.5 Parameter characterization

The parameters K, Ky and K,, that are related to the grain boundary mobility, the nucle-
ation rate and the reduced nucleation activation energy, have been identified by performing



static recrystallization simulations using the mean-field recrystallization model and the experi-
mental results of Lopez et al. [13]. Reparameterization (with respect to [11]) is performed here
because in the improved model, the surface fractions are calculated differently. A systematic
parameter characterization resulted in the following parameter set: K f =5x 107, K;,=1490 and
K$ =2.5%10""m2s~!, based on experimental data for the evolution of the recrystallized frac-
tion over time for temperatures of 1100 to 1250 °C, see Appendix D.

It is shown in Appendix D that the amount of data on static recrystallization in literature
was not sufficient to uniquely determine the parameter choice. The effects of the choice of pa-
rameter K° on the temperature dependence of the recrystallization process, on the grain size
distribution, and on the evolution of the average grain size and the bulk stored energy (un-
der neutron displacement defects loading) are analyzed in Appendix D. It is shown that the
multi-scale model is not very sensitive to the choice of the parameters, although the effect on
the average grain size is pronounced. To obtain more accurate recrystallization parameters, the
model could be parameterized better with experimental data that entail the final grain size and
halftime t; /5 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 recrystallization half-time, cap-
tured with slope a in Figure 8, is uncertain for several reasons: (1) at high annealing temper-
atures, 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 information on the initial and final grain size is not very precise. Nevertheless, to capture
the current experimental temperature-dependency of the recrystallization 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.

3 Results

The multi-scale model that was presented, is applied to investigate what effects heat treatments
could have on the microstructural evolution. In section 3.1, the microstructural evolution under
isothermal conditions at three different temperatures, 800 °C, 900 °C and 1000 °C are briefly
studied. A base temperature is selected for the heat treatment simulations, which are analyzed
in section 3.2.

3.1 Isothermal microstructural evolution

Figure 3 shows the microstructural evolution, as expressed by the bulk energy density E®B, the
average grain size 7, the hardness indicator Zy 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 A. Note that EP is defined as the summation of the energies of the HEMs, weighted
with their respective surface fractions, while for Zy, the overall volume averaged concentrations
are used. Both the variables EP® and Ty are a measure for the amount of stored lattice energy
or damage that accumulates in the material.

For the adopted nucleation parameters, recrystallization takes place rapidly at an irradiation
temperature of 1000 °C (as visible from the dip in E®, which is due to a rise in recovery rate
that accompagnies the recrystallization process [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 recrystallization takes
place in the first 4000 hrs and the hardness indicator reaches 48 and keeps increasing. Figures 3a
and c reveal 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 nucleation rate, the amount of damage by irradiation and the amount of
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Figure 3: Temporal evolution of (a) the bulk stored energy density E®, (b) the hardness indicator Zg,
(c) the average grain radius 7 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.

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 treatments.

3.2 Non-isothermal microstructural evolution

In the next simulations, it will be explored how much recovery can be obtained by heating re-
peatedly for a short amount of time. Figure 4a shows the typical temperature profile that is
applied every 500 hrs (or every 100 hrs) in the next simulations. The material is heated up
in 10 min from the base temperature of 800 °C 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 b-d show the microstructural evolution that occurs
during the first heat treatment cycle (annealing at 1200 °C) directly after 500 hrs of irradiation
at 800°C: the nucleation rate rises (Figure 4b) because of the increased temperature, which af-
fects the exponential terms in Equation 7. 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 until they vanish (Figure 4c) and the stored energy density of the nucleated grains
(Figure 4d) 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 4c and d. Once the average stored energy density decreases, the nucleation rate also
drops (Figure 4b). The material is cooled down to 800 °C again, and up to 1000 hrs (when
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Figure 4: (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 isother-
mal 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 C.

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.

Repeated heat treatments The effects of repeated heating, every 100 hrs and every 500
hrs, are shown in Figure 5 and are compared to the isothermal irradiation situation. In the
isothermal situation, the hardness indicator reaches 48, see Figure 5c. By heating every 500 hrs
for 1 hr to 1200 °C, its value can be limited to a value below 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 E® drops by several orders of magnitude (Figure 5a).
During the second cycle, the amount of grain boundary area per volume is smaller, as the av-
erage grain size is larger (Figure 5b). This leads to a lower nucleation rate (Figure 5d) and
full recrystallization is no longer achieved (E® does not drop below 5 x 107 J/m? at 1000 hrs).
Nevertheless, Ty reduces considerably and it does not seem to be critical to reach full recrystal-
lization, as long as a sufficient amount of recovery is achieved. If the annealing treatments are
applied more frequently, every 100 hrs, full recrystallization is not achieved during the first cycle,
as the driving force for recrystallization is still low after 100 hrs of irradiation, which means that
the full recrystallization process can not be completed within 1 hr of annealing at 1200 °C.

10
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Figure 5: Temporal evolution of (a) the bulk stored energy density E®, (b) the average grain radius 7,
(c) the hardness indicator Zy 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.

Extrapolating these results, the expected maximum increase of the hardness indicator for a cer-
tain interval of time between cyclic heat treatments is related to its evolution under isothermal
conditions (Figure 5c): 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 Zy can be slighly
higher if the recrystallization was incomplete during the previous cycle.

Temperature of annealing The influence of the annealing temperature during heat treat-
ments on the expected damage reduction is investigated next. In Figure 6a, the influence of the
annealing temperature on the hardness indicator is shown, only considering necklace nucleation.
An annealing temperature T3, of 1000 °C during 1 hr after every 100 hrs does not result in full
recrystallization, but Zyg 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 annealing temperature
of 1000 °C, the maximum for the hardness indicator keeps increasing, whereas for the higher
temperatures, the maximum remains stable. Figure 6b displays the evolution of the volume
fraction that consists of grains that made up the original microstructure. The moment at which
no original grains are left in the microstructure is clearly revealed. For an annealing temperature
of 1400 °C and higher, full recrystallization takes place during the first annealing cycle, while
for 1200 °C, the original microstructure vanishes only in the 10** cycle. At 1100 °C or lower,
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Figure 6: The effect of the annealing temperature Ti, on (a) the evolution of the hardness indicator
Tu, during annealing every 100 hrs for 1 hr, and (b) the evolution of the original volume fraction.

even 18 cycles are not sufficient for full recrystallization to take place.

Bulk nucleation effects So far, only necklace nucleation has been considered, as parameter-
ization of the model was done assuming necklace nucleation only. However, the average grain
radius rises significantly after the first recrystallization, and bulk nucleation could have a signifi-
cant effect on the obtained microstructure. Here, the effects for bulk nucleation with K§ = 102
m~3s~! and for two values of KB, KB=10° and K2=10°, are shown in Figure 7.

Figure 7a is shown for comparison. Bulk nucleation affects the average grain size significantly
(Figure 7b), because of the higher nucleation rate, but the increase of the hardness indicator is
only marginally affected by the extra nucleation mechanism (Figure 7c). The bulk nucleation
rate mostly exceeds the necklace nucleation rate. As a general rule, as long as (nearly) full
recrystallization is achieved during the annealing 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 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, accompanied by a loss of ductility. At sufficiently high tempera-
tures, neutron-induced recrystallization is expected to take place, which (partially) removes the
irradiation hardening. At intermediately high temperatures, on the order of 800°C, recrystalliza-
tion does not take place easily and interim annealing treatments 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 tungsten 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 equivalent 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
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

12
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Figure 7: Temporal evolution of (a) the bulk stored energy density E®, (b) the average grain radius
7, (c) the hardness indicator Zy 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.

is chosen sufficiently high to achieve at least partial 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, nucle-
ation mostly takes place near the grain boundaries. 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 evolution during recrystallization. Furthermore, experimental information is
lacking 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
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of tungsten may vary considerably when the reactor is in operation. 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 temper-
ature 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 that penetrate into the bulk of the material are expected to affect the re-
crystallization 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.
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A Defect evolution details
The full set of cluster dynamics equations (that were summarized by Equation 1 and 2), which

are adapted from [17] and [20], is given below. The largest vacancy cluster size is Ny and the
largest interstitial cluster size is IVy.

A.1 The full Cluster Dynamics equations

Ni
dc: _ _ _
7 =C1+205Cr, + ) 0y O, + 5 Oy + (ki + K, 41, ) 0L Ov — 205 CF
Ni—1 Ny
— (a3 + B)CiCr, — Z af CiCy, — kfy(CiCy — CTACY) = Y Tk CiCy,
n=2
ki, _vCr — (k D+1 T ks+1)c 9)
dCh Ni
T = G Tl CF + Iy Cr, Oy + 0y Oy + By Oy + 28, Cr, + > By Cr, + ki yCr
Ni—2 -
—a; C, — (B +af)CLCr =285 CF, — ki, _yCr, — Y BFCLCh,
n=3
Nv
- (kIt,JrV + k<1r1+12)CVCI2 - Z k\thrIQCVn C, — (k$+12 + k;lg)clz (10)
n=2
dCy

— = GIn + a;+1cln+1 + BT:+QCIH+2 + O‘jz_flclcln—1 + 6:720120171—2 + kl_n,l—vcln—l

dt
Tk, OO, — af CiCr, — o, Cr, — B Cr,Cr, — B, Cr, — kOO,
*kl_n_vcln 3 §n§ NI 72 (11)
s G oy Gy +ah G B _4Cr,Cry_y + ki, yC
dt Ing—1 T On Ul T Onp oCTlIN, + On—3CL Ing—3 Iny—2—VIng—2
+ ling+VCVCINI - B&I—lclzvl—l - a]tll—chCIlel - O‘Rﬁ—lch\rlﬂ
_ kIJgVI,lJrVCVCINI—l — k;N1717VCIN1*1 (12)
dCq _ _ _
dtNI = GINI + axl—ICICIlel =+ /8;1—2012011\)'1—2 + kIN1717V01N171 — aNICINI — BNICINI
— k;’;\/ +VCVCIN1 (13)
ac !
\%
— =Gv+ 2950y, + kY, 1OV, C1 + by, O, Ct, + Z Y Cv, + > k. _yCi,
n=3 n=1
Ny—1
— ki (CiCy — CFICY) = 29 CF = D 4 CvCy, — (K 4y, + ki) CLCy
n=2
Np
=Yk COVCr, — (K + k) Cy (14)
n=3
N _ Gy vk G C kY C1,C Ao
dt v, TRy 1 I I Ve T Vng1Cvag T Vgot+la VI2¥ Vo T V—10vlv,
— kVnJrICIOVn — ’Yn C\/n CVCV,L kV +120\/n 012 2<n< Nv -2 (15)
dCv . _ _
dIZV 1 — GNNV—l + k/$NV+ICICVNV + FYNVCVNV +71—CV_QCVCVNV_2 - kii/—Nvfl"rlCICVNv—l
- ’y]?fvflchv—l - ’VJJ\FT\,flCVCVNV—l - k¢Nv_1+12 CVNV—1CI2 (16)
dCy _
dth = GNNV + ’}/IJ\?V710\/0\11\,\/71 — k\J/rNV+ICICVNv — ’YNVCVNV — k\therCvNV C1,,

(17)
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The formulas for computation of each rate coefficient can be found in Table 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. The expressions related to the evolution of the dislocation density
are detailed in section A.2.

Dislocation loop I,
Absorption rate Emission rate
o = 2mry, Z{ Dy o, =2mry,_,Z] _ Diexp (—Ep, _/kgT)/Vay | Interstitial
ZY Dy exp (—E} _y/ksT)/Va | Vacancy
— | VI-recombination

ki v =2nr,ZY Dy | ki _ _y =27
kI—:-V = 47’1’7“1\/(D1 -+ Dv)

n—1

Vacancy cluster V,

Absorption rate Emission rate
k$n 41 = 4mry, D — | Interstitial
T =dnry, Dy Yp =4mry, Dy exp (= EY _/kT)/Var | Vacancy

Table 3: Rate coefficients. The superscript ‘+ ¢ denotes absorption of a point defect and the subscript
‘-’ denotes emission.

Dislocation sink pp
k;S_H = pZ]IDDI Interstitial
ki 4v = pZy Dy | Vacancy

Grain boundary sink
k§1r+1 = 3SISkDI/7“grain Interstitial
k;_-i-\/ = 3S€/kDV/7’grain Vacancy

Table 4: Rate coeflicients related to the strengths of the sinks (grain boundaries and dislocations).

The sink strength sums of Table 4 are given by:

2 1 Ni—1 Nv
(ka) =D [ > i+ k:;"HCVn} + pZL, (18)
n=1 n=1
2 1 Ny—1 Ny
<Ssvk) _ DV[ S ey, + >k +Vcln] +pZY. (19)
n=1 n=1

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

Ef =El  +Ef—EP _| (by definition), (20)
EP [ =El+ M [n?/3 — (n —1)%/3], (21)
EY,_v =By + g;f/;_Ei [n*/% = (n—1)*], (22)

EY =LY+ EQ%/B_E;V [n%3 — (n —1)%/3]. (23)

The diffusion coefficients of the isolated point defects I and V are given by:

DI :Dloexp(—EIm/k:BT), (24)

DV :Dvoexp(—E{}l/kBT). (25)
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:

2T

ZI :ZI 1
In DmaX[ln(Srln/rp)’ ]’

(26)
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2w

AREYAY — 1
In DmaX[ln(&qn/?ﬂp)7 ]’

(27)
(28)

where r, = 2b is assumed, following [17]. The capture radii r;, and rv,, for interstitial and

vacancy clusters of size n are given by:

n?

nVat
_ 29
,r‘In 7Tb ’ ( )
rv, =(3nVi /4m)Y? + V/3ag /4. (30)

A.2 Dislocation evolution details

In the evolution of the dislocation density (Equation 3) [19], the climb velocity of the dislocations
is given by:

27
~ bInR/r.

Vel

ZEDiCr — ZY Dy (Cy — C) |, (31)

where, C is the equilibrium concentration of vacancies near a dislocation, C% = C{' exp (‘;BV;E)

(28], where C{! is the equilibrium vacancy concentration in the bulk, Vj is the atomic volume,
o is the internal stress due to pinned dislocations, o = Aub,/py,, where p, = 0.1p is the pinned
dislocation density and A=0.4. R/r. = 2 is taken, where R and r. are the outer radius and
core radius of the dislocations.

Furthermore, Sy, the Bardeen-Herring source density is given by Spy = (pp / 3)1'5 and do =

(7rp)71/2 is the distance that dislocations can travel before they annihilate [19].

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 x 10?2 J/m? to 2.5 x 108 J/m?® (namely:
1x10%; 1x10%; 3x10%; 6x10%; 1x10%; 5x10%; 1x10%; 2.5x10%; 5x10%; 1x10°%; 2.5x105; 4x10°;
1x107; 3x107; 1x10%; 2.5x10%). 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 K2 = 10° and KB = 105, 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 EBth = 10% J/m?. In
the cluster dynamics model, Ny = Ny = 100 is used for all simulations. The simulations that
were performed in section 2.5 were performed with 20 different HEMs, using 3 extra HEM limits
(namely: 1.3x10%, 1.6x10% and 2.0x106).

B Recrystallization model

B.1 Grain growth

The stored energy density Ej of a spherical representative grain k consists of a bulk contribution
E}? and a surface contribution E,f and is given by

Nmax
E,=E2 +E} = Z [CWE{” + Ov, kB |+ pb?pr/2 — TSk + 3, /274, (32)

n=1
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Parameter | Unit Value Description Reference
ag nm 0.31652 Lattice parameter [29]
ar - 0.15 Dislocation barrier strength [30]
Vb J/m? 0.869 GB-surface energy [13]
) nm 1 grain boundary thickness [31]
D§B m?/s 0.27x107* | Self-diffusivity Estimated,

along grain boundaries using [32]
Dy, m? /s 8.77x10~8 | SIA-diffusivity [33]
Dy, m? /s 177x10~8 | Vacancy diffusivity [33]
Ef eV 9.466 Formation energy SIA [17]
EY, eV 3.80 Formation energy vacancy [17]
Eﬂ eV 2.12 Binding energy STA-SIA [17]
E{}Z eV 0.6559 Binding energy V-V [17]
Ex eV 0.013 STA migration energy [33]
EY eV 1.66 Vacancy migration energy [33]
K3 - 5x107 Nucleation activation energy reduction -
Kn - 1490 grain boundary mobility parameter -
Kn #/m?s | 2.5x1017 Nucleation rate constant -
M - 3.06 Taylor factor [34]
] Pa 161x10°? Shear modulus [32]
QCB J/mol | 4x10° Activation energy for GB mobility [32]
IV A 4.65 Recombination radius [17]
Vin m?/mol | 9.55x1076 | Molar volume -
VA - 1.2 SIA-dislocation bias [17]
zy - 1 V-dislocation bias [17]

Table 5: Parameter values.

where Cf, , is the concentration of interstitial clusters of size n in grain k, Elfn is the forma-
tion energy for cluster I, and likewise for the vacancy clusters, w1 is the shear modulus, b is
the magnitude of the Burgers vector, pi the dislocation network density in grain k, Si is the
configurational (mixing) entropy, 71, the grain boundary energy and rj the radius of grain k.
The adopted parameter values [17, 19, 13] can be found in Table 5.

In the mean-field model, grain growth is calculated based on the stored energy difference between
a grain and the HEMs, AE! = E? — E;.. Here, EY is the volume average of the stored energy
density of all the grains that are contained in HEM gq:
Eq _ Zkeg T‘%NkEk
2 TNk

The grain boundary surface fraction that HEM ¢ shares with any representative grain is

(33)

_ Aq _ Zqu Nkrlzc
Atot ZVk Nkri .

@1 (34)

The grain boundary mobility is taken to be [11, 35]:

_ - BV B -Q¢B
m(T)_KmbzRTDO exp T )

(35)

where K, is characterized based on static recrystallization experiments on tungsten ([13]), QB
is the activation energy for diffusion of tungsten along grain boundaries, ¢ is the thickness of
the grain boundaries, =0.3 is a fraction parameter [35], V4, is the molar volume, R is the gas
constant and DS}B is the self-diffusivity of tungsten along the grain boundaries. The parameters
are specified in Table 5 in Appendix A.
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B.2 Nucleation

The Gibbs free energy reductions upon nucleation of a new grain are given by

1 [ 4m

AB® = — [ - WTT(EB —EB)+ 37rr2'yb}, (36)
a
1 [ 4mrd

AE® = e [— %T (EPHP — EJ) + 47772%}, (37)
a

for necklace and bulk nucleation respectively. Here, r is the radius of the nucleus, E® =
ZZIIVZHFM ©?F1 is the average bulk stored energy density, EJ is the bulk stored energy density for
a grain with equilibrium defect concentrations.

Necklace nucleation takes place at all grain boundary segments, except for the segments where
both the representative grain and the HEM have bulk energies below the nucleation threshold

(EB:thr) | This leads to the following expression for the nucleation surface area:

Z»_E_<EB,thr NJT2 2
Ape =27y rZN; {1( o5 = e J) ] (38)
uc ; Z] NJTJQ

In this expression, the summations hold over all representative grains in the microstructure,
unless specified otherwise. The nucleation volume V. for bulk nucleation consists of the volume
of all the grains for which EB > EB;thr,

nuc

C Solution procedure

The solution procedure is based on [12], but with several modifications to account for non-
isothermal loading and for multiple HEMs.

1. Time step. The size of the time step At = t;41 — t; is calculated, where the constraints
of Table 6 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 EP, 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, N4, 72 EA and Ay, are calculated. 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, NB B EB_and V,,. are calculated. Also for bulk nucleation, all representative

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 increment than were
already present (counting nucleated grains only), then the calculations for this time incre-
ment are repeated, using a reduced time step size At.

6. Grain growth. All regular grains obtain new grain radii and new concentrations. If
grains vanish, then subincrements are used to avoid negative radii.

7. Time step check. If the overall stored energy density of the microstructure decreased
too much in a single time increment (more than 5%), then the calculations are repeated
with a smaller time step size At.
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Volume conservation during grain growth

In general, the volume change of a grain k& during grain growth is calculated using Equation 5.
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 ¢, then the appropriate term in the summation of Equation 5 is
replaced by the following:

AV = —ArmAtr2pt ARI =Er2 20 7 (39)
Equ:AVk‘?<0 AVk Ni
to conserve the volume, after [18].
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 No grain is allowed to growth or shrink more than 10% with respect
growth 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 Nye, during a time step may not exceed
the total amount of newly formed grains Nyew tor 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 x 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 £ = Zé\]:HfM ©?E? should not decrease more
than 5% during a single time increment:

if (Ei+1 — Ez)/Ez > —0.05,

then dt — dt/(|Ei+1 — EZ|/005EZ),

where E(i) is the total energy density during the previous time incre-
ment; and F(i + 1) the total energy density during the first try for the

current time increment.

Table 6: Time step limitations.

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

OAE  OAEJEP OAEdr

- - 40

ot 0E® & | or dt (40)
1 A7 .dEB

55| ?ﬁ—dt — drr*m(E® — E§)(E — EJ) (41)

+ 6mrmy, (E® + E — 2EF) — 9mmAi | <0, (42)

for necklace nucleation, and

OAE _ OAE dEPMP  OAEdr _
ot  OEBHD (gt or dt
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_ L[ 4w pdEPTP
KB 3 T
4

7
+ 6mrmy, (BB HP 4 gEHD - gE(])g) — 12rmA | <0, (43)

— 4rr?m(EBHD — EBY(EHP — EB)

for bulk nucleation. Here, EBHP and EMP are the (volume) average stored energy densities
of the representative grains for which E® exceeds the nucleation threshold energy density. As
detailed in [12], the derivatives are determined numerically. The nucleated grain size is taken to
be ropue = 1.01rg, where r¢ denotes the largest solution to the above equations. The nucleation
activation energy follows from FE,. = AE(r*), where r* is the solution to the static case,
dAE/dr = 0.

D SRX parameter characterization

Simulations of static recrystallization were performed, using the mean-field recrystallization
model, and experimental results of Lopez et al. [13] were used to find the parameter values for
K5, K 1% and K2. Only necklace nucleation is assumed to take place here, based on experimen-
tal observations of static recrystallization of tungsten [13]. The initial and final microstructural
parameters are listed in Table 7. 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 10° J/m? and with a nucleation energy
density threshold of EB:fh" = 106 J/m3. The obtained fit (for K5=5 x 107, K,,=1490 and

nuc

Property Value Source

Initial microstructure

Initial average grain size 7; 18.6 pm [13]
Standard deviation for 7; 3.1 ym

Initial average dislocation density p; 3.2x10* m~—2 [13]
Standard deviation for p; 5.2x10% m—2

Final microstructure

Final average grain size 7¢ 54.1 pm [13]
(after 25 hr at T=1200 °C)
Final dislocation density p¢ 1x10% m=2 [17]

Table 7: Initial and final microstructural properties, before and after static recrystallization, based on
[13].

KEI = 2.5 x 101"m~2571) is shown in Figure 8a and is in adequate agreement with the experi-
mental data. Initially, the parameter identification was done for T=1200 °C; once a satisfactory
fit for this temperature was found, the temperature dependence was also taken into the consider-
ation. Parameters K and K,,, and K§ were determined such that full recrystallization would be
obtained after 25 hours, with a final grain size of 54.1 ym. It was found that given KZ, a unique
set of K, and KEI exists that fullfills these requirements, as illustrated in Appendix D. Fig-
ure 8b shows the temperature dependence of the time required to reach a recrystallized volume
fraction fRX=0.50, both for the experimental results and for the simulation results, expressed
by the slope a = Alog,o(t1/2)/AT of the recrystallization time as a function of temperature.
The slope was determined for various choices of KS (with the corresponding K, and Ky 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 K§ , as shown in Figure 8c. This depen-
dence converges to a plateau and it is not possible to choose K® such that the experimental
slope is recovered. Below, the influence of the choice of K2 on the microstructural evolution
under neutron irradiation will be shown. For each of the choices for K (with the corresponding
K., and KY), the shape of the evolution of the recrystallized volume fraction fRX under static
recrystallization is the same (not shown). However, there is another difference: a lower value for
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Figure 8: (a) Simulation results for the evolution of the recrystallized volume fraction f®* 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 K on
the temperature-dependence of the speed of recrystallization, slope a.

K$ is accompanied by a higher value of K§ and a nucleation rate that is initially higher and
decreases afterwards, while a high value for K S 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 K2, because of the constant nucleation rate, that leads to more heterogeneous
sizes for the new grains.

K3 KY (m %71 K K, Previous/current
3%x108 9.3 x 10% 1335 - Current
5x107 2.5x10%7 1490 - Current
1x108 3.16x10%7 1.8x10% 25 Previous

Table 8: Two currently possible parameter sets identified from the experimental data and the previous
parameter set, that includes a reduced grain boundary mobility for pinned grains, K-

Parameter effects on the full model

Based on the results shown in Figure 8, there is too little information to determine for which value
of K¥ the reality is best represented, other than that for a higher value of K2, the temperature
dependence is slightly better matched. In Figure 9a and b it is shown how much the results for
the full model for neutron-induced recrystallization are affected by the set of recrystallization
parameters. Simulations were performed using K3 = 3 x 10° and K5 = 5 x 107 (see Table 8) at
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Figure 9: (a) Evolution of the bulk stored energy density E® and of the (b) average grain size 7 for
different parameter sets during neutron iradiation at 7=1100 °C. The dashed line shows the threshold
that separates the two HEMs for the simulation with K5 = 108.

T=1100 °C and are compared to the simulation results that were obtained with K3 = 1 x 10®
(see Table 8), using the previous method for calculating the surface fractions and using only 2
HEMSs. For the present simulations 20 HEMs were used, with 50 representative grains in each
HEM. From Figure 9a 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 that in spite of the fact that the
values for the nucleation parameters are uncertain, the multi-scale model is not very sensitive
to the choice of these parameters.

Figure 10 shows the dependence of the final average grain size and the time to complete
recrystallization on the parameters Ky and K, for a given K,, for static recrystallization,
using the microstructure parameters, process conditions and simulation settings as mentioned
in section 2.5.

150
e K_ =800
e K_ =900
o K_=1200
ooy K_=1330
g/ K =1335
~ ...) K =1337
I m
501 | K_=1340
K =1350
m
K_ =2000
Exp. [13]
0 " " " "
20 30 40 50
oy (1)

Figure 10: Final grain size 7 after static recrystallization and time of full recrystallization trx for
K,=3x10° and for various values of K, and K, in comparison to the experimental result of [13].
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