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A numerical model for the recrystallization kinetics of tungsten monoblocks 
under cyclic heat loads 

V. Shah , J.A.W. van Dommelen *, S.E.S. Heijkoop , M.A. Oude Vrielink , M.G.D. Geers 
Mechanics of Materials, Eindhoven University of Technology, Eindhoven, The Netherlands   
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A B S T R A C T   

The recrystallization assisted microstructural changes during cyclic heat exposure are surmised detrimental to 
the thermal fatigue resistance of the tungsten monoblocks that cover the surface of the divertor components of a 
nuclear fusion reactor. A numerical framework to predict recrystallization in tungsten monoblocks during cyclic 
heat exposure is presented in this work. The framework is based on a thermal model coupled to a Johnson-Mehl- 
Avrami-Kolomogorov (JMAK) type recrystallization model. The influence of the initial (starting) microstructural 
state, i.e. the degree of deformation, on the extent of recrystallization, is considered through the activation 
energy for recrystallization. For a highly deformed microstructure, significantly more recrystallization is 
observed compared to self-diffusion driven recrystallization. The activation energy for recrystallization within 
the range 322 to 350 kJmol− 1 during cyclic heat exposure of a monoblock is determined from the simulated 
recrystallization extent in relation to the experimental observations of differently processed monoblocks. The 
influence of the heating time per cycle for different activation energies on the recrystallization extent is also 
investigated. Instead of bulk recrystallization, only localized surface recrystallization is observed for a combi-
nation of a shorter heating time per cycle and a moderately deformed initial microstructure, which may 
contribute to improving the thermal fatigue resistance of the monoblocks.   

1. Introduction 

The viability of fusion reactors as a sustainable and commercial 
source of energy necessitates a prolonged lifetime of their components. 
In future tokamak based reactors such as ITER and DEMO, the plasma 
facing components (PFCs) of the divertor, located at the bottom of the 
vessel, are regarded as some of the most vital components, as they 
extract heat from the plasma, simultaneously serving as an exhaust for 
helium ions as well as plasma impurities [1,2]. Hence, they are subjected 
to extreme cyclic heat loads and particle loads in the form of ions and 
neutrons [3,4]. The PFCs are made of bcc metal tungsten (W), due to its 
wide operating temperature range, in addition to its high thermal con-
ductivity, and plasma compatibility [5]. In case of ITER, these W PFCs 
consist of an array of actively cooled monoblocks, with a W tile brazed to 
a CuCrZr alloy tube, thereby resulting in a steep temperature gradient in 
the monoblock with values that remain within the safe operating range 
during steady-state operation (10 MWm− 2) [6]. However, during oper-
ation, additional cyclic heat loads in the form of slow transients (20 
MWm− 2, max. 10 s; also qualify as steady-state loads) and fast transients 

(1–60 MJm− 2, 0.1–300 ms) will occur, ultimately increasing the tem-
perature, and the magnitude of the associated gradient in the monoblock 
[6–8]. 

In experimental studies, the influence of such cyclic heat loads is 
simulated via laser, plasma and/or electron beam exposure, and several 
surface based damage mechanisms such as melting, erosion, rough-
ening, and crack-formation under steady-state heat loads are observed, 
along with an increase in the severity for transients [9–16]. Further-
more, taking into account the actual monoblock geometry and the 
temperature gradient (reactor like), dedicated long term cyclic high heat 
flux (HHF) exposure studies have investigated the thermal fatigue 
resistance of the monoblocks [17–24]. In these studies, the performance 
of these monoblocks has been investigated with respect to different 
loading schemes (number of cycles and electron beam diameter), joining 
technologies between the W-CuCrZr tube, and microstructural orienta-
tion. The most commonly reported phenomenon in these studies is 
macro-crack formation, also known as self-castellation of monoblocks, 
with deep cracks extending into the bulk of the monoblocks [17–19, 
21–23]. Apart from the macro-cracks, pronounced microstructural 
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changes due to high temperature assisted recrystallization and grain 
growth are typically observed in the top part of the monoblocks (high 
temperature regions), with varying fractions in the bulk, depending on 
the monoblock geometry and loading scheme [14,16,18,21,23]. 

The macro-crack formation during HHF exposure has been linked to 
tungsten’s brittleness in the recrystallized state, thereby leading to 
crack-nucleation at the surface, followed by crack-growth in the bulk 
due to tensile stresses during cooling [25]. Furthermore, this brittle 
behaviour of recrystallized tungsten, implying a higher brittle-to-ductile 
transition temperature (BDTT) is attributed to segregation of impurities 
and the associated weakening of the grain boundaries (predominantly 
high angle grain boundaries) [26,27]. Nevertheless, relatively better 
ductility of recrystallized tungsten (compared to deformed state) has 
been reported by several studies, thereby suggesting a lower BDTT 
[28–31]. In terms of macro-crack formation, exhaustion of the ductility 
of recrystallized tungsten has also been suspected as the underlying 
cause of macro-crack formation during the HHF exposure [23,32]. For 
failure predictions of the monoblock, i.e. the number of cycles to crack 
formation, the influence of recrystallization on mechanical property 
such as the change in yield stress, and the resulting incremental increase 
in the plastic strain during cyclic loading is accounted for in finite 
element models [25,30,32,33]. Different possible recrystallization 
depths arising from cyclic HHF exposure have been modelled, with 
larger depths showing the smallest resistance to crack-formation (failure 
at lower cycles) [25,32,34]. On the other hand, despite the experimen-
tally observed extended recrystallization in the monoblock bulk, no 
trace of macro-cracks have been observed in monoblocks from different 
manufactures such as AT&M China and ALMT Japan (plasma-facing 
units produced by Ansaldo Nucleare, Italy; Atmostat, France; CNIM, 
France; or Research Instruments (RI) GmbH, Germany), thereby high-
lighting the role of processing and tungsten grade [16,19,24]. Thus, the 
role of recrystallization in affecting the failure behaviour of monoblocks 
is unclear. It is also worthwhile to mention that the aforementioned 
observations of recrystallization and macro-crack formation are strongly 
sensitive to the initial microstructural state of the monoblocks [17,18, 
23] as well as the monoblock geometry [2]. Furthermore, a single 
macro-crack may not have detrimental consequences for the monoblock 
(for example, through the loss of thermal conductivity and/or structural 
integrity), but this depends on the actual location/magnitude of the 
crack. 

Since the non-equilibrium concentration of defects drives the 
recrystallization process, i.e. pre-dominantly dislocations in the case of 
plastic deformation [35], the recrystallization kinetics is known to be 
strongly dependent on the degree of deformation, and the resulting 
microstructural features such as defect density and grain size [23,36]. 
For example, for highly deformed W plates (cold-rolled to some extent), 
recrystallization is shown to be proceeded by grain boundary diffusion 
due to the lower spacing between the low angle grain boundaries 
(short-circuit diffusion paths) [37–39]. In contrast, for lower 

deformation levels or warm rolled plates, the recrystallization is driven 
by self-diffusion mechanism, thereby raising its thermal stability [38,40, 
41]. Thus, to accurately predict the thermo-mechanical behaviour of the 
monoblocks during long time cyclic HHF exposure, the dynamic evo-
lution of the microstructure due to recrystallization in conjunction with 
the initial state is necessary. Previously, based on experimental recrys-
tallization kinetics, Durif et al. [42] proposed an inverse methodology to 
predict the recrystallized fraction in a monoblock following a few cycles 
of HHF exposure. However, in this work, the dynamic evolution of the 
recrystallized fraction over time, and the influence of the initial micro-
structure were not taken into account. 

In the present article, a novel numerical approach to account for the 
evolution of the recrystallized fraction during cyclic HHF loading is 
proposed, which allows for assessment of the influence of the dynami-
cally changing microstructural state on the thermo-mechanical behav-
iour (not addressed here). This approach is based on a thermal heat 
conduction model coupled with a Johnson-Mehl-Avrami-Kolmogorov 
(JMAK) based recrystallization model. Additionally, by using suitable 
parameters for the recrystallization kinetics, it is possible to reproduce 
the experimentally determined recrystallization behaviour in plasma 
facing components during cyclic HHF exposure. The article is structured 
in the following manner. In Section 2, the experimental observations of 
recrystallization in the HHF exposed monoblock are highlighted. In 
Section 3, the numerical modelling setup of the monoblock geometry 
and the simulated load cases are detailed. In Section 4, the simulated 
load case scenarios are presented along with an extensive discussion. 
Lastly, in Section 5, a brief summary and conclusions drawn from the 
present work are given. 

2. Experimental observations: Recrystallization in a W 
monoblock 

Tungsten monoblocks manufactured via rolling by AT&M, China and 
exposed to cyclic HHF loads achieved via an electron beam at IDTF 
(ITER divertor testing facility, Russia) were delivered by Research In-
struments (RI) GmbH. The geometry of these monoblocks followed the 
ITER specifications [6], i.e. a width of 28 mm, axial length of 12 mm, 
and an armour thickness equal to 8 mm. The monoblocks were diffusion 
bonded to a Cu interlayer, and were brazed to the CuCrZr alloy cooling 
tube [24]. For cyclic loading, the HHF exposure of the ITER divertor 
qualification program was utilized, where the assembly of tungsten 
monoblocks (also called the mockups) was exposed to 5000 cycles of 10 
MWm− 2 and 1000 cycles of 20 MWm− 2 heat load. Each thermal cycle 
during the exposure consisted of a 10 s heating phase followed by a 10 s 
cooling phase. It is important to note that an armour thickness of 8 mm, 
corresponding to the former monoblock geometry [6] has been adopted 
in the present work for accurately reproducing the experimental ob-
servations. At present, the armour thickness has been reduced to 6 mm 
following the optimization of the ITER divertor design [43]. 

Fig. 1. Macro-scale optical micrograph depict-
ing the tungsten monoblock’s microstructural 
changes after 1000 cycles of 10 s exposure at 20 
MWm− 2. The region shown in the optical 
micrograph corresponds to the region indicated 
by the rectangle A-B-C-D of the monoblock. 
Significant change due to recrystallization oc-
curs with a sharp transition to the initial 
microstructural state. The recrystallized frac-
tion along the WD-HD plane follows the tem-
perature profile, with a smaller recrystallization 
depth close to the cooling tube than at the edge 
of the monoblock.   
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A full-scale material characterization of these monoblocks was per-
formed by machining and preparing metallographic samples [16]. Fig. 1 
shows an optical micrograph from one of the prepared samples. Two 
different microstructures, i.e. recrystallized near the top and initial at 
the bottom can be observed. Furthermore, a spatial variation of the 
extent of recrystallization is also visible in Fig. 1, with regions closer to 
the cooling tube showing a transition to the initial microstructure at 
lower depths (line CD) than regions away from the cooling tube (line 
AB). The microstructural changes due to recrystallization shown in 
Fig. 1 were further confirmed by performing hardness measurements 
(see Fig. 11 in Appendix A), with a lower hardness for the recrystallized 
area due to its lower defect density. 

The aforementioned experimental observations on the extent of 
recrystallization in the heat exposed monoblocks are reproduced to 
assess the validity of the numerical model. This then allows to gain in-
sights into the driving mechanism of recrystallization and its de-
pendency on the initial microstructural state. 

3. Material monoblock models and solution methodology 

In this section, the geometry, boundary conditions, and material 
properties of the finite element based monoblock model are described, 
along with its coupling to the JMAK model for evaluating the 
temperature-dependent recrystallized fraction in the monoblock. 

3.1. Thermal monoblock model 

Following the experimental observations, the modelled monoblock 
geometry consists of a W monoblock as the armour material, along with 
a copper-chromium-zirconium (CuCrZr) cooling tube running through 
the monoblock as the heat sink. Moreover, to compensate for the ther-
mal expansion mismatch, a copper (Cu) interlayer is placed between the 
W armour and the CuCrZr cooling tube. Identical dimensions of the 
monoblock to that of the experiments, i.e. 28 × 28 × 12 mm3, with an 
inner and outer diameter of 12 and 15 mm, respectively, for the CuCrZr 
tube, and a thickness of 1 mm for the Cu interlayer (outer diameter equal 
to 17 mm) are considered. Additionally, the CuCrZr tube is placed off- 
centred in the monoblock, i.e. at a distance of 3 mm from the bottom, 
leading to an armour thickness (the shortest distance between the ar-
mour surface and Cu interlayer) of 8 mm. 

Considering the symmetry in the monoblock, only a quarter of the 
monoblock is modelled, and Fig. 2 shows the full monoblock geometry 
along with the modelled one. For discretizing the geometry, the com-
mercial finite element analysis code MSC.Marc is used. Following a 
mesh-sensitivity analysis and in view of computational efficiency for 
simulating a large number of cycles, the model is meshed with 5624 
eight node isoparametric brick elements. 

The thermal behaviour of the monoblock during cyclic HHF exposure 
is simulated by implicitly solving the conventional transient heat con-
duction equation, with a global step size of 1 s. The use of a rather coarse 
global time step is necessary for the computational feasibility, given the 
large number of cycles and the marginal differences between the full 
recrystallized depth at the end of heating cycles (5 or 10 s). The evo-
lution of the recrystallized fraction within one heating cycle is simulated 
using a global step size of 0.1 s, to accurately track the evolution at 
shorter time scales. At the monoblock surface, a heat flux based 
boundary condition is prescribed (Fig. 2b). Near the cooling tube, a 
convection based cooling boundary condition representing the cooling 
water is employed (Fig. 2b). The convection based boundary condition 
contains contributions from two different mechanisms, i.e. forced con-
vection due to pressurized flowing water and boiling cooling. For forced 
convection, a Sieder/Tate correlation is used [44], and for cooling 
through boiling, the Thom/CEA correlation is used [45]. Based on the 
above relations, the heat transfer coefficient (htot) is computed from the 
total heat flux qtot , i.e. htot =

qtot
Tw − Tb

, where Tw and Tb are the wall and bulk 

fluid temperature. Considering a bulk fluid temperature Tb equal to 100 
◦C, a fluid pressure equal to 3.3 MPa and a fluid velocity equal to 10 
ms− 1, a wall temperature Tw dependent heat transfer coefficient htot 
between 70 to 230 kWm− 2K− 1 (for temperature range: 50◦C to 230◦C) is 
used, consistent with values reported by Li and You [25]. 

To simulate the experimental conditions, a heat load of 20 MWm− 2 is 
applied for thousand cycles (lower number of cycles are also simulated 
in some cases), with a heating phase lasting for 10 s followed by a 
cooling phase of 10 s, i.e. in total 20 s per cycle. Also, for all simulations, 
a homogeneous temperature initial condition of 200◦C is prescribed in 
the entire monoblock. Contrary to experiments, the lower surface heat 
load, i.e. 10 MWm− 2 is not considered, since it entails an overall lower 
magnitude of temperature in the monoblock than for the 20 MWm− 2 

case, thereby predominantly resulting in microstructural changes near 
the surface only. 

Since the 20 MWm− 2 HHF exposure of the monoblocks results in a 
wide temperature range in the monoblock, a temperature dependency of 
the material properties, i.e. the thermal conductivity (κ), and the prod-
uct of mass density and the specific heat (cρ) are adopted for the W, Cu 
and CuCrZr alloy. The temperature dependent behaviour of these 
properties for the three different materials are provided in Appendix B. 
The resulting temperature field in the monoblock after a 10 s exposure to 
20 MWm− 2 is shown in Fig. 2c, which is in adequate agreement with 
experimental and numerical observations [24,46]. 

3.2. Recrystallization model 

Recrystallization is a thermally activated process, the extent of which 
is governed by the exposure time at a given temperature. For isothermal 
conditions, the kinetics of recrystallization can be described by the 
JMAK model [47], given as: 

X = 1 − exp
(

B
(

t
t50

)n)

(1)  

with X being the recrystallized fraction, B being a constant (equal to 
-0.693, considering 50% recrystallization, i.e. ln(0.5)), n representing 
the Avrami exponent, and t50 representing the time required to achieve 
50% recrystallization (time to half recrystallization). Furthermore, 
taking into account the temperature dependency, the time to half 
recrystallization t50 can be expressed as: 

t50 = t0
50exp

(
Eact

RT

)

(2)  

where, t0
50 is the pre-exponential factor, Eact is the activation energy for 

recrystallization, R is the real gas constant and T is the annealing tem-
perature. Experimentally, information regarding the recrystallized 
fraction (X) for a given material state can be obtained by performing 
hardness measurements following annealing at a given temperature. 
Repeating this over a wide range of temperatures, the above JMAK pa-
rameters can be determined. However, under non-isothermal condi-
tions, the temperature governed recrystallized fraction should be 
modelled using a differential form of the JMAK equation [47]: 

dX
dt

=
0.693 n (1 − X)

t50

[

ln
(

1
1 − X

)
1

0.693

]n− 1
n

(3) 

In the present work, this differential form of the JMAK model is used 
to track the temporal evolution of the recrystallized fraction during 
cyclic HHF exposure of the monoblock. The pre-exponential factor t0

50 for 
time to half-recrystallization (t50) is determined from the experimentally 
measured time to half recrystallization on annealed rolled tungsten [39, 
48], while the activation energy for the recrystallization Eact is used as a 
input parameter to account for the degree of prior deformation. Based on 
the results from the experimental annealing studies [38,39], a constant 
Avrami exponent n equal to 2 is used for all simulations. Note that a 
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temperature dependence of the Avrami exponent n, as suggested in 
experimental studies was also simulated [41,49], but its influence on the 
recrystallization behaviour of the monoblock was shown to be 
insignificant. 

3.3. Coupled solution procedure 

The temperature-dependent recrystallized fraction is calculated 
within the finite element based thermal monoblock model using a sub-
routine implemented in MSC.Marc. Here, for each global time step of the 
monoblock thermal problem, the subroutine is invoked at the integra-
tion points, with the temperature and recrystallized fraction (from 
previous time step) serving as input for the subroutine. The updated 
recrystallized fraction within the subroutine is calculated by discretizing 
the JMAK differential (eq. (3)) explicitly in time, i.e. using Forward 
Euler. Here, a constant time step with a relatively small step size of 2.5 ×
10− 4 s (local time step) is used to ensure the stability of the solution 
along with computational efficiency. For the initial condition, the 
recrystallized fraction in the entire monoblock is set equal to 0.001, 
corresponding to a deformed starting state. 

3.4. Simulated cases 

For assessing the extent of recrystallization in the monoblock during 
cyclic heat load exposure, two different cases related to the input JMAK 
parameter and exposure time are investigated. First, the recrystalliza-
tion in the monoblock is explored as a function of the initial micro-
structural state, i.e. the starting state. Here, the dependency of the JMAK 
parameter, i.e. the activation energy for recrystallization Eact , on the 
degree of deformation is taken into account following experimental 
observations [38–41]. Secondly, the influence of a shorter exposure 
(heating) time, i.e. 5 s, on the recrystallization extent is explored for 

different activation energies and compared to the standard case of 10 s 
exposure per cycle. 

4. Results and discussion 

In this section, the simulated recrystallization behaviour of the 
monoblock during cyclic HHF exposure is presented, and discussed in 
terms of the input activation energy, and the exposure time per cycle. 

4.1. Recrystallization behaviour in the monoblock 

The evolution of the recrystallized fraction in the monoblock during 
high heat load exposure between the points C and D (Fig. 2b) of the 
monoblock and for an activation energy of 300 kJmol− 1 is shown in 
Fig. 3. The results for this case are detailed specifically due to its rele-
vance to the experimental observations, thereby providing profound 
insights on the cycle dependent evolution. In Fig. 3a, the evolution of the 
recrystallized fraction within a single cycle is shown, where the 
extremely high temperatures resulting from the heat exposure almost 
instantly lead to full recrystallization of the regions near the surface, i.e. 
within 3 s, with full recrystallization up to a depth of 1.4 mm. Moreover, 
as the exposure progresses, the recrystallization front moves to the 
monoblock bulk, ultimately leading to a full recrystallization depth of 
approximately 3.4 mm at the end of the 10 s exposure cycle. 

In Fig. 3b, the evolution of the recrystallized fraction as a function of 
the number of cycles is shown. Initially, for time scales corresponding to 
few tens of cycles, the recrystallization front moves steadily along the 
bulk (nearly equal distance between the recrystallized fraction trend 
lines at X = 0.5), whereby the fully recrystallized region grows from 4 
mm to 4.5 mm between 10 to 32 cycles. This expanding trend for the 
fully recrystallized region continues up to a depth of 5.2 mm after 316 
cycles. However, at longer time scales such as the ones between 316 to 

Fig. 2. Geometry of the water cooled tungsten monoblock considered for the numerical model in the present work (a); FE discretization and boundary conditions (b); 
the resulting temperature field in the monoblock at the end of a 10 s exposure cycle for 20 MWm− 2 surface heat load (c). 

Fig. 3. The evolution of the recrystallized fraction in the monoblock during cyclic heat exposure of 20 MWm− 2 for an activation energy equal to 300 kJmol− 1 within 
one cycle of exposure (a), and versus the number of cycles (b). 
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1000 cycles, the recrystallization progress reduces drastically due to the 
relatively lower temperatures in the bulk monoblock, thereby necessi-
tating longer times for full recrystallization. Nonetheless, at longer time 
scales, i.e. between 316 to 1000 cycles, a small propagation of the 
recrystallization front towards larger depths persists. 

The influence of the starting microstructural state on the recrystal-
lized fraction is compared in Fig. 4 by plotting the recrystallized fraction 
evolution for different activation energies. In Fig. 4a, the evolution after 
300 cycles is shown while in Fig. 4b, the evolution after 1000 cycles is 
depicted. A significant dependency of the recrystallized fraction on the 
activation energy can be observed in both figures, with overall a lower 
recrystallized fraction for higher activation energies. This dependency of 
the recrystallized fraction on the activation energy can be related to the 
degree of deformation of the monoblock’s starting microstructural state. 
In the case of a heavily deformed starting microstructural state, a lower 
thermal barrier for recrystallization and hence a lower activation energy 
emerges, whereby the high density of grain boundaries acts as short- 
circuit diffusion pathways [39], giving a value for Eact in the range be-
tween 203 to 406 kJmol− 1 [37,50]. Conversely, for low to moderately 
deformed initial microstructures, due to the low density of dislocations 
and grain boundaries, Alfonso et al. [41] rationalized the recrystalliza-
tion to be governed by self-diffusion (volume diffusion), ultimately 
leading to a higher thermal barrier for recrystallization (502 to 586 
kJmol− 1 for tungsten [50]). It is important to note here that the origin of 
the activation energy of the recrystallization process is not trivial. 
Fundamentally, the recrystallization transformation entails two separate 
processes, i.e. nucleation and growth of nuclei, where the growth 
mechanism is dictated by the migration of boundaries, which in itself is a 

thermally activated process. However, for nucleation, the role of grain 
boundaries as the rate controlling process is only applicable when the 
nucleation mechanism is considered to be governed by subgrain growth 
[35]. 

For further insights into the evolution of the fully recrystallized 
fraction in the monoblock, Fig. 5a compares the temporal evolution of 
the fully recrystallized depth for different activation energies. Here, the 
data points resemble the fully recrystallized depth after certain exposure 
time, including the cooling cycles. Considering the lowest activation 
energy case, i.e. 300 kJmol− 1 as an example, the exposure time- 
dependent fully recrystallized region in the monoblock expands at a 
constant rate with the exposure time. A similar expanding trend with 
exposure time is also visible for other activation energies, whereby the 
overall recrystallized depth is smaller for an increasing activation en-
ergy. This overall decreasing recrystallization depth with increasing 
activation energy (irrespective of the exposure time) is due to the time to 
half recrystallization (t50) parameter. As shown in Fig. 5b, for lower 
activation energies, the time to half recrystallization for the higher 
temperature regime of the monoblock is lower and increases signifi-
cantly in the depth (decreasing temperature), thereby resulting in 
extensive recrystallization in the upper part of the monoblock. Further, 
with increasing activation energy, the depth (temperature) dependent 
time to half recrystallization shifts towards longer time scales, ulti-
mately leading to a lower recrystallized depth in the monoblock and 
requiring a longer exposure time to achieve the same fully recrystallized 
depth as for a lower activation energy, implying a higher thermal sta-
bility of the microstructure. 

Apart from the evolution of the recrystallized fraction in the regions 

Fig. 4. The recrystallized fraction evolution in 
tungsten monoblock (between points C and D in 
Fig. 2b) for different activation energies in 
kJmol− 1 after 300 cycles (a) and 1000 cycles 
(b) during 20 MWm− 2 heat load exposure. For 
highly deformed initial state, the extent of 
recrystallization in the monoblock evolves pri-
marily during the first few hundred exposure 
cycles, and progresses slowly for longer expo-
sure time. On the other hand, for low to 
moderately deformed initial microstructure, 
independent of the number of exposure cycles, 
the extent of recrystallization in the monoblock 
is minimal.   

Fig. 5. Temporal evolution of the fully recrystallized fraction between the points C and D (Fig. 2b) of the monoblock for different activation energies (a). The 
exposure time indicated in the figure corresponds to a sequence of heating and cooling cycles. (b) The activation energy and depth (temperature) dependent time to 
half recrystallization (X = 50%) between the points C and D (Fig. 2b) of the monoblock, evaluated using the steady state-temperature profile at the end of a 10 
s exposure. 
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near the cooling tube (point C and D in Fig. 2b), the regions farther away 
from the cooling tube experience relatively high temperatures (as seen 
in Fig. 2b), thereby resulting in a larger extent of recrystallization. This 
is depicted in Fig. 6 showing two-dimensional contour maps of the 
recrystallized fraction in the monoblock following 1000 exposure cycles 
with different activation energies. The extent of recrystallization in-
creases with increasing distance from the cooling tube, thereby 

accurately reproducing the experimentally observed behaviour (Fig. 1). 
In terms of the activation energy, the overall extent of recrystallization 
at any spatial location in the monoblock away from the cooling tube 
tends to be lower with increasing activation energy. 

The recrystallization depth results from the different simulated cases 
after 1000 exposure cycles were used to construct an activation energy 
dependent full recrystallization map, as shown in Fig. 7. The data points 
in this figure represent the simulated fully recrystallized depths for a 
given activation energy, while the solid lines are the trend lines. For a 
quantitative comparison, the recrystallization depths along the centre 
and the edge of the monoblock are shown, and it can be followed from 
Fig. 7 that with increasing activation energy, the difference between the 
fully recrystallized region in the centre and at the edge of the monoblock 
decreases. 

Taking into account the experimental observations and using an in-
verse methodology, this figure can be used to predict the initial micro-
structural state of the monoblock, for which the prior degree of 
deformation (Eact) and the corresponding recrystallization behaviour is 
not known. For example, considering the experimental observations on 
the extent of recrystallization in the heat exposed AT&M monoblock 
shown in Fig. 1, i.e. a recrystallization depth of approximately 5 mm 
near the centre and 7 mm near the edge, Fig. 7 provides an activation 
energy of approximately 322 kJmol− 1, i.e. within the grain boundary 
diffusion range. Also, considering the lower number of exposure cycles 
(300 cycles) and a recrystallization depth of 4 mm in the centre and 5.2 
mm at the edge of the heat exposed Plansee AG manufactured (forging) 
monoblocks (similar geometry) from the work of Nogami et al. [21], 
results in a similar activation energy of 350 kJmol− 1, i.e. in the range of 
grain boundary diffusion (see Appendix C). Nonetheless, it is also 

Fig. 6. The recrystallized fraction in the monoblock following 1000 cycles of 10 s exposure with 20 MWm− 2 heat load for different activation energies (Eact) between 
300 to 600 kJmol− 1. 

Fig. 7. Activation energy dependent fully recrystallized depths along the centre 
and edge of the monoblock following 1000 cycles of 10 s exposure for 20 
MWm− 2. As the activation energy for recrystallization increases, the overall 
recrystallization depth and the difference between the recrystallization fronts 
between the centre and the edge of the monoblock decreases. 

Fig. 8. Temperature field in the monoblock at the end of a 5 s cycle exposure of 20 MWm− 2 heat load (a) isometric view, with one-dimensional line plot showing the 
comparison between the temperature gradient between the points C and D of the monoblock (Fig. 2b) at different heating time intervals (b). 

V. Shah et al.                                                                                                                                                                                                                                    



Fusion Engineering and Design 173 (2021) 112827

7

important to point out that the evolution of the recrystallized fraction in 
the monoblock occurs in the presence of stress, which may accelerate the 
recrystallization process [51,52]. Hence, the activation energy deter-
mined by this inverse methodology rather represents a lower bound 
value. In this context, a measure of the influence of stress on the 
recrystallization kinetics (not considered here) can be obtained by 
comparing the activation energy determined from oven annealing ex-
periments with the one predicted by the inverse methodology following 
experimental high heat exposures of monoblocks. 

4.2. Influence of exposure time per cycle 

In the standard case highlighted above, the exposure time per cycle 
was equal to 10 s corresponding to the maximum duration of slow 
transients (as in the experimental exposure). Yet, shorter duration 
transitions can also occur [53]. Hence, the influence of shorter exposure 
times on the recrystallized fraction in the monoblock is investigated by 
simulating cycles with a lower heating time per cycle, i.e. 5 s instead of 
10 s. The temperature field in the monoblock at the end of a single 5 s 
exposure cycle is shown in Fig. 8a. A lower magnitude of temperature at 

Fig. 9. Comparison of the evolution of the fully recrystallized depth (between points C and D) as a function of the accumulated heating time with different heating 
time per cycle for Eact (a) 350 kJmol− 1, (b) 450 kJmol− 1. 

Fig. 10. Two dimensional contour plots portraying the recrystallized fraction in the monoblock following 600 cycles of 5 s (a) and 10 s (b) exposure with 20 MWm− 2 

heat load for three different activation energies (Eact), i.e. 350 kJmol− 1, 450 kJmol− 1, and 550 kJmol− 1. 
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the end of 5 s can be observed in the monoblock as compared to the 10 s 
case (Fig. 2b versus Fig. 8a). This is more clear in Fig. 8b, where the 
temperature gradient between the points C and D of the monoblock at 
different time instances are shown. After 5 s exposure, the temperature 
at point C is nearly 100◦C lower than after 10 s exposure. 

To investigate the influence of the exposure time per cycle, the fully 
recrystallized region in the monoblock for both 5 s and 10 s heating 
cycles, are represented in Fig. 9 in terms of the accumulated heating 
time, i.e. the total heating time accumulated over the cycles. As shown in 
Fig. 9a, i.e. for a lower activation energy of 350 kJmol− 1, considering 
the accumulated heating time, the 10 s heating cycles lead to a larger 
fully recrystallized depth than the shorter 5 s heating cycles, indepen-
dent of the exposure time scale. An identical behaviour of larger 
recrystallized depth for the 10 s heating cycles (similar accumulated 
heating time) also emerges for the higher activation energy case, i.e. 450 
kJmol− 1 in Fig. 9b, with an overall lower recrystallized depth due to 
higher activation energy (higher thermal stability; less defect density) 
independent of the heating time per cycle as observed and reasoned 
previously. The larger fully recrystallized depth for the 10 s heating 
cycles compared to the 5 s heating cycles, is likely due to the non steady- 
state temperature in the beginning of each heating cycle, as shown in 
Fig. 8b. Ultimately, this results in a higher recrystallization rate for the 
10 s exposure (as per Fig. 5b). Note that for a higher activation energy 
(corresponding to the self-diffusion mechanism), a similar influence of 
the exposure time per cycle occurs, i.e. a lower recrystallization depth 
for shorter heating cycles, but at relatively longer exposure time (not 
shown here). 

In addition to the comparison based on the accumulated heating 
time, Fig. 10a highlights the influence of shorter exposure cycles, i.e. 5 s 
heating on the recrystallized fraction in the monoblock after 600 cycles 
for different activation energies. For comparison, the evolution of the 
recrystallized fraction for varying activation energies after 600 cycles of 
10 s heating per cycle is shown in Fig. 10b. Considering the equivalent 
number of exposure cycles, from both these figures, it can be observed 
that independent of the activation energy accounted for, the lower 
temperature magnitude in the monoblock during a 5 s heating cycle 
leads to an overall lower recrystallized fraction than for the 10 s heating 
cycle. Moreover, Fig. 10a also shows that exposure to shorter heating 
time per cycle combined with an higher activation energy results in 
minimal recrystallization of the monoblock. This may be beneficial if 
recrystallization and the associated drop in yield stress impacting 
ductility are considered detrimental for the monoblock’s high cycle 
thermal fatigue resistance. However, here two major challenges are 
foreseen. The first one is related to the microstructural design problem, i. 
e. a microstructural state with a higher activation energy necessitates an 
overall lower degree of pre-deformation, implying a lower yield strength 
than the highly deformed microstructural state. The innate consequence 
of such a microstructure under cyclic HHF exposure will be a higher 
tendency to undergo plastic deformation. Secondly, the actual fusion 
conditions entail particle loads, i.e. neutrons and plasma ions, with 
neutrons having a two-fold influence depending on temperature. Near 
the monoblock surface, the additional driving force from displacement 
damage in combination with high temperatures at longer time-scales, 
may result in a higher recrystallized fraction than the thermal loading 
only case, as shown by Mannheim et al. [54] through a multi-scale 
neutron induced recrystallization model (similar to the dynamic 
recrystallization mechanism). In the bulk regions with lower tempera-
tures, a shift in BDTT to higher temperatures can occur due to the 
hardening caused by the neutron induced defects, thereby increasing the 
risk of failure near the cooling tube. Moreover, the helium bubble for-
mation in the high temperature regime of the monoblock [48] could lead 
to degradation of its thermal conductivity, entailing an increase of the 
temperature in the sub-surface regime, eventually accelerating the ki-
netics of recrystallization. 

5. Summary and conclusions 

A novel modelling framework, coupling transient heat flow to the 
JMAK model to predict the dynamic evolution of the temperature 
dependent recrystallized fraction in tungsten monoblocks during cyclic 
heat exposure is presented. The influence of the initial microstructural 
state on the extent of recrystallization is accounted through the defor-
mation governed activation energy. Additionally, the sensitivity to the 
exposure time per cycle is investigated. The main conclusions from this 
work are summarized below:  

• The recrystallization of the monoblock reveals a high sensitivity to 
the input activation energy. For a highly deformed initial state, i.e. 
enabling grain boundary diffusion driven recrystallization with a 
lower activation energy, the extent of recrystallization was notably 
larger than the moderately deformed microstructural state, driven by 
self-diffusion with a higher activation energy.  

• An activation energy in the range 322 to 350 kJmol− 1 corresponding 
to grain boundary diffusion driven recrystallization was determined 
from experimental observations of recrystallization in different cy-
clic high heat exposed monoblocks using an inverse methodology.  

• A significant influence of the exposure time on the recrystallization 
of the monoblocks was observed. For a given activation energy, the 
extent of recrystallization was lower for a shorter exposure time than 
for a longer one. This was due to the development of the overall 
lower temperature profile in the monoblock, which differs for shorter 
exposure times relative to the longer ones.  

• Localized recrystallization in the monoblocks’ surface was observed 
for shorter exposure times combined with a moderately deformed 
starting microstructural state (a higher activation energy). This 
revealed that the initial state with a low defect density and controlled 
slow transients could minimize the recrystallization assisted bulk 
microstructural changes, but at the expense of a lower yield strength. 

For future work, the developed thermal recrystallization can be 
coupled to the mechanical monoblock problem, thereby allowing to gain 
better insights into the influence of the dynamically evolving micro-
structure on the thermo-mechanical performance of the monoblock. 
Additionally, the evolving thermo-mechanical behaviour under cyclic 
exposure can be combined with a model for the BDTT of recrystallized 
tungsten to obtain more accurate monoblock failure predictions. Apart 
from the monoblock geometry, the developed numerical framework can 
be used as an engineering tool to predict the dynamically evolving 
recrystallized fraction and its influence on the mechanical behaviour of 
components experiencing high temperatures with a strong temperature 
gradient, which is relevant for the different conceptual future plasma 
facing component geometries. 
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Appendix A. Hardness measurement 

Fig. 11 shows the hardness mapping performed along the armour region of the monoblock following a cyclic heat exposure using the Vickers micro- 
indentation technique. A substantial drop in hardness, characteristic of recrystallization can be observed for the regions close to the surface. In 
contrast, relatively high hardness values occur in the bulk due to the deformed microstructural state. Also, the transition between the recrystallized 
and the initial microstructure is rather sharp (low vs. high hardness values), with regions close to the cooling tube exhibiting a transition to higher 
hardness at lower depths than regions located far away from the cooling tube. 

Appendix B. Temperature dependent material properties 

Fig. 12 depicts the temperature dependent material properties of thermal conductivity (κ), product of mass density and specific heat capacity (cρ) 
used as input for the transient heat analysis. 

Fig. 11. The two-dimensional hardness map of the WD-HD plane of the heat exposed monoblock illustrating the recrystallization assisted drop in hardness. The 
recrystallized regime determined by the hardness measurements coincides with the optical micrograph observations (Fig. 1), with regions close to cooling tube 
showing a transition to higher hardness at smaller depths, compared to regions at the edge of the monoblock. 

Fig. 12. Temperature dependent material properties (a) product of mass density (ρ) and specific heat capacity (c), and (b) thermal conductivity (κ) for W, Cu and 
CuCrZr alloy, used as input in the thermal FEM analyses [50]. 
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Appendix C. Activation energy dependent recrystallized depth 

Fig. 13 shows the simulated fully recrystallized depth along the centre and edge of the monoblock following 300 cycles of 10 s exposure as a 
function of the activation energy. As the activation energy increases, the recrystallization depth decreases with a negligible recrystallization for the 
highest activation energy, i.e. 550 kJmol− 1. 
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[2] J. You, E. Visca, T. Barrett, B. Böswirth, F. Crescenzi, F. Domptail, G. Dose, 
M. Fursdon, F. Gallay, H. Greuner, et al., High-heat-flux technologies for the 
european DEMO divertor targets: state-of-the-art and a review of the latest testing 
campaign, J. Nucl. Mater. (2020) 152670. 

[3] G. Federici, C. Skinner, J. Brooks, J. Coad, C. Grisolia, A. Haasz, A. Hassanein, 
V. Philipps, C. Pitcher, J. Roth, et al., Plasma-material interactions in current 
tokamaks and their implications for next step fusion reactors, Nucl. Fusion 41 (12) 
(2001) 1967. 

[4] M. Merola, G. Vieider, M. Bet, I. Vastra, L. Briottet, P. Chappuis, K. Cheyne, 
G. Dell’Orco, D. Duglue, R. Duwe, et al., European achievements for ITER high heat 
flux components, Fusion Eng. Des. 56 (2001) 173–178. 

[5] V. Philipps, Tungsten as material for plasma-facing components in fusion devices, 
J. Nucl. Mater. 415 (1) (2011) S2–S9. 

[6] T. Hirai, F. Escourbiac, S. Carpentier-Chouchana, A. Fedosov, L. Ferrand, 
T. Jokinen, V. Komarov, A. Kukushkin, M. Merola, R. Mitteau, et al., ITER Tungsten 
divertor design development and qualification program, Fusion Eng. Des. 88 
(9–10) (2013) 1798–1801. 

[7] H. Bolt, V. Barabash, G. Federici, J. Linke, A. Loarte, J. Roth, K. Sato, Plasma facing 
and high heat flux materials–needs for ITER and beyond, J. Nucl. Mater. 307 
(2002) 43–52. 

[8] J. Linke, High heat flux performance of plasma facing materials and components 
under service conditions in future fusion reactors, Fusion Sci. Technol. 49 (2T) 
(2006) 455–464. 

[9] K. Umstadter, R. Doerner, G. Tynan, Enhanced erosion of tungsten plasma-facing 
components subject to simultaneous heat pulses and deuterium plasma, J. Nucl. 
Mater. 386 (2009) 751–755. 

[10] J. Linke, T. Loewenhoff, V. Massaut, G. Pintsuk, G. Ritz, M. Rödig, A. Schmidt, 
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