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Abstract

Numerical analysis of the brittle-to-ductile transition of tungsten under
fusion conditions

The lifetime of tungsten plasma-facing components is critical in keeping a fu-
sion reactor operative. These components are subjected to extreme conditions,
including intense irradiation and an exceptionally high heat �ux. Tungsten has
a number of compelling material properties that include a high melting temper-
ature, a high thermal conductivity and a low sputtering yield. However, high
stress levels may occur due to the severe loading conditions, which may lead to
brittle fracture.

With increasing temperature, high-purity tungsten typically shows a sharp
transition from fully brittle behavior to a signi�cantly more ductile response.
This brittle-to-ductile transition of tungsten is not an invariant property but de-
pends on the microstructure and loading conditions, which is investigated nu-
merically by means of a crystal plasticity framework. Here, the resistance to
crystallographic slip strongly increases with decreasing temperature. By means
of a newly proposed cleavage criterion, the brittle-to-ductile transition is exam-
ined at di�erent strain rates, which allows for calculating the corresponding ac-
tivation energy. This activation energy is in good agreement with experimental
�ndings in literature.

The stochastic nature of brittle failure of a specimen is assessed by means
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of a probabilistic description of cleavage fracture of a representative volume el-
ement. To this end, the weakest-link theory is extended to a formulation that
takes into account the orientation of the cleavage planes. Simulation results re-
veal that this aspect has great in�uence on the risk for brittle fracture, although
it is frequently disregarded in literature. Furthermore, simulations show that the
brittle-to-ductile transition temperature decreases linearly with the volume frac-
tion of recrystallized grains in the microstructure, assuming that there is a perfect
mixture between rolled and recrystallized grains. It is found that the spatial sep-
aration of these phases also in�uences the risk for brittle failure, depending on
the orientation of loading.

Experimental data suggests that tungsten becomes signi�cantly more brittle
when exposed to neutron irradiation, which can be detrimental for the function-
ality of plasma facing components in nuclear fusion reactors. A predictive cluster
dynamics model is presented that describes the evolution of irradiation induced
defects in high purity tungsten. The resulting defect concentrations provide in-
put for a crystal plasticity model, capable of describing the in�uence of these
defects on the mechanical properties of high-purity tungsten. Simulation results
show a strong match with experimental data in terms of yield stress as a function
of temperature at various irradiation levels. Furthermore, the brittle-to-ductile
transition temperature is accurately described by the application of the model
for brittle cleavage at various loading temperatures.

Finally, the performance of the actual tungsten monoblock is investigated.
To this end, a two-scale fracture probability analysis is performed. Here, the
probability that a pre-existing crack grows in an instable manner is investigated
for di�erent loading scenarios of the monoblock. Simulation results suggest that
high stress levels in the monoblock are susceptible to a precipitous temperature
pro�le, which can follow from an instantaneous application of a high heat load.
The relaxation of stress due to long-term heat exposure is shown to increase the
risk of failure upon shut down of the heat source. The simulations also show that
although irradiation drastically increases the brittleness of tungsten, its impact
on the overall monoblock performance remains limited.
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CHAPTER 1

Introduction

Meeting our every day world-wide energy demand strongly relies on the com-
bustion of fossil fuels [1]. The rate at which fossil fuels are consumed is con-
tinuously increasing ever since the industrial era [2]. This results in a tremen-
dous carbon footprint, as large amounts of carbon dioxide (CO2) are added to the
earth’s atmosphere. Since CO2 is a greenhouse gas, it yields a signi�cant contri-
bution to global warming that results in an undesired climate change. Sources of
renewable energy are therefore developed to decrease the dependence on fossil
fuels.

While several sources of renewable energy are emerging, they all have pro-
nounced limitations [3]. One of the most promising sources of renewable energy
is considered to be photovoltaic cells. They are made from silicon and can be used
at a reasonable cost due to the research and development that has progressively
improved their performance. Although solar power has the potential to generate
renewable energy, it cannot provide a continuous supply. Since daylight is re-
quired in order to generate power, a major drawback of this technology is that it
requires signi�cant storage capacity in order to bridge the inevitable downtime
[4].

Another promising technology is nuclear �ssion. Fission reactors are capable
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of providing a continuous supply and are one of the most low-carbon energy
sources. In nuclear �ssion reactors, heavy nuclei such as uranium or plutonium
are split. They are also relatively cost-e�ective and reliable, although accidents
can be seriously devastating, causing the public acceptance of this technology
to decline [5]. Another unattractive aspect of this technology is the hazardous
waste that is generated, which typically remains radioactive for a long period of
time.

Nuclear fusion does not su�er from the afore mentioned problems, and has
the potential to help solving the world’s energy problem [6]. In fusion reactors,
the heavy hydrogen isotopes deuterium (D) and tritium (T) are fused together to
form helium (He) and a neutron (n), as shown in �gure 1.1. Since the combined
mass of the helium nucleus and the neutron is slightly less than that of the two
hydrogen nuclei, a small amount of mass is converted into a huge amount of
energy. The only drawback: fusion reactors are arguably “the most complex
machines ever built” [7]. Therefore, a signi�cant amount of research is required,
to which this work aims to provide a contribution.

Figure 1.1: A visualization of the process where the hydrogen isotopes deuterium and tri-
tium are fused together to form helium and a neutron.

1.1 Nuclear fusion

The advantages that come with nuclear fusion are numerous: the fuel required,
i.e. deuterium and tritium, are abundantly available [8], while per unit mass, it
delivers millions times more energy than fossil fuels. There is no emission of
CO2, nor is there any long-lived radioactive waste [9]. Finally, nuclear fusion is
also intrinsically safe, as there are no chain reactions like in nuclear �ssion.
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Although nuclear fusion may sound like science �ction to most people, it
is actually very common as this process occurs continuously in the sun. Under
high pressure, the sun’s core turns hydrogen into helium, where temperatures
rise up to 15 million degrees centigrade. The hydrogen nuclei naturally repel
each other as they both have positive charges, but these conditions allow for
bringing them su�ciently close together such that they fuse. In a fusion reactor
like that of the Tokamak type, the lack of high pressure requires the temperature
to be approximately 10 times higher, i.e. 150 million degrees centigrade. At these
extreme temperatures, the particles behave as a plasma in which the electrons
are separated from their nuclei. This plasma is con�ned in a doughnut-shaped
vessel by means of magnets, that keep the plasma away from the reactor wall. In
short, a fusion reactor can be described as a sun in an electro-magnetic bottle.

The heating and con�nement of the plasma requires a signi�cant amount
of power. The Joint European Torus (JET) in �gure 1.2 is located in Oxfordshire
(England) and is currently the largest nuclear reactor, which still consumes more
power than it generates. In order for fusion reactors to operate as power plants,
this e�ciency needs to increase, which can be achieved by increasing its dimen-
sions and plasma density. The successor of JET, called ITER (International Ther-
monuclear Experimental Reactor), will have a reactor volume of approximately
840 m3, which is about ten times larger than that of JET and aims to deliver up
to ten times more energy than it consumes. After that, the successor of ITER,
called DEMO (DEMOnstration Power Station), even aims for a ratio of 25, while
producing energy continuously.

Figure 1.2: Photo of the inside of the JET
fusion reactor, with the plasma during op-
eration (right) [10].

Figure 1.3: The divertor consists of 54 cas-
settes. A virtual representation of three of
them is shown in this �gure [11].
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1.2 Loading conditions & design

In order to remove waste gas and impurities from the plasma, a critical compo-
nent called the divertor is located at the bottom of the reaction chamber, which
is designed such that it interacts with the plasma at a very steep incidence an-
gle. The divertor consists of 54 cassettes, of which three of them are shown in
�gure 1.3. The divertor extracts heat by means of a water �ow and is designed
to endure the most severe loading conditions of the entire reactor. These condi-
tions include a tremendous heat load of at least 10 MW/m2 [12], intense neutron
irradiation and �erce plasma interaction.

To provide protection from these extreme loading conditions, high-purity
tungsten monoblocks are incorporated in the design [13]. The cooling tubes run
through an array of monoblocks that have dimensions of a few centimetres, as
shown in �gure 1.4. While the monoblocks are actively cooled at their interface
with the cooling tube, they are simultaneously subjected to a huge heat load at
their plasma facing surface. This induces a strong temperature gradient of more
than 1000 ◦C over an armour thickness of only 8 mm. The spatially dependent
thermal expansion that follows imposes a signi�cant stress �eld.

Figure 1.4: Arrays of high-purity tungsten
monoblocks with dimensions 28 × 28 × 12 mm,
mounted on a cooling tube [14].

Figure 1.5: Schematic representation of
the brittle-to-ductile transition tempera-
ture that follows from a Charpy impact
test.
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1.3 Tungsten

The monoblocks are made of high-purity tungsten, because it is a metal that has
outstanding material properties. Tungsten is well known for its usage as the wire
�lament in incandescent light bulbs. A few key advantages of tungsten are:

• High melting temperature: in terms of temperature, the operating window
should be as large as possible. Of all metals, tungsten reveals the highest
melting temperature, with a value 3422 ◦C.

• High thermal conductivity: the maximum temperature of the monoblock
scales with the thermal conductivity of the material. As the monoblock
should conduct heat from the plasma facing surface to the cooling tube, a
high thermal conductivity is essential. So, for tungsten a thermal conduc-
tivity of 100−180 W/Km is reported [15], depending on the temperature.

• Low sputtering yield: due to intense irradiation conditions, erosion occurs
at the plasma facing surface of the monoblock. Due to its low sputter-
ing yield, tungsten atoms tend to stick with the bulk. This is favourable
because eroded atoms dilute the plasma, causing it to cool down.

While the maximum operating temperature of pure tungsten is limited due to e.g.
local melting and recrystallization [16], its lower bound is governed by a sharp
transition in failure behaviour, as shown in �gure 1.5. Here, the mechanism
changes from ductile fracture to brittle cleavage, which is a sharp and sudden
transition that is undesirable.

Tungsten is notoriously brittle below its so-called brittle-to-ductile transi-
tion temperature (BDTT). The plasma facing components should therefore be
designed such that failure due to this phenomenon is avoided. Under fusion con-
ditions, the area near the cooling tube remains relatively cold, making it suscep-
tible to brittle fracture. Furthermore, shutting down the exposure to heat loads
causes the monoblock to rapidly cool down, potentially resulting in fracture as
well. The BDTT is not an invariant material property, but it is governed by the
loading conditions (such as strain-rate and loading direction) and microstruc-
ture [17–19]. Regarding the latter, tungsten has a polycrystalline microstruc-
ture. This implies that at the micrometer length scale, tungsten is composed of
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an assembly of crystals where atoms are highly ordered into a (body-centred-
cubic) lattice structure. The orientations, defect densities and shapes of these
crystals are particularly important for the mechanical behaviour, and ultimately
the BDTT. Under nuclear fusion conditions, the microstructure that a�ects the
BDTT is continuously evolving due to the high temperature and irradiation con-
ditions. These conditions are extremely challenging to mimic in experiments.
This is partly because the energy spectrum of the neutron irradiation is vastly
di�erent from what is observed in for instance �ssion reactors [20].

1.4 Objective and outline

The objective of this work is to numerically investigate how the brittle-to-ductile
transition temperature of high purity tungsten depends on the microstructure
under fusion conditions. The framework presented is expected to be instrumen-
tal in improving the design of tungsten monoblocks.

In chapter 2, the ductile response of tungsten is modelled by means of a
crystal plasticity framework. In this framework, plastic deformation takes place
along a limited number of energetically favourable crystallographic slip planes.
The strongly increasing yield stress with decreasing temperature is incorporated
in the model, by introducing a temperature dependent resistance to crystallo-
graphic slip. This dependency originates from the thermally activated Peierls
stress that is common for body-centred-cubic metals. Rolled high purity tungsten
is considered, of which the texture is obtained by means of electron back-scatter
di�raction (EBSD) scans. Then, a novel and statistically justi�ed Rankine-type
of criterion is presented that aims to identify at which instant brittle fracture oc-
curs. By simulating the response under uni-axial loading conditions at various
temperatures, the brittle-to-ductile transition temperature is assessed. Di�erent
loading directions with respect to the anisotropic microstructure are considered,
as well as a variety of strain rates. Numerical results are analysed and compared
to experimental data in literature.

The microstructure of the tungsten components under fusion conditions is
evolving over time. In chapter 3, various microstructural con�gurations are
considered which allows for the investigation of the evolution of the brittle-to-
ductile transition temperature of high-purity tungsten under fusion conditions.
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The manufacturing process considered includes rolling, causing the initial mi-
crostructure to consist of an aggregate of grains with preferred crystal orienta-
tions. Near the plasma-facing surface, the initial microstructure is progressively
replaced by nearly defect-free grains due to recrystallization. By means of a
Laguerre-Voronoi diagram, experimentally observed microstructures are closely
mimicked in terms of grain size and texture. Both the initial and the recrystal-
lized microstructure are simulated, as well as several con�gurations in between.
The previously introduced cleavage model is enhanced, by incorporating the
stochastic nature of brittle failure. To this end, Beremin’s weakest link theory
[21] is adopted and extended such that the orientation of the cleavage planes is
taken into account.

Under fusion conditions, the tungsten plasma facing components are sub-
jected to neutron irradiation, which is well known to render tungsten increas-
ingly brittle. This e�ect is incorporated in the analysis in chapter 4. During neu-
tron irradiation, highly energetic neutrons that result from the fusion reaction
collide with tungsten atoms that are stacked in a regular lattice. The displace-
ment cascades that follow generate numerous point-defects, such as vacancies,
self-interstitial atoms and their clusters. These defects decrease the mobility of
dislocations, which induces an increase of the yield stress. This subsequently
triggers an increase of the brittle-to-ductile transition temperature, which can be
detrimental for the functionality of the plasma facing components. A predictive
cluster dynamics model is presented that simulates the e�ect of fusion-relevant
neutron irradiation conditions on the density of lattice defects. Their impact on
the mobility of dislocations is incorporated in the crystal plasticity model. The
irradiation-induced change in the brittle-to-ductile transition temperature that
follows is examined by comparison to experimental data in literature.

In chapter 5, the performance of a monoblock under fusion conditions is
simulated. Fully recrystallized tungsten is considered, which is assumed to be
isotropic. The mechanical response at the macroscopic scale is described with
an isotropic Von Mises type of plasticity model. This model captures the homog-
enized stress response of the crystal plasticity model discussed earlier. Critical
regions of the monoblock are analysed in detail by prescribing the same deforma-
tion and temperature evolution on a representative volume element that resem-
bles the microscopic scale. A full heat cycle is simulated and analysed in terms
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of the probability that a pre-existing crack grows in an unstable manner. Finally,
the impact of stress relaxation and neutron irradiation on the performance of the
monoblock is investigated numerically.

This work is �nalized in chapter 6, where the main conclusions are presented.
Furthermore, recommendations for future research are provided.
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CHAPTER 2

Numerical investigation of the brittle-to-ductile transition
temperature of rolled high-purity tungsten

Reproduced from:
M.A. Oude Vrielink, J.A.W. van Dommelen, and M.G.D. Geers. Numerical in-
vestigation of the brittle-to-ductile transition temperature of rolled high-purity
tungsten. Mechanics of Materials, 145:103394, 2020.

Abstract

With increasing temperature, high-purity tungsten typically shows a sharp tran-
sition from fully brittle behaviour to a signi�cantly more ductile response. The
brittle-to-ductile transition of tungsten is not an invariant property, but depends
on the microstructure and loading conditions. In the current work, this relation is
investigated numerically. To this end, a crystal plasticity framework is adopted,
combined with a newly proposed cleavage criterion. The crystal plasticity param-
eters are identi�ed from experimental data, obtained from tensile tests on rolled
polycrystalline samples. The brittle-to-ductile transition is subsequently examined
for di�erent strain rates, which allows for calculating the activation energy of the
brittle-to-ductile transition. The resulting activation energy is in adequate agree-
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ment with experimental �ndings in literature. Finally, di�erent loading directions
with respect to the anisotropic microstructure are considered. The numerically ob-
tained transition temperatures in these directions are consistent with experimental
data. The proposed model is therefore instrumental for improving the design of the
tungsten monoblocks for future fusion reactors.

2.1 Introduction

Nuclear fusion has the potential to provide a practically limitless amount of rel-
atively safe and clean energy. During the fusion process, hydrogen isotopes are
fused together to form helium, which releases a tremendous amount of energy.
The process occurs at extremely high temperatures, causing the particles to be-
have as a plasma. In order to exploit this type of energy generation, a fusion
reactor must withstand extreme conditions. Plasma facing components are sub-
jected to large heat �ows, and are heavily bombarded with ions and neutrons.
Tungsten has a number of favourable material properties compared to other ma-
terials, including a high melting temperature, high thermal conductivity, and a
low sputtering yield. To this end, pure tungsten is proposed as armour material
for the plasma facing components in future nuclear fusion reactors [1]. Since
the tungsten components are subjected to an extreme heat-loading and simul-
taneously actively (water-)cooled, a huge temperature gradient arises causing
stresses in the material. While the operating temperature of pure tungsten has
an upper limit due to issues such as melting and possibly recrystallization, it also
has a marked lower limit due to its sharp transition in failure behaviour. Here,
the mechanism changes from ductile fracture to brittle cleavage [2–7], which is
a sharp and sudden transition that is undesirable.

In this work, a numerical approach is used to investigate the brittle-to-ductile
transition of tungsten. The temperature at which this transition occurs is not an
intrinsic material property; it depends on the microstructure and loading con-
ditions [3–5, 7]. The plasma facing components should therefore be designed
such that failure due to this phenomenon is avoided. Related work in literature
that focusses on the modelling of the brittle-to-ductile transition temperature of
high purity tungsten relies on crack-tip plasticity by means of discrete disloca-
tion dynamics [3, 8]. Here, typically only one or a few crystals are considered,
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which makes these methods less suitable to investigate the in�uence of texture
of a whole aggregate. The current work aims to obtain direct insight on the
in�uence of the microstructure on the brittle-to-ductile transition.

The ductile response of tungsten is modelled in a crystal plasticity frame-
work. In the low temperature regime, tungsten has a strongly decreasing yield
stress with increasing temperature due to its body-centred-cubic stacking. This
type of stacking leads to a high Peierls stress emanating from the screw dislo-
cations that govern plasticity in this material. The slip resistance in this work
therefore includes a term that results from the activation energy of kink-pair
formation in screw dislocation lines. This modelling approach was presented
earlier by Weinberger et al. [9] and Lim et al. [10]. In order to model fracture,
a novel Rankine-type (temperature and strain rate independent) cleavage crite-
rion is included, that is statistically well de�ned. In the current work, fracture is
considered to be brittle if it occurs at a macroscopic tensile strain below 1%, and
ductile otherwise. The temperature at which the strain-to-failure equals 1% is
identi�ed as the brittle-to-ductile transition temperature. This approach allows
to numerically assess the brittle-to-ductile transition temperature for an aggre-
gate of tungsten crystals. The numerical model supporting this analysis allows to
identify the most important factors governing the brittle-to-ductile transition. It
is therefore expected to be instrumental in improving the design of the tungsten
monoblocks.

The outline of the paper is as follows. In section 2.2, the material model is de-
scribed. The model for the slip rate includes a temperature-dependent kink-pair
slip resistance. In section 2.3, the model parameters are identi�ed from experi-
mental data, obtained from tensile experiments on polycrystalline tungsten mi-
crostructures. In section 2.4, a new cleavage criterion is introduced, after which
the brittle-to-ductile transition temperature is identi�ed in section 2.5. Di�erent
loading directions with respect to the anisotropic microstructure are also con-
sidered. The paper is �nalised by a discussion in section 2.6, and conclusions in
section 2.7, which summarizes the main �ndings of this paper.
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2.2 Crystal plasticity material model

In this section, the crystal plasticity modelling approach is discussed, which lines
up with the work of Asaro [11]. The mechanical behaviour of the material is
modelled with a rate dependent crystal plasticity formulation, which includes
the elastic response and the temperature dependence of the slip systems.

2.2.1 Kinematics

The deformation in a material point is described by the deformation gradient
tensor F . In this model, F is composed of an elastic distortion F e and a plastic
part F p:

F = F e ·F p . (2.1)

The plastic velocity gradient tensor Lp is given by the sum of the contributions
of the crystallographic shear rates γ̇α as

Lp = Ḟ p ·F−1
p (2.2)

=
Ns∑
α=1

γ̇αPα
s,0 =

Ns∑
α=1

γ̇α~sα0~n
α
0 , (2.3)

with Pα
s,0 the non-symmetric Schmid tensor of slip system α,~sα0 its slip direction

and ~nα
0 its slip plane normal. Regarding the active slip systems in body-centred

cubic metal, some discrepancies exist in literature. While slip is frequently as-
sumed to occur only on the

{
1̄01

}〈111〉 family slip systems (see e.g. Gröger et al.
[12], Weinberger et al. [9] and Cereceda et al. [13]), others assume only on the
{112}〈111〉 family of slip systems to be active (Seeger [14, 15]), or on a combina-
tion of both (Terentyev et al. [16]). In this work, slip is assumed to occur only on
the

{
1̄01

}〈111〉 family of slip systems, and therefore the number of slip systems
is Ns = 12.

2.2.2 Elastic behaviour

The elastic part of the response is described by a linear relation as

Se = 4C : E e , (2.4)
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where 4C is the fourth-order isotropic elasticity tensor, and

Se = det(F e)F−1
e ·σ ·F−T

e (2.5)

is the (symmetric) elastic second-order Piola-Kirchho� stress tensor. Here, σ is
the Cauchy stress tensor. The elastic Green-Lagrange strain tensor E e is de�ned
as:

E e ≡ 1

2
(C e − I ) . (2.6)

Here, C e = F T
e · F e is the right Cauchy-Green deformation tensor and I the

second-order unit tensor.

2.2.3 Crystallographic slip

Plasticity is governed by crystallographic slip on slip systems due to dislocation
nucleation and propagation. Crystallographic slip is described by a rate depen-
dent �ow rule, where the rate of slip on each of the slip-systems is dependent
on the resolved shear stress as well as on the resistance to slip. To this end, a
phenomenological power law relation is adopted:

γ̇α = γ̇0

( |τα|
sα

) 1
m

sign(τα) . (2.7)

Here, τα is the resolved shear stress on each of the slip systems α= 1,2, ..., Ns , m

is the strain rate sensitivity and γ̇0 is the reference slip rate. Following Kothari
and Anand [17], the total resistance to slip sα on a given slip system α is decom-
posed into long-range and short-range barriers; the obstacle slip resistance sαobs

and the kink-pair slip resistance sαkp respectively:

sα = sαobs + sαkp . (2.8)

The obstacle slip resistance sαobs increases with the amount of accumulated plastic
slip and represents hardening as a consequence of dislocation entanglement and
other defects. The kink-pair slip resistance sαkp is the result of the high Peierls
barrier of tungsten at low temperatures.
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2.2.3.1 Obstacle slip resistance

Dislocation propagation is hindered by obstacles such as dislocation entangle-
ment and precipitates. The obstacle slip resistance represents the hardening of
the material, and is described by the following generic formulation:

ṡαobs =
∑
β

hαβ|γ̇β| , (2.9)

where hαα represents the self-hardening e�ects and hαβ (α 6= β) represents the
latent-hardening e�ects. The hardening coe�cients are taken as:

hαβ =
(
qn +

(
1−qn

)
δαβ

)
hβ , (2.10)

with δαβ the Kronecker delta and qn the interaction matrix coe�cient. The hard-
ening rate is described as

hβ = h0

1− sβobs

s∞

a

. (2.11)

Here, the asymptotic slip resistance s∞ is the value that represents the slip resis-
tance sobs after an in�nite amount of slip. This value is assumed to be tempera-
ture independent. Furthermore, h0 is the initial hardening rate.

2.2.3.2 Kink-pair slip resistance

Although the obstacle slip resistance will dominate at elevated temperatures, a
second source of slip resistance is non-negligible in the range of the brittle-to-
ductile transition temperature. In order for dislocation lines to propagate, they
should overcome the Peierls potential, which is the periodic resistance of the
crystal lattice. This occurs by the formation of kink-pairs on the dislocation lines.
The resistance to this kind of obstacles is thermally activated, as its contribution
becomes negligible at temperatures above the so-called knee-temperature Tα

k of
the slip system. Its expression is similar to the formulation given by Seeger [18]:

Tα
k = −G0

kb ln((|γ̇α|+ε)/γ̇kp,0);
. (2.12)

Here, kb is the Boltzmann constant, and ε= 10−8 is an arbitrary small value, in-
troduced solely for numerical reasons. Furthermore, G0 is the activation energy
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and γ̇kp,0 is the reference kink-pair slip rate. As proposed by Lim et al. [19], the
subsequent expression for the kink-pair slip resistance then becomes:

sαkp =

 skp,0

[
1−

(
T

T α
k

) 1
q

] 1
p

if T < Tα
k

0 otherwise.

(2.13)

The exponents are typically chosen such that 0 ≤ p ≤ 1 and 1 ≤ q ≤ 2. As can be
seen, for T < Tα

k , the slip resistance is strain rate dependent through Tα
k . Also,

the kink-pair slip resistance decreases monotonically from the reference kink-
pair slip resistance skp,0 to 0 MPa with increasing temperature from 0 K to Tα

k .

2.3 Material characterization

The tungsten monoblocks for which the brittle-to-ductile transition tempera-
ture is investigated in the current work, have an anisotropic microstructure due
to the rolling process used in prior manufacturing. The microscopic grains are
strongly elongated in the rolling direction (RD), as indicated in �gure 2.1. The
normal direction (ND) corresponds to the direction of thickness reduction and
the transverse direction (TD) is perpendicular to the ND-RD plane. Commercial
high-purity tungsten samples are obtained from AT&M. The grain size of these
samples is roughly 96 µm.

Figure 2.1: A recrystallized tungsten microstructure transforms into a new microstructure
with elongated grains in a preferred direction due to rolling.

2.3.1 Texture

Due to the prior rolling, the crystals possess a preferred lattice orientation. In
order to obtain a representative set of crystal orientations, a cross-section of a



18 Numerical investigation of the brittle-to-ductile transition of rolled high-purity tungsten

specimen is considered. An EBSD scan is performed over an area of 1000×1000

µm in the TD-ND plane. From here, an orientation distribution function (ODF)
is obtained, see �gure 2.2a.

(a) Reference ODF.

(b) ODF of the representative set.

Figure 2.2: The pole �gures of the orientation distribution function (ODF) is shown in the
TD-ND plane. The ODF of a representative set composed of a smaller set of 576 grains is
presented, adequately matching the original ODF.

In order to perform crystal plasticity simulations with a comparable ODF, a
representative set of orientations is constructed. To this end, 2500 random ori-
entations are generated and compared to the ODF that is obtained from the scan.
The 576 best-matching orientations are adopted in the subsequent simulations
used in the remainder of this work. The representative set adequately matches
the original ODF, as can be seen in �gure 2.2b.

2.3.2 Material parameters from literature

All parameters in the material model have a physical basis, as highlighted be-
fore. A complete integral set of the corresponding values of these parameters
has not been reported in just one paper only. Therefore, the material parameters
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of the separate aspects of the model are obtained by exploring several sources in
literature. The parameters are determined as follows. The strain rate sensitivity
parameter m in the slip law is taken from Asaro [11]:

m = 0.02 . (2.14)

Note that Wei and Kecskes [20] found very similar values for the strain rate sensi-
tivity from experiments for di�erent rolling conditions. Brunner [21] carried out
tensile experiments on single crystal high-purity samples, and identi�ed three
di�erent temperature regimes, where the brittle-to-ductile transition tempera-
ture is expected to be in regime II (which corresponds to 220 < T < 750 K). The
activation energy G0 from Brunner [21] in this regime is adopted in the current
work:

G0 = 1.75 eV . (2.15)

Since for tungsten it holds that 2c44 ≈ c11 − c12, the material is assumed to be
isotropic. The bulk modulus κ and shear modulus G , required to construct the
elasticity tensor 4C, are taken from Lowrie and Gonas [22]:

κ= 309 GPa , G = 161 GPa . (2.16)

For simplicity, the temperature dependence of these parameters is neglected in
the current analysis. The underlying potential of the kink-pair slip resistance
resembles the line-tension model, which is a close approximation of the more
sophisticated formulations such as the Eshelby potential or the sinusoidal po-
tential [23]. Therefore, the exponents p and q are chosen such that

p = 0.8 , q = 1.2 . (2.17)

Lim et al. [19] identi�ed several parameters from the single-crystal data from
Brunner [21], including the reference kink-pair slip rate, which is also adopted
here:

γ̇kp,0 = 3.71 ·1010 s−1 . (2.18)

Regarding the parameters that correspond to the hardening slip resistance, the
hardening exponent a is adopted from Yalçinkaya [24] and the interaction matrix
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coe�cient qn is taken from Asaro [11]:

a = 1.5 , qn = 1.4 . (2.19)

The remaining parameters are obtained by identi�cation on the basis of experi-
mental data, as shown in the next section.

2.3.3 Comparison to tensile-data from literature

The crystal orientations as described in section 2.3.1 are randomly assigned to
the grains in a representative volume element (RVE). A preliminary analysis in-
dicated that the geometry of the grains does not have a signi�cant in�uence on
the average mechanical response. Although grain morphology may cause lo-
cal stress concentrations, the collective stress state of an assembly of grains is
hardly in�uenced. Accordingly, the geometry the grains is taken cubic, i.e. the
RVE consists of a cubic grid of 24 by 24 grains. Hence, 576 grains (and crys-
tal orientations) are used. Another preliminary analysis indicated that a single
layer of grains in the thickness direction is su�cient to describe the mechanical
response of the RVE while loading perpendicular to the thickness direction. Fur-
thermore, the RVE is discretized in a grid-like fashion, with 72 by 72 elements.
Therefore, each grain consists of 3 by 3 elements, which is su�cient in order
to obtain mesh convergence. Note that mesh convergence is reached rapidly,
because only grain-averaged quantities are considered here. The thickness di-
rection is meshed with a single layer of elements. The elements are (quadratic)
serendipity brick-elements with reduced integration (8 integration points).

In the current work, three di�erent RVEs (A, B and C) are investigated. The
meshes of these RVEs are visualized in �gure 2.3. The colors of each of the ele-
ments represent their crystal orientation in ND, according to the legend shown
at the right. The arrows connected to the RVEs represent prescribed displace-
ments. Black arrows indicate a prescribed displacement of zero, while the orange,
green and blue arrows indicate uniaxial tensile loading at a constant strain rate.
Furthermore, periodic boundary conditions are imposed in three dimensions.

A full-�eld homogenization approach is adopted in order to obtain the macro-
scopic response of the polycrystalline microstructure. To this end, the macro-
scopic �rst Piola-Kirchho� stress (force per unit of area in the reference con�g-
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Figure 2.3: Visualization of the three RVEs. The element colors indicate their respective
crystal orientation. The black arrows indicate a prescribed displacement of zero. The orange,
green and blue arrows indicate uniaxial tensile loading in TD, ND and RD, respectively.
Finally, three dimensional periodic boundary conditions are imposed as well.

uration) is obtained as

P̄ = 〈P (~x)〉VRVE , (2.20)

where vector~x is the microscopic position vector in the RVE and 〈•〉V denotes the
volume averaging operator over the volume V . The macroscopic stress response
of RVE B as function of the engineering strain is shown in �gure 2.4 for loading
in two di�erent directions. Here, the response is compared to experimental data
at di�erent temperatures. Note that regarding the experimental data, only the
response up to 15% strain is shown here. To this end, the reference slip rate
parameter γ̇0 is taken to be equal to the applied strain rate of the characterization
experiments, i.e.:

γ̇0 = 10−3 s−1 . (2.21)

The hardening parameters are identi�ed from the experimental data. The initial
hardening rate h0, the initial obstacle slip resistance sobs,0 and saturation slip
resistance s∞ are identi�ed as:

h0 = 3.0 GPa , sobs,0 = 170 MPa , s∞ = 210 MPa . (2.22)

Furthermore, it is found that the kink-pair slip resistance extrapolated to T = 0

K is

skp,0 = 600 MPa . (2.23)
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(a) Loading in RD.

(b) Loading in TD.

Figure 2.4: The macroscopic engineering stress-strain response of the RVE (solid black
lines), compared to the data obtained from tensile experiments (coloured dots) from Shen
et al. [25]. Loading is performed in both the rolling direction and transverse direction at
di�erent temperatures.
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In �gure 2.4a, the black solid lines represent the numerical engineering stress
as function of the engineering strain. Here, the RVE is loaded at a strain rate of
ε̇ = 10−3 s−1 in RD at various temperatures in the range of 150 ≤ T ≤ 500 ◦C.
Clearly, the yield stress decreases with increasing temperature. The coloured
dots represent the tensile data as presented by Shen et al. [25]. They per-
formed tensile tests on high-purity tungsten with an average grain size of about
140×330×40 µm. In �gure 2.4b, similar experiments are presented, but now the
specimen are loaded in TD. Again, the coloured dots represent the tensile data
provided by Shen et al. [25] (up to 15% engineering strain), whereas the black
solid lines represent the numerical results. Figure 2.4 reveals that the overall
macroscopic behaviour is adequately captured by the numerical model in both
RD and TD. Note that the softening behaviour originates from localization of
strain, which is classi�ed as a geometrical e�ect. The softening does not orig-
inate from the material behaviour, and should therefore not be included in the
material model.

2.4 Cleavage criterion

Now that the material model parameters are identi�ed, a criterion is needed that
allows to identify the instant at which the material loses its load-bearing capacity.
In order to demonstrate this, a tensile test is simulated using RVE A as described
in section 2.3.1, with a strain rate of ε̇ = 10−3 s−1 in TD at a temperature T =
265 ◦C. The macroscopic response of such a tensile test is obtained as follows:

σ̄= 1

J̄
P̄ · F̄ T

, (2.24)

with F̄ the second-order macroscopic deformation gradient tensor and J̄ =
det(F̄ ). The �rst principal value of the macroscopic Cauchy stress σ̄ is denoted
as σ̄1. In �gure 2.5a, σ̄1 is visualised as a function of the engineering strain
by the solid line. In order to identify the instant of cleavage, one could adopt
a Rankine-type of criterion, as used by for instance Needleman and Tvergaard
[26] or Ritchie et al. [27]. In this criterion, cleavage occurs when the average of
the local maximum principal stress exceeds some material dependent threshold
within a certain region. Typically, the size of this region is comparable to the
size of a grain. Since both the elastic modulus and surface energy do not change
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rapidly with temperature, the critical principal stress σc (the threshold value) is
typically taken to be temperature and strain rate independent [28]. Furthermore,
the critical principal stress is not dependent on strain rate because it is not based
on plastic deformation. If for one of the grains this criterion is met, it is assumed
that a crack will run through the material in an unstable manner. In each of the
grains, the average stress σi

g in grain i is de�ned as

σi
g = 〈σ(~x)〉V i

g
(2.25)

The �rst principal value of the grain averaged stress σi
g is denoted as σi

g,1. In
�gure 2.5a, for each grain, the �rst principal value of the average stress and �rst
principle value of the average strain at a macroscopic engineering strain of 2% is
plotted as a black dot. If max(σi

g,1) =σc would be taken as the failure criterion,
then only a single outlier (the “cleavage grain”) of this point-cloud would dic-
tate the moment of failure. The onset of failure would then strongly depend on
the actual realization of the grain orientations. If the principle stresses follow a
normal distribution, the moment of failure would never reach a steady solution
as more grains are included. Hence, a di�erent cleavage criterion is proposed,
based on statistical measures of the grain-averaged �rst principal stress σi

g,1:

〈σi
g,1〉 =

∑
i V i

gσ
i
g,1

VRVE
, sd(σi

g,1) =

√√√√∑
i V i

g (σi
g,1 −〈σi

g,1〉)2

VRVE
(
Ng −1

)
/Ng

. (2.26)

where 〈σi
g,1〉 is the mean value and sd(σi

g,1) is the standard deviation, both
weighted by the grain volumes. Note that in the case of a heterogeneous stress-
�eld σ(~x), 〈σi

g,1〉 is slightly larger than the macroscopic �rst principal stress σ̄1

due to misalignment of the �rst principal stress directions in the di�erent grains.
This implies that the volume averaging operator and the �rst principal compo-
nent are not permutable. In �gure 2.5b, the distribution of the grain-averaged
�rst principal stresses σi

g,1 from �gure 2.5a is shown. As a reference, a normal
probability density function is indicated by the solid line with the mean and stan-
dard deviation as indicated by equation (2.26). Note that the distribution of σi

g,1

follows a normal distribution rather closely. The alternative failure criterion here
is based on the following equivalent cleavage stress

σ̂= 〈σi
g,1〉+ csd sd(σi

g,1) , (2.27)
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(a) The macroscopic response σ̄1 of a tensile test
(solid line) and the grain-averaged stresses σi

g,1
(dots) at 2% macroscopic strain.

(b) Distribution of the �rst principal stresses
σi

g,1 (bar plot), compared to a normal distribu-
tion (dashed line). The dashed line indicates the
newly proposed cleavage criterion.

Figure 2.5: Statistics for the grain-averaged stresses σi
g,1 at 2% macroscopic strain. A strain

rate of ε̇ = 10−3 s−1 is applied in TD, on an RVE consisting of 576 grains, at a temperature
T = 265 ◦C.

with csd a constant larger than zero. Cleavage occurs when σ̂(σi
g,1) =σc, which

is a mean-�eld type of cleavage criterion.

If σ̂(σi
g,1) =σc is satis�ed during loading and csd = 2.33 is taken, then statis-

tically 1% of the grains has a stress above the critical value σc in case of a normal
distribution. The value csd = 2.33 is adopted in the remainder of this work. The
value of σ̂(σi

g,1) is visualised in �gure 2.5b by the dashed line. Although this 1%
threshold is still rather arbitrary, it is statistically much better de�ned.

In each loading direction (TD, ND and RD), tensile experiments are simulated.
The simulations are performed at a strain rate of ε̇= 10−3 s−1 and a temperature
of T = 250 ◦C. The two cleavage criteria discussed above are compared next. In
�gure 2.6a, the maximum grain-averaged �rst-principal stress max(σi

g,1) is plot-
ted as a function of macroscopic engineering strain. In this �gure, the colors
of the lines correspond to the RVE the simulation was performed on, as indi-
cated in �gure 2.3. Each simulation is performed �ve times with the same set
of crystallographic orientations but each time assigned to di�erent microstruc-
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(a)Maximum grain-averaged �rst principal stress as function of macroscopic engineering strain.

(b) Proposed equivalent cleavage stress as a function of macroscopic engineering strain, see equa-
tion (2.27).

Figure 2.6: Comparison of two cleavage criteria. Cleavage is assumed to occur when the
local �rst principal stress averaged over a single grain reaches a (temperature and strain rate
independent) critical value (a); or when the equivalent cleavage stress exceeds this critical
value (b). The colors of the lines correspond to the RVE the simulation was performed on,
as indicated in �gure 2.3.
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tural grains. This basically implies that the neighbours of grains are shu�ed in
each simulation. In �gure 2.6b, the newly proposed criterion of equation (2.27) is
shown as well as the mean and standard deviation of the grain-averaged stresses.
The spread in the newly proposed equivalent cleavage stress is signi�cantly less
compared to the spread in the maximum value of the grain averaged �rst princi-
ple stress, even though the orientation distribution function is exactly the same.
Accordingly, the newly proposed cleavage criterion is statistically better de�ned.
Nevertheless, in the remainder of this paper, the instant of cleavage is obtained
by averaging out this spread in equivalent stress σ̂. For each loading condition,
simulations are performed on the two RVEs for which it holds that the load-
ing direction is perpendicular to the thickness direction of the RVE and with
�ve microstructural realizations each (in which the neighbours of the grains are
shu�ed).

In �gure 2.7a, the equivalent cleavage stress is shown as a function of the
macroscopic engineering strain while loading in TD in the temperature range
240−280 ◦C. The intersections of these curves with the critical cleavage stress
σc mark the instant at which fracture occurs. The critical value σc that corre-
sponds to brittle failure is di�cult to determine from experiments. The cleavage
stress is generally strongly dependent on the presence of di�erent kinds of im-
purities as well as on the grain size. Here σc = 820 MPa is taken, for which
realistic results are obtained in terms of the brittle-to-ductile transition temper-
ature and activation energy as will be shown in section 2.5. In �gure 2.7b, the
corresponding macroscopic stresses are shown. Here, fracture is indicated with
an x-mark.

Note that in contrast to e.g. Soyarslan et al. [29], the energy dissipation
associated with brittle damage nor the evolution of damage is included in the
current modelling framework. With the approach presented, the instant of fail-
ure can be identi�ed during post analysis, without changing material parameters
or element removal during the crystal plasticity simulation itself. Therefore, no
gradual strength and sti�ness loss is modelled. Since only the onset of brittle
failure is required to identify the brittle-to-ductile transition temperature, the
evolution of damage is not required for the present analysis.
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(a) Equivalent stress as a function of macroscopic
eng. strain for di�erent temperatures, see equa-
tion (2.27).

(b) Macroscopic stress as a function of macro-
scopic engineering strain for di�erent tempera-
tures.

Figure 2.7: Cleavage simulations performed in TD at a strain rate of ε̇ = 10−3 s−1. The
X-marks indicate the onset of cleavage.

2.5 Brittle-to-ductile transition

At low temperatures, tungsten behaves rather brittle. Above the brittle-to-ductile
transition temperature Tbdt, the behaviour tends to be more ductile. For mod-
elling purposes, this transition needs to be properly de�ned. To this end, the
following criterion is adopted:{

Brittle behaviour: εf < 1% ,

Ductile behaviour: otherwise .
(2.28)

Here, εf is the macroscopic strain-to-failure in the tensile direction, i.e. the
macroscopic engineering strain at which the equivalent cleavage stress σ̂ equals
the critical stress σc. In �gure 2.8, the strain-to-failure is shown as a function of
temperature at a strain rate of ε̇= 10−3 s−1 while loading in RD. The temperature
at which the engineering strain-to-failure equals 1% is identi�ed as the brittle-
to-ductile transition temperature, which is found to be Tbdt = 249 ◦C for these
loading conditions.

With the brittle-to-ductile transition being de�ned, loading directions TD,
ND and RD can be compared. Due to the texture, the mean value of the stress
〈σi

g,1〉, and therefore the equivalent cleavage stress σ̂ is highest when loading in
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ND, see �gure 2.9. In the �gure, the equivalent cleavage stress is compared to the
critical stress σc, which is indicated by the (horizontal) dashed line. The engi-
neering strain at which σ̂=σc, is referred to as the strain-to-failure εf. From the
�gure it can be seen that under the same loading conditions, cleavage occurs at
the lowest macroscopic strain when the specimen is loaded in ND. This suggests
that the response in ND is most brittle.

Figure 2.8: Strain-to-failure as function of
temperature for loading in RD at a strain
rate of ε̇ = 10−3 s−1. The temperature at
which the strain-to-failure equals 1% marks
the brittle-to-ductile transition temperature.

Figure 2.9: The equivalent stress σ̂, the
grain average �rst principle stress 〈σi

g,1〉
and its standard deviation as function of
macroscopic engineering strain for loading
directions TD, ND and RD, at a �xed strain
rate of ε̇ = 10−3 s−1 and temperature of T =
250 ◦C.

The strain-to-failure εf is plotted as a function of temperature T in �gure
2.10a. With increasing strain rate, the transition temperature also increases while
loading in TD, ND or RD. The transition temperature is plotted as function of
the strain rate in �gure 2.10b. As found in experiments by e.g. Giannattasio and
Roberts [2], the brittle-to-ductile transition temperature Tbdt is dependent on the
strain rate ε̇ following an Arrhenius-type of equation:

Tbdt =
−Ebdt

kB ln(ε̇/ε̇0)
, (2.29)

where Ebdt denotes the so-called brittle-to-ductile activation energy and kB the
Boltzmann constant. The pre-exponential factor ε̇0 is a microstructure-speci�c
constant, independent of temperature and strain rate. By �tting equation (2.29),
the activation energy Ebdt can be obtained for di�erent loading directions. In
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(a) The strain-to-failure as function of temper-
ature for di�erent loading directions and strain
rates.

(b) The brittle-to-ductile transition temperature
as a function of strain rate for di�erent loading
directions.

Figure 2.10: A comparison between three loading directions (TD, ND and RD) in terms of
strain-to-failure, brittle-to-ductile transition temperature and activation energy.

the current work, an activation energy of Ebdt = 0.95 eV is found in TD, while
Ebdt = 0.95 eV is found in ND, and Ebdt = 0.91 eV is found in RD.

2.6 Discussion

Several parameters of the constitutive model have been identi�ed from the ex-
perimental results of Shen et al. [25]. The corresponding samples had a grain size
of approximately 330×140×40 µm (in RD, TD and ND respectively). However,
no EBSD data is available for these samples. The texture used in the current work
was obtained from commercial tungsten samples from AT&M, also produced by
rolling. The grain size of these samples is roughly 96 µm, which is very similar
to the samples from Shen et al. [25]. The ODF of the crystal orientations reveal
a similar pattern as observed for unidirectionally rolled pure W by Zhang et al.
[30]. However, the intensity of the preferred crystal orientations as adopted in
the current work is signi�cantly less pronounced. Note that the intensity of the
crystallographic texture determines the anisotropy of the mechanical response
as well as the anisotropy of the brittle-to-ductile transition temperature.

In the current work, the slip resistance consists of two parts; the kink-pair
slip resistance and the hardening slip resistance. The kink-pair slip resistance
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governs the dislocation mobility at low temperatures as it is thermally activated,
and it strongly decreases with increasing temperature. Since this is the (only)
term that is temperature dependent, it here also controls the brittle-to-ductile
transition temperature Tbdt and the activation energy Ebdt. This is in line with
Giannattasio and Roberts [2], who argue that the processes controlling the Tbdt

is dislocation mobility.
Shen et al. [25] observed that the failure mode of their hot-rolled samples

is transgranular cleavage both above and below the brittle-to-ductile transition
temperature. In other papers in literature, also intergranular cleavage is reported
[4]. In that case, the authors propose that a mixed criterion should be adopted
where also the stress normal to the grain boundaries is compared to a critical
value. Intergranular failure is not taken into account in the current work.

In order to investigate various aspects with respect to the brittle-to-ductile
transition of high purity tungsten, Reiser et al. [5] performed Charpy impact
tests on cold-rolled, hot-rolled and annealed high purity tungsten samples. The
samples were unnotched high purity tungsten bars (dimension 1×3×27 mm3).
These bars were cut out in di�erent orientations with respect to the rolling di-
rection of the slab. The samples were cut in such a way that due the impact of the
striker (in ND), bending occurred either along RD or TD. Reiser et al. [5] reported
a strain rate of the outer �bres of 267.9 s−1. The results of the experiments show
that the brittle-to-ductile transition temperature of the sample loaded in RD is
roughly 100 ◦C lower compared to a sample loaded in TD. This applied to both
the hot-rolled and cold-rolled samples. In the current work, the brittle-to-ductile
transition temperature is also found to be lower in RD compared to TD, which is
in line with the results of Reiser et al. [5]. However, the di�erence is signi�cantly
smaller. The di�erence in Tbdt is 16 ◦C at a strain rate of 10−3 s−1, and is found
to be dependent on the strain rate. The di�erence in Tbdt increases with increas-
ing strain rate. Therefore, the discrepancy may be due to the large di�erence
in strain rate. Moreover, in the work of Reiser et al. [5], the texture and grain
size may be signi�cantly di�erent compared to what was adopted in the current
work.

The material parameters in the current work have been identi�ed from the
tensile data presented by Shen et al. [25], see �gure 2.4a. They reported that
the brittle-to-ductile transition is experimentally observed around 250 ◦C while
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loading in RD. Regarding loading in TD, Shen et al. [25] reported a brittle-to-
ductile transition temperature around 300 ◦C. The temperatures at which they
performed their tensile tests were in the range of 150 < T < 500 ◦C, with steps
of 50 ◦C. The di�erence in Tbdt due to loading in RD compared to loading in
TD may therefore be well smaller than 50 ◦C. A di�erence in Tbdt of 16 ◦C, as
obtained here, may therefore still be accurate.

In literature, the activation energy Ebdt (describing the rate dependence of
the Tbdt) was experimentally determined in a number of papers. However, the
obtained results from these studies seem to be rather far apart. For instance,
Gümbsch et al. [6] found an activation energy of Ebdt ≈ 0.2 eV (on single crystal
samples). In three other studies, an activation energy between 1.0-1.5 eV was
found for di�erent kinds of samples and loading conditions [2, 3, 7]. The latter
results are rather close to what was found here. Németh et al. [4] reported an
activation energy of Ebdt ≈ 2.9 eV (+2.6/-0.9 eV). They investigated the Tbdt as
a function of strain rate in the range of ε̇ = 3 ·10−3 − 3 ·10−6 s−1. To this end,
they performed a number of (unnotched) four-point-bending experiments. The
grain size of their annealed high purity tungsten samples (grain size d ≈ 23 µm)
is signi�cantly smaller than the grain size of the samples analysed in the cur-
rent work. They showed that their Tbdt increases with only about 10 ◦C when
increasing the strain rate with one order of magnitude, which is less than the
�ndings in the current work (52.5 ◦C in RD). The resulting activation energy
was Ebdt = 2.9 eV (+2.6/-0.9 eV), which is signi�cantly higher than the results
shown here (Ebdt = 0.91 eV in RD). The origin of all these discrepancies is so far
unclear. Giannattasio et al. [2] presented an overview of the activation energy
as a function of the Tbdt for a large collection of materials. They observed a clear
trend, indicating that for tungsten, the activation energy should be roughly 1.0
eV, which is in line with the results obtained in this paper.

2.7 Conclusions

In nuclear fusion reactors, the tungsten plasma facing components are subjected
to extreme conditions, among which large (pulsating) heat �ows. The tungsten
components in fusion reactors should have their operating temperature above
the brittle-to-ductile transition temperature in order to prevent brittle cleavage.
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To this end, a low transition temperature is more favourable as it increases the
operating temperature range in which the response remains ductile.

The ductile behaviour of tungsten is governed by the motion of screw dislo-
cations through the lattice and is described here with a crystal plasticity model.
The rate of slip is modelled with a power law, which depends on the ratio be-
tween the resolved shear stress and the slip resistance. It can be concluded that
with the crystal plasticity material model in the present work (along with the
crystal orientations and the material parameters) the mechanical behaviour of
high purity tungsten is adequately described at temperatures around the brittle-
to-ductile transition temperature.

If a small fraction of the grains in a representative volume element is sub-
jected to a �rst principal stress above a (strain rate and temperature independent)
critical stress, the structure is prone to cleavage. This phenomenon is described
by means of a new failure criterion which takes into account the mean value and
standard deviation of the grain-averaged �rst principal stress. With this cleavage
criterion, the onset of cleavage is statistically much better de�ned compared to a
criterion based on the maximum principle stress, as used in literature. The tem-
perature at which the engineering strain-to-failure is equal to a critical value, is
marked as the brittle-to-ductile transition temperature Tbdt. Here, Tbdt = 249 oC

was found by loading in the rolling direction, and a larger brittle-to-ductile tran-
sition temperature of Tbdt = 265 oC was found for the transverse direction. The
highest brittle-to-ductile transition temperature was found in the normal direc-
tion, with Tbdt = 268 oC. The behaviour in this direction is therefore expected to
be the most brittle.

Since the material model is rate dependent, the Tbdt can be obtained at dif-
ferent strain rates. It is shown that the transition temperature increases with
increasing strain rate. An activation energy of Ebdt = 0.91 eV for this strain rate
dependence was obtained by loading in the rolling direction and Ebdt = 0.95 eV
for the transverse direction and normal direction. These values are in line with
experimental data in literature.

Also, it is shown that for rolled high-purity tungsten, the Tbdt shifts to a
higher temperature when the sample is loaded in its transverse direction instead
of the rolling direction. This is also in line with experimental data. This di�er-
ence in Tbdt originates from the anisotropic texture of rolled tungsten.
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CHAPTER 3

The evolution of the brittle-to-ductile transition of
tungsten under fusion conditions

Reproduced from:
M.A. Oude Vrielink, J.A.W. van Dommelen, and M.G.D. Geers. Computational
analysis of the evolution of the brittle-to-ductile transition of tungsten under
fusion conditions. Modelling and Simulation in Materials Science and Engineering,
29(1):015005, 2020.

Abstract

Tungsten components inside fusion reactors are subjected to extreme conditions, in-
cluding an exceptionally high heat �ux. This loading induces high stress levels,
that may lead to brittle fracture. The current work aims to provide novel insights
by relating the risk for brittle fracture to the tungsten microstructure and loadings
conditions. To this end, a crystal plasticity framework is adopted with a temperature
dependent slip resistance. The required parameters are obtained from experimental
data in the literature. The risk for brittle fracture is assessed by means of Beremin’s
weakest-link theory. The brittle-to-ductile transition temperature found in litera-
ture can be accurately described with the presented framework. The simulation re-
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sults reveal that the brittle-to-ductile transition temperature decreases linearly with
the volume fraction of recrystallized grains in the microstructure. It is also shown
that a sharp interface between rolled and recrystallized microscopic grains is more
favourable in terms of risk for brittle fracture.

3.1 Introduction

Nuclear fusion has a great potential in meeting the future’s increasing energy
demand. It is a sophisticated technology that has a number of compelling ad-
vantages over more traditional methods, since it can provide power in a way
that is intrinsically safe, practically limitless, environmental footprint free, and
continuous over time.

In nuclear fusion reactors, the hydrogen isotopes tritium and deuterium are
fused to form helium and a neutron. In order for this process to occur, an extraor-
dinarily high temperature is required at which the particles behave as a plasma.
The vast amount of energy that is released during the fusion process, results in a
staggering heat �ux of 10−20 MW/m2 through the water-cooled plasma facing
components of the reactor [1]. The large temperature gradient induced by these
�uxes causes severe stresses in these components [2]. They should therefore be
designed such that material failure is prevented.

Pure tungsten possesses a number of favourable properties that make it a
compelling material for this application [3]. These include a high melting tem-
perature, a high thermal conductivity, and a low sputtering yield [4]. Further-
more, tungsten behaves relatively ductile at elevated temperatures. However,
the failure mechanism of tungsten at low temperature is brittle fracture, which
occurs remarkably fast and is highly unwanted. Experiments indicate that the
brittle-to-ductile transition temperature (BDTT) of tungsten is dependent on
both the applied boundary conditions and the underlying microstructure [5–8].

The microstructure of the tungsten components under fusion conditions is
evolving over time. The initial microstructure of the tungsten components in-
vestigated at present results from rolling, which was performed during the man-
ufacturing process. This leads to a microstructure that consists of an aggregate
of elongated grains with a preferred crystal orientation. As the tungsten compo-
nent is subjected to high temperatures, the microstructure evolves due to recrys-
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tallization. In the reactor, this process occurs close to the plasma facing surface,
where the initial microstructure is progressively replaced by nearly defect-free
grains. The mechanical properties of these grains are di�erent, since they have
a lower resistance to plastic deformation compared to those in the original mi-
crostructure. Since the tungsten microstructure constantly evolves under fusion
conditions, also the mechanical behaviour is evolving. This subsequently also
in�uences the brittle-to-ductile transition temperature. In the current work, it
is investigated how the brittle-to-ductile transition temperature of high-purity
tungsten evolves under fusion conditions.

In the current work, the brittle-to-ductile transition temperature of tensile
specimens is identi�ed by assessing of the risk for brittle fracture at various
temperatures. To this end, the weakest link theory is applied, as proposed by
Beremin et al. [9], who introduced a probabilistic description of cleavage frac-
ture. Here, the stressed region of a structure is divided into a number of sub-
volumes. The probability of failure of the structure is assumed to equal the prob-
ability that failure occurs in any of these sub-volumes. Similar to Mathieu et al.
[10], the stress state in these sub-volumes is assumed to be inhomogeneous. In-
stead, a multiscale approach is adopted where the microstructure is simulated
by means of a representative volume element (RVE). The current work di�ers
from the approach of Mathieu et al. [10] in the sense that here, the weakest link
theory is applied on both the macroscopic and the microscopic scale.

After a review of the experimental observations in Sec. 3.2, a Laguerre-
Voronoi diagram is adopted to closely mimic the observed microstructure in
terms of grain size and texture in Sec. 3.3. For the resulting computational mi-
crostructure, the neighbours of each microscopic grain are the same as in the
experimental observations. The mechanical behaviour of the grains is described
in Sec. 3.4 by means of a crystal plasticity model with a temperature dependent
slip resistance. The required material parameters are obtained from experimen-
tal data in literature. In order to assess the risk for brittle fracture in the tungsten
specimen, Beremin’s weakest-link theory is adopted in Sec. 3.5. This framework
is applied to (partially-) recrystallized microstructures in Sec. 3.6, and subse-
quently also allows to relate the microstructure and loading conditions to the
brittle-to-ductile transition temperature. Finally, in Sec. 3.7, the main �ndings
and limitations of the current work are discussed.
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3.2 Experimental observations

The heat generated by the fusion process is extracted in the divertor of the fusion
reactor. This component contains CuCrZr cooling tubes which enable a contin-
uous �ow of water. A segment of such a cooling tube is visualized in Fig. 3.1 in
orange. The cooling tubes are protected from the extreme conditions by means
of tungsten monoblocks, as visualised in gray. The in�uence of high heat loads
on the evolution of the microstructure of commercial tungsten monoblocks man-
ufactured by AT&M, China, has been investigated by Shah et al. (2020) [11]. The
monoblocks have dimensions of 28×28×12 mm, and have an armour thickness
of 8 mm. The production process of these monoblocks includes sintering, fol-
lowed by hot rolling. The monoblock and the cooling tube are separated by a
copper interlayer, as visualized in yellow in Fig. 3.1.

Fig. 3.1 shows the orthogonal coordinate system adopted at present. The
grains have an aspect ratio of approximately 1:2, where the grains are elongated
parallel to the direction in which the heat �ux is applied. This direction is referred
to as the height direction (HD) of the monoblock. The direction of the water �ow
(in the copper tube) is referred to as the tube direction (TD). Finally, the width
direction (WD) of the monoblock is normal to both HD and TD.

The monoblocks were exposed to a high heat �ux at the plasma facing sur-
face, indicated by the wavering red arrows. The heat load follows the ITER qual-
i�cation program and was applied by means of an electron beam at the IDTF in
St. Petersburg, Russia. It consisted of 5000 cycles of 10 MW/m2 and 1000 cycles
of 20 MW/m2. Here, each cycle consisted of 10 seconds exposure time, followed
by 10 seconds of dwelling. After the heat exposure, a specimen was extracted at
5 mm from the side of the monoblock by means of electrical discharge machin-
ing, as visualized in Fig. 3.1. This allowed for closer inspection of the TD-HD
plane by means of EBSD analysis.

Due to the heat load, recrystallization occurred at the top region of the
monoblock, generating new grains that are nearly defect free. The recrystallized
grains consist of only few subgrains, characterized by low angle grain bound-
aries. The EBSD scan performed by [11] on the specimen shows the transition
region between the initial microstructure and the recrystallized microstructure.
From the EBSD scan, grain boundaries are identi�ed by taking a threshold mis-
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Figure 3.1: Heat exposed monoblock, from Shah et al. (2020) [11]. The EBSD colors indicate
the crystal orientation in TD.

orientation angle of 10 degrees. The grain boundaries are indicated in the �gure
with black lines. The grain size distributions of the initial and recrystallized part
of the specimen are approximately the same. This will be further highlighted in
Sec. 3.3.

3.3 Representative volume element

In the current section, the rolled part (i.e. the bottom half) of the EBSD scan
in Fig. 3.1 is investigated. The area of this part of the scan is 1000×1000 µm2.
In order to investigate the mechanical behaviour that corresponds to this mi-
crostructure, a periodic representative volume element (RVE) is generated from
this EBSD scan.

The RVE is generated in four steps. First, the grains are assigned their re-
spective mean crystal orientation in Fig. 3.2a. In this �gure, the colors indicate
the crystal orientations in TD, corresponding to the legend. Additionally, the
centroids of each of the grains are identi�ed and indicated with a black +. The
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area-weighted mean grain size equals 93 µm. From the 250 largest grains identi-
�ed, the centroids are taken as the initial guess for an algorithm that redistributes
these coordinates such that the spacing between them is proportional to their
grain size. This is shown in Fig. 3.2b, where the dashed square corresponds to
the scanning area of 1000×1000 µm2. Around each of the centroids, a sphere
is drawn with an area equal to that of the corresponding grain. The spheres are
copied periodically to the area surrounding the RVE in order to account for pe-
riodicity. In the algorithm adopted here, spheres that overlap repel each other.
Therefore, the overlapping area is minimized, as shown in Fig. 3.2c. The algo-
rithm ensures that the spacing between the centroids adequately matches the
area of the corresponding grain, which makes it suitable for a Voronoi algorithm
while preserving the grain size distribution. This is in line with the dynamic
microstructure generator (DMG) used in [12]. Finally, a Laguerre-Voronoi al-
gorithm is applied [13] where the radius of each of the spheres is entered as a
weighing factor. The resulting cells are considered to be the grains of the RVE,
as shown in Fig. 3.2(d).

A pronounced similarity can be observed between the generated RVE in Fig.
3.2d and the EBSD-scan in Fig. 3.2a. Note that the most dominant aspect of the
microstructure for the mechanical response is the texture, whereas the e�ect of
the aspect ratio on the grains is minimal. Hence, the latter e�ect is not taken into
account. Since the centroids of the grains are taken as initial guess for the dy-
namic model, grains generally preserve the same neighbours, which is expected
to enhance the predictive capability of the model. The cumulative grain size dis-
tribution of the RVE is compared to the one from the EBSD scan for either rolled
or recrystallized material, as shown in Fig. 3.3. The �gure shows that although
the smallest grains in the EBSD-scan are not included in the RVE, the overall
grain size distribution in the RVE is in excellent agreement with the grain size
distribution in the EBSD scan. Furthermore, the grain size distribution of the
recrystallized part (i.e. the top half) of the EBSD scan in Fig. 3.1 is very similar
to the grain size distribution of the rolled part (i.e. the bottom half). The mean
grain area Amean is calculated, whereby the area fractions of the grains are taken
as weight factors. The mean grain area in the rolled part of the EBSD scan is
14.1 ·103 µm2, which is similar to the mean grain area in the recrystallized part
of the EBSD scan with 12.0 ·103 µm2 and the mean grain area in the RVE, which
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(a) EBSD scan with the mean orientation of the
grains.

(b) Centroids of the grains are taken as initial
guess of the dynamic model.

(c) Final timestep of the dynamic model. Seed-
point coordinates are obtained.

(d) Laguerre-Voronoi tessellation using the seed-
points obtained from the dynamic model.

Figure 3.2: Step-by-step illustration of the RVE generation algorithm of the rolled mi-
crostructure. For each of these �gures, the horizontal direction corresponds to TD, while
the vertical direction corresponds to HD. The �rst �gure shows the legend, where the colors
indicate the crystal orientation in TD.
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equals 13.9 ·103 µm2. The thickness b of the RVE is taken to be the square root
of the mean grain area in the RVE, so b = 118 µm. This is required for computing
the grain size as will be shown in Sec. 3.5.

Figure 3.3: Grain size distribution: comparison between the RVE, the rolled part of the
EBSD scan, and the recrystallized part of the EBSD scan.

From the area of the EBSD scan presented in Fig. 3.1 and indicated with
’rolled’ (i.e. the bottom part), the orientation distribution function (ODF) in Fig.
3.4a is obtained. The colorbar shows the intensity of the crystal orientation,
which is overall weak. However, regarding the (111) crystal orientation, there is
a small preferred orientation in TD. The ODF obtained from the area of the EBSD
scan indicated with ’recrystallized’ is presented in Fig. 3.4b. The overall trends
of the ODF obtained from these areas are clearly similar. In the representative
volume element, each of the grains is assigned the mean orientation of the cor-
responding grain in the rolled part of the EBSD-scan, as shown in Fig. 3.4c. This
induces a minor increase in the intensity of the crystal orientations in the ODF.
However, the overall trends are well captured.

The geometry shown in Fig. 3.2d is discretized into a single layer of 7934
(quadratic) serendipity brick-elements with reduced integration (8 integration
points). This mesh is subjected to 3D periodic boundary conditions, in which
the displacements of nodes on opposite surfaces are tied such that the structure
also remains periodic during deformation. In thickness direction (i.e. WD), the
top and bottom surface are also tied to each other. This is in line with Boe� [12],
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Figure 3.4: Equal area projections (upper hemisphere) of the orientation distribution func-
tion (ODF). The texture of the recrystallized part follows the same trends as the rolled part
of the EBSD scan. In the RVE, each cell is assigned the average crystal orientation of the
grain it corresponds to, causing a minor increase in the ODF intensity.
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who also applied 3D periodic boundary conditions on an RVE with non-straight
boundaries. Finally, uniaxial loading is applied in order to simulate a tensile test.
The loading conditions are implemented such that an arbitrary loading direction
can be prescribed, as described by Van Nuland et al. [14]. Here, the bottom-left
corner node is �xed, while the displacement of the bottom-right corner node
is coupled to the displacement of the top-left corner node such that the RVE
remains macroscopically stress-free in any direction perpendicular to the loading
direction.

3.4 Material model

In order to describe the material behaviour at a microscopic material point in the
RVE, a �nite strain crystal plasticity framework is adopted in a similar manner
as presented by Asaro [15]. Within this framework, the plastic deformation is
governed by slip on a pre-speci�ed set of slip systems. The rate of slip on each
of the slip systems is dependent on the ratio between the resolved shear stress
and the resistance to slip. Since tungsten has a body centred cubic stacking of
atoms, the model includes a slip resistance that strongly increases with decreas-
ing temperature.

3.4.1 Kinematics

The deformation gradient tensor F maps an initial position vector to the de-
formed con�guration. It consists of an elastic part F e and a plastic part F p.

F = F e ·F p . (3.1)

The plastic velocity gradient tensor Lp is given as follows

Lp = Ḟ p ·F−1
p =∑

α
γ̇αPα

0 =∑
α
γ̇α~sα0~n

α
0 . (3.2)

Here, γ̇α is the slip rate on slip system α= 1,2, ..., Ns with Ns the number of slip
systems. The Schmid tensor Pα

0 is composed of the diadic product of the slip
direction ~sα0 and the slip plane normal ~nα

0 in the undeformed con�guration. In
the current work, only the

{
1̄01

}〈111〉 family of slip systems is assumed to be
active [16–18], hence Ns = 12.
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3.4.2 Elastic contribution

The elastic response is described by means of the second-order second Piola-
Kirchho� stress tensor in the intermediate con�guration Se, which is calculated
as

Se = F p ·S ·F T
p = 4C : E e . (3.3)

Here, S is the second Piola-Kirchho� stress tensor and 4C is the fourth-order
elasticity tensor. The elastic response is assumed to be isotropic, composed of
bulk modulus κ and shear modulus G . Furthermore, the second-order Green-
Lagrange strain tensor E e is de�ned as

E e = 1

2
(C e − I ) , (3.4)

with C e = F T
e ·F e the right Cauchy-Green deformation tensor and I the second-

order unit tensor.

3.4.3 Crystallographic slip

Plasticity is accommodated by the nucleation and propagation of dislocations
through the tungsten lattice, inducing slip on slip systems. In the current work,
the slip rate is described by means of a power-law, which implies that a rate
dependent �ow rule is adopted:

γ̇α = γ̇0

( |τα|
sα

)1/m

sign
(
τα

)
. (3.5)

Here, the material parameter γ̇0 is the reference slip rate, and the parameter m is
the strain rate sensitivity. The rate of slip is dependent on the ratio between the
resolved shear stress τα and the resistance to slip sα. The resolved shear stress
on slip system α is given as

τα = Se ·C e : Pα
0 . (3.6)

The slip resistance sα on slip system α is additively split into two contributions
as follows

sα = sαobs + sαkp , (3.7)
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where the obstacle slip resistance sαobs is the temperature independent part that
increases with the amount of accumulated slip and the kink-pair slip resistance
sαkp is the thermally activated contribution that increases with decreasing tem-
perature.

3.4.3.1 Obstacle slip resistance

Dislocations multiply with an increasing amount of slip. Dislocation lines sub-
sequently entangle and obstruct one another, causing the resistance to slip to
increase. The time derivative of this type of slip resistance is phenomenologi-
cally described and given by

ṡαobs =
∑
β

hαβ|γ̇β| , (3.8)

where hαβ is the hardening matrix, given by

hαβ = qαβh0

1− sβobs

s∞

a

. (3.9)

Here, the hardening exponent a, saturation slip resistance s∞ and initial hard-
ening rate h0 are material parameters. For self-hardening it holds that qαα = 1,
while the terms α 6= β represent latent-hardening for which qαβ = qn. The ob-
stacle slip resistance on each of the slip systems monotonically increases with
the amount of slip from the initial slip resistance sobs,0 to the saturation slip re-
sistance s∞.

3.4.3.2 Kink-pair slip resistance

Dislocations must overcome the periodic resistance of the crystal lattice in or-
der to propagate through the material. This type of barrier, also referred to as
the Peierls barrier, is thermally activated and negligibly low at elevated temper-
atures. Dislocation lines overcome these barriers by the formation of kink-pairs.
The slip resistance that follows is formulated as

sαkp = skp,0

1−
(

T

Tα
k

) 1
q


1
p

, (3.10)
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with exponents 0 ≤ p ≤ 1 and 1 ≤ q ≤ 2 and skp,0 the kink-pair slip resistance
at T = 0 K. The shear-rate dependent knee temperature Tα

k of slip system α is
taken as proposed by Lim et al. [19], but is slightly modi�ed with γ̇corr in order
to make Eq. (3.10) a smooth function of γ̇α:

Tα
k = −G0

kb ln((|γ̇α|+ γ̇corr)/γ̇kp,0)
, (3.11)

with G0 the activation energy, kb the Bolzmann constant, γ̇kp,0 the reference
kink-pair rate. Note that no solution exists for sαkp if Tα

k > T . However, since the
correction γ̇corr is taken to be

γ̇corr = γ̇kp,0

[
exp

(−G0

T kb

)
+ε

]
, (3.12)

this anomaly is circumvented. Furthermore, ε= 10−8 is an arbitrary small value
that ensures that sαkp is no longer over sensitive to low values of γ̇α < ε.

3.4.4 Material characterization

The parameters of the above material model based on crystal plasticity have been
identi�ed for the rolled (initial) microstructure by Oude Vrielink et al. [20]. Most
of the material parameters are assumed to remain unchanged as the material
recrystallizes, as will be shown in section 3.4.4.1. However, the initial obsta-
cle slip resistance and initial hardening rate reduce signi�cantly due to the pro-
nounced decrease in defect density in the recrystallized material as shown in
section 3.4.4.2.

3.4.4.1 Material parameters from literature

Since no complete set of material parameters is available in literature, the ma-
terial parameters in the current work are adopted from a variety of references.
The parameters presented here are validated in Sec. 3.4.4.2. Regarding the slip
law, the strain-rate sensitivity parameter m is taken from Asaro [15]:

m = 0.02 . (3.13)

Later, Wei en Kecskes [21] found comparable outcomes of their strain-rate sen-
sitivity experiments on di�erent specimens for di�erent rolling conditions. It is
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unknown how recrystallization in�uences the strain-rate sensitivity parameter
for tungsten. In this work, it is therefore assumed to remain unchanged. Regard-
ing the kink-pair slip resistance, several parameters are required. The activation
energy is adopted from Brunner [22]:

G0 = 1.75 eV . (3.14)

Furthermore, the exponents p and q are taken such that the resulting potential
closely approximates the Eshelby potential [23]:

p = 0.8 , q = 1.2 . (3.15)

The reference kink-pair slip rate is taken from Lim et al. [19], who identi�ed this
parameter from the single-crystal data from Brunner [22]:

γ̇kp,0 = 3.71 ·1010 s−1 . (3.16)

The parameters required to construct the isotropic elasticity tensor 4C are taken
from Lowrie and Gonas [24], while neglecting their temperature dependency:

κ= 309 GPa , G = 161 GPa . (3.17)

The hardening parameters that are required for the expression of the obstacle
slip resistance include the hardening exponent a that is taken from Yalçinkaya
et al. [25]. The hardening matrix coe�cients are taken from Asaro [15]:

a = 1.5 , qn = 1.4 . (3.18)

Finally, the reference slip rate parameter γ̇0, the saturation slip resistance s∞
and the kink-pair slip resistance extrapolated to T = 0 K are adopted from Oude
Vrielink et al. [20]:

γ̇0 = 10−3 s−1 , s∞ = 210 MPa , skp,0 = 600 MPa . (3.19)

3.4.4.2 Material parameters from experimental data

Regarding the recrystallized material, the remaining parameters are identi�ed
from the experimental data of Younger and Wrights [26]. To this end, crystal
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plasticity simulations are performed with prescribed displacements at a strain-
rate of ε̇ = 3.35 ·10−3 s−1 in order to match the tensile experiments of Younger
and Wrights [26]. From the simulation results, the macroscopic stress is obtained
in terms of the �rst Piola-Kirchho� stress by taking its volume average over the
entire RVE:

P̄ = 1

VRVE

∫
VRVE

P (~x) dV . (3.20)

In order to demonstrate the macroscopic behaviour of the material model, a �nite
element simulation is performed on a simple RVE that consists of a grid of 24×
24×1 randomly oriented grains, discretized by 72×72×1 quadratic brick elements
with reduced integration, as shown earlier in Oude Vrielink et al. [20]. The RVE
is subjected to 3D periodic boundary conditions and unaxial loading. The blue
solid line in Fig. 3.5a shows the engineering stress as a function of the plastic
strain up to 15% at a temperature of T = 867 K, at which the response is nearly
temperature independent. In order to obtain this result, the initial obstacle slip
resistance sobs,0 is taken to be:

sobs,0 = 40 MPa . (3.21)

Furthermore, the initial hardening rate h0 is taken to be:

h0 = 350 MPa . (3.22)

The dashed blue line shows the experimental results from Younger and Wrights
[26] for comparison. Sheng et al. [27] obtained comparable results from their
tensile tests on recrystallized tungsten specimens at 773 K. The parameters of
rolled tungsten are taken identical as for recrystallized tungsten, except for the
initial obstacle slip resistance sobs,0 = 170 MPa and the initial hardening rate
h0 = 3 GPa [20]. In Fig. 3.5a, the comparison is shown between the crystal
plasticity simulations and the tensile data from Shen et al. [28] in the regime
where necking is negligible. The texture for this simulation is also taken from
Oude Vrielink et al. [20].

In �gure 3.5b, the yield stress is plotted in the temperature range 400 ≤ T ≤
1200 K. Here, the solid lines show the numerically obtained yield stress by taking
the �rst Piola-Kirchho� stress in the loading direction at 0.2% plastic strain o�set.
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(a) Comparison of hardening behaviour between
the simulation results (CP) and the experimental
data at the respective temperatures.

(b) Comparison between the simulation results
(CP) and the experimental data of the tempera-
ture dependent yield stress of rolled and recrys-
tallized tungsten. The light blue dots represent
the brittle fracture strength.

Figure 3.5: The mechanical behaviour of tungsten in the rolled and recrystallized state
compared to the experimental results from Younger and Wrights [26] and Shen et al. [28].

The red dots show the experimental data from Younger and Wrights [26] and
Shen et al. [28]. Clearly, the macroscopic yield stress behaviour is well described
by the model for both rolled and recrystallized tungsten.

3.5 Cleavage fracture modelling

For tungsten, there is a transition from brittle behaviour to ductile behaviour
with increasing temperature. The current work aims to identify how this brittle-
to-ductile transition temperature is dependent on the microstructure and bound-
ary conditions. In contrast to ductile failure, for brittle cleavage, failure occurs
abruptly. Here, the focus is on the onset of this brittle failure process. The extent
to which a specimen is brittle is assessed by its probability of brittle failure. The
probability of failure of a specimen is derived from the stress �eld that is com-
puted by means of the crystal plasticity model in conjunction with a representa-
tive volume element of the microscopic scale. Since cleavage is most frequently
observed on one of the {100} planes [29], this aspect is taken into account. Fi-
nally, the cleavage fracture model provides the probability of failure of both the
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microstructural RVE and the macroscopic specimen, allowing to compare results
to experimental data.

3.5.1 Weakest link theory

A given specimen with volume Vsp is divided into N equi-sized subvolumes V i
sub,

where i = 1,2, ..., N . Beremin’s [9] weakest-link theory states that a specimen
will fail in an unstable manner if failure occurs in one of the volumes V i

sub. The
probability of failure of the specimen Pf,sp is therefore given by

Pf,sp = 1−
N∏

i=1

[
1−p i

f,sub

]
, (3.23)

where p i
f,sub is the failure probability of a subvolume V i

sub, which is governed by
an equivalent stress state σ̂i present in this volume. Eq. (3.23) can be simpli�ed
to

Pf,sp ≈ 1−exp

(
−

N∑
i=1

p i
f,sub

)
, (3.24)

when p i
f,sub is small. In a tensile test, the failure probability can be regarded as

homogeneous if the macroscopic stress �eld is homogeneous and the microstruc-
ture is not varying over the gauge section. In that case, all subvolumes have the
same failure probability pf,sub. The specimen failure probability is then given by:

Pf,sp = 1−exp

(
−pf,sub

Vsub
Vsp

)
. (3.25)

Eq. (3.25) is visualized in Fig. 3.6, revealing that the combination of a large spec-
imen volume Vsp with a high concentration of failure probability yields a high
specimen failure probability Pf,sp.

The approach of Beremin et al. [9] yields an adequate prediction of the proba-
bility of failure of a specimen. However, this model does not include any relation
to the microstructure by means of a representative volume element. Also, it does
not take into account the orientation of the cleavage planes. Therefore, in the
current work, their model is extended such that it includes these aspects.
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Figure 3.6: Specimen failure probability as a function of speci�c local failure probability
and specimen volume.

3.5.2 Flawed material

In order to include the in�uence of grain topology and crystal orientation, the
ratio pf,sub/Vsub in Eq. (3.25) is replaced by pf,rve/Vrve. Here, pf,rve is the failure
probability of a representative volume element (RVE) with volume Vrve. The
failure probability of the RVE is subsequently given by the probability that one
of the M grains fails. In other words, the weakest link theory is applied once
more, but now at the microscopic scale:

pf,rve = 1−
M∏

j=1

(
1−p j

f,g

)
, (3.26)

where p j
f,g is the failure probability of grain j with volume V j

g . Since both p j
f,g

and the probability of failure of the RVE pf,rve are small, this equation can be
simpli�ed as follows:

pf,rve =
M∑

j=1
p j

f,g . (3.27)

Grains are typically �awed due to material defects. These defects include micro-
cracks that may have initiated during plastic deformation, for instance during
the specimen manufacturing process. The probability of �nding a micro-crack
of a length between r and r +dr in a reference volume Vref is described by a
power law [9]:

G(r ) dr = α

rβ
dr . (3.28)
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In the current work, the reference volume Vref is taken equal to the mean grain
volume. The failure probability p j

f,g of a grain with volume V j
g is governed by

the probability of �nding a micro-crack in this volume exceeding a critical crack
length rc. It can therefore be calculated by:

p j
f,g =

V j
g

Vref

∫ ∞

rc

α

rβ
dr = V j

g

Vref

α

β−1

(
1

rc

)β−1

, (3.29)

where α and β are material parameters. According to Gri�th’s energy balance
[30], the critical crack length is given by rc = (kGriff/〈σn〉)2, where kGriff depends
on the boundary conditions, the shape of the defect, the surface energy and the
Young’s modulus. The latter two are mildly dependent on temperature, but this
aspect is neglected in the current analysis. A positive stress normal to the crack
opening 〈σn〉 is indicated by Macaulay brackets:

〈σn〉 =
{

0, σn < 0

σn, σn ≥ 0
(3.30)

This expression can be substituted in Eq. (3.29), which can subsequently be
rewritten into the following form:

p j
f,g = p0

( 〈σn〉
σref

)mf V j
g

Vref
, (3.31)

with material parameters p0, σref and mf = 2β−2. In tungsten, cracks are mostly
observed on the three cleavage planes {100} [29] with normals ~nl

cl where l =
1,2,3. A grain will fail if failure occurs on one of these planes. Assuming an
equal micro crack distribution on these planes, Eq. (3.31) can be rewritten as

p j
f,g = 1−

3∏
l=1

{
1−p0

(
〈σl

n〉
σref

)mf V j
g

Vref

}
≈

3∑
l=1

p0

(
〈σl

n〉
σref

)mf V j
g

Vref
, (3.32)

in which the approximation holds because p j
f,g is small. Since a specimen typ-

ically consists of many grains, the failure probability of a single grain is small,
even when cleavage of the specimen is almost certain. However, in the limit case
where the exponent mf is large, the probability in Eq. (3.31) becomes a Heaviside
function. Here, a grain will fail if a critical fracture stress equal to σref is reached.
If the specimen consists of only a single crystal, this reduces to the competition
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between the athermal strength and the temperature-dependent slip resistance.
Note also that in this case, the simpli�cations made in Eq. (3.24) and Eq. (3.32)
do not hold.

The Cauchy stress normal to the cleavage planes is given by

σl
n =~nl

cl ·σg ·~nl
cl and σg = 1

Vg

∫
Vg

σ(~x) dV (3.33)

Substituting Eq. (3.32) into Eq. (3.27) allows for calculating the failure probability
of the RVE. With this, the risk for brittle failure of the specimen can be assessed
by means of Eq. (3.25) for a given microstructure and set of boundary conditions.

3.6 Results

The presented framework allows to compute the probability of brittle fracture.
To this end, the RVE geometry presented in Sec. 3.3 is exploited, and combined
with the material model and model parameters presented in Sec. 3.4. The risk for
brittle fracture is assessed by means of the framework presented in Sec. 3.5. In the
current work, the exponent mf in Eq. (3.31) is taken from Margetson and Sher-
wood [31] and set to mf = 5.5. Furthermore, the reference volume is set equal
to the mean grain volume Vref = 1.64 ·106 µm3. Parameter p0 is set to p0 = 0.01,
such that if a grain with volume Vref is subjected to an equivalent stress ofσref, its
failure probability equals 1%. Parameter σref = 920 MPa is taken, as this is found
to provide realistic results for both rolled and recrystallized tungsten as will be
shown in the remainder of this section. This implies that after recrystallization,
the largest microscopic cracks that dictate the instant of failure remained un-
changed in terms of size and density.

3.6.1 Validation

A tensile test of rolled tungsten is simulated up to 1% strain in vertical direction
(HD) at a temperature of T = 550 K, using the RVE shown in Fig. 3.2d. The
stresses are calculated using the crystal plasticity model in combination with
the material parameters for rolled tungsten, and are shown in Fig. 3.7a. The
resulting stress �eld σ22 is strongly heterogeneous, because each grain has a
di�erent crystallographic orientation. The average Cauchy stress in each grain
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in Fig. 3.8 is projected on its cleavage plane normals. From here, the failure
probability of each grain can be computed with Eq. (3.32). In Fig. 3.7b, the failure
probability is scaled by the grain size. Note that a large average stress in a grain
does not necessarily result in a high probability of failure.

?

6

(a) The spatial distribution of the stress σ22 in
the loading direction in the RVE.

(b) The failure probability of the grains, scaled
by their respective size.

Figure 3.7: Results for a numerical tensile test on rolled tungsten at 1% strain and a tem-
perature of T = 550 K.

The probability of failure is governed by the positive grain-averaged normal
stress acting on the {100} family of planes. In Fig. 3.8, these stress measures
are plotted. In this �gure, the location of each dot shows the orientation of the
normal vector of one of the {100} cleavage planes of each grain, while the color
represents the normal stress acting on these planes. Only the upper hemisphere
is shown, so for each grain three dots are plotted. The grain highlighted in green
in Fig. 3.7 is also highlighted in Fig. 3.8. This grain shows that although its stress
level is relatively low, it still has a high probability of failure due to the fact that
it has a {100} cleavage plane normal oriented parallel to the loading direction.
Another grain, highlighted in purple in Fig. 3.7 and Fig. 3.8, shows exactly the
opposite. Although its stress level is relatively high, it has a low probability of
failure since none of its cleavage plane normals are oriented close to the loading
direction.

The same tensile test is now simulated at various temperatures and up to 2%
strain. The specimen probability of failure is computed as a function of strain
and temperature, see Fig. 3.9a. Here, a specimen volume Vsp = 5×1.5×0.75 mm3

is taken, in correspondence to the tensile experiments of Shen et al. (2016) [28].
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Figure 3.8: Relation between crystal orientation and the normal stress acting on the {100}

cleavage planes.

The solid black lines in Fig. 3.9a indicate the probability curves of 10%, 50% and
90%. Clearly, with increasing strain and decreasing temperature, the risk for
brittle fracture increases.

90%

50%

10%

(a) Rolled tungsten, uniaxial loading on a speci-
men with a volume of V = 5.6 mm3.

90%

50%

10%

(b) Recrystallized tungsten, uniaxial loading on
a specimen with a volume of V = 465.4 mm3.

Figure 3.9: Failure probability of (a) rolled tungsten and (b) recrystallized tungsten in the
temperature range of 350 ≤ T ≤ 550 K.

In the work of Shen et al. (2016) [28], a signi�cant increase of the total elon-
gation with increasing temperature was observed between 250 ◦C and 300 ◦C

onwards. Shen et al. (2016) [28] therefore concluded that the brittle to ductile
transition temperature must be in this range. From Fig. 3.9a it can be concluded
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that the brittle-to-ductile transition temperature depends on its actual de�nition.
In the current work, the brittle-to-ductile transition temperature corresponds to
the temperature at which the failure probability equals 50% at 1% of tensile strain.
With this criterion, a transition temperature of Tbdt = 261.1 ◦C results. Therefore,
in terms of brittle-to-ductile transition temperature, the numerical and experi-
mental results are in close agreement.

Tensile experiments on recrystallized tungsten were performed by Younger
and Wrights (1970) [26]. In their work, a clear increase in total elongation can
be observed for T ≥ 550 K. The test specimens have Vsp = 465.4 mm3, which
is signi�cantly larger than those used by Shen et al. (2016) [28]. The numerical
results corresponding to their specimen volume are shown in Fig. 3.9b and a
brittle-to-ductile transition temperature of Tbdt = 530.9 K = 257.9 ◦C is obtained.
Again, an adequate agreement is found with the experimental results.

3.6.2 Partially recrystallized tungsten

The tungsten monoblocks initially possess a typical rolled microstructure. How-
ever, when the monoblocks are in operation, they are subjected to a high tem-
perature. This causes recrystallization, in which new grains are formed with a
low dislocation density. Due to this low defect density, these grains have dif-
ferent material properties. In this section, it is investigated how the brittle-to-
ductile transition temperature of tungsten evolves under fusion conditions, dur-
ing which the originally rolled microstructure recrystallizes.

All of the 250 grains in the initial microstructure are assumed to have the ma-
terial properties of rolled tungsten, as shown by the blue grains in Fig. 3.10a. In
order to simulate the mechanical behaviour of partially recrystallized tungsten,
50 grains are randomly selected and assigned the material properties of recrys-
tallized tungsten in Fig. 3.10b. In this �gure, the recrystallized grains are high-
lighted in red. In Fig. 3.10c-3.10f, 50 additional grains are assigned the properties
of recrystallized tungsten each time, up to a point where the microstructure is
fully recrystallized in Fig. 3.10f. In each microstructure, the crystal orientations
of the recrystallized grains remain unchanged, consistent with the experimental
observations made in Fig. 3.4a and Fig. 3.4b. This also allows for a more system-
atic simulation approach.
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(a) 0% recrystallization (b) 30.4% recrystallization (c) 44.4% recrystallization

(d) 61.7% recrystallization (e) 79.8% recrystallization (f) 100% recrystallization

Figure 3.10: Microstructures with a monotonically increasing volume fraction of recrys-
tallized grains. Blue: rolled material properties, red: recrystallized material properties.

The randomly selected grains in Fig. 3.10a-3.10f that are considered to be
recrystallized have a volume percentage of 0%, 30.4%, 44.4%, 61.7%, 79.8% and
100% respectively. On these six microstructures, a similar analysis is performed
as carried out in Sec. 3.6.1. Here, the BDTT is evaluated for di�erent failure
probabilities at 1% of strain, and the volume of the macroscopic specimen equals
the one used in the experiments of Shen et al. [28], i.e. Vsp = 5×1.5×0.75 mm3.
Upon recrystallization, a clear trend can be observed as shown in Fig. 3.11.

The brittle-to-ductile transition temperature is found to decrease linearly by
about 200 K for a 100% volume fraction of recrystallized grains. Note that this
linear dependence is almost independent of the failure probability used to de�ne
the BDTT. The brittle-to-ductile transition of the fully recrystallized microstruc-
ture in this analysis is di�erent from what was reported in Sec. 3.6.1 due to the
di�erence in specimen volume in the experiments of Younger and Wrights (1970)
[26].
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Figure 3.11: Decrease in brittle-to-ductile transition temperature at 1% strain with an in-
creasing volume fraction of recrystallized grains.

3.6.3 Transition zone

In this section, the failure probability of several con�gurations of the transition
zone is investigated. Fig. 3.12a shows the microstructural con�guration that is
directly based on the EBSD scan in Fig. 3.1. Here, a similar procedure is adopted
as presented in Sec. 3.3, but now also the recrystallized part of the microstruc-
ture is taken into account. Grains are considered to be recrystallized if the grain
orientation spread is less than 3 degrees.

In order to investigate what kind of transition zone is most favourable in
terms of risk for brittle fracture, several con�gurations are considered. In Fig.
3.12b, the grains are assigned random coordinates as initial guess in the algo-
rithm presented in Sec. 3.3, causing the rolled grains and recrystallized grains
to be fully mixed. In Fig. 3.12c, the rolled grains and recrystallized grains are
separated as much as possible, minimising the surface between these two types
of grains.

The orientation distribution functions of the con�gurations are nearly iden-
tical, because they use the same set of crystal orientations and follow the same
grain size distribution. The presented con�gurations in this section are subjected
to 3D periodic boundary conditions. Furthermore, they are loaded in tension in
various directions in the HD-TD plane. The angle under which the tensile load-
ing is applied is characterized by φ, where φ= 0◦ is parallel to HD and φ= 90◦
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(a) EBSD based (b) Fully mixed

TD

(c) Perfect separation

Figure 3.12: Several con�gurations of a partly recrystallizedmicrostructure.The blue grains
have the properties of rolled tungsten while the red grains have the properties of recrystal-
lized tungsten. All crystal orientations are shown in TD.

is parallel to TD, see Fig. 3.13. The loading directions are applied in steps of 15

degrees.

In Fig. 3.13, the red line shows the failure probability of the fully mixed RVE
shown in Fig. 3.12b. The anisotropic response is primarily due to the texture. In
this con�guration, the failure probability is the lowest when the RVE is loaded in
HD, and gradually increases when the loading direction is rotated towards TD.
The in�uence of the texture is investigated into more detail in Sec. 3.6.4.

Fig. 3.13 also shows that when the RVE consists of grains that are clearly
spatially separated, the anisotropy of the probability of failure is signi�cantly
more pronounced. When the RVE is loaded under 45◦, the failure probability is
considerably lower compared to loading parallel to TD. In Fig. 3.14a, the EBSD
based transition zone is loaded in horizontal direction (TD). The rolled and re-
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Figure 3.13: Failure probability of the RVE for several transition zone con�gurations and
loading directions at 1% strain.

crystallized parts of the RVE are now practically loaded in parallel. Since the
rolled part has a signi�cantly higher yield stress, this part is more sti� than the
recrystallized part and hence relatively high stress levels result. In Fig. 3.14b, the
RVE is loaded in vertical direction. Now, the rolled and recrystallized parts of
the RVE are loaded in series. However, due to the periodic boundary conditions,
the lateral contractions in both the recrystallized part and the rolled part of the
RVE are constrained to be the same. This causes a relatively large volumetric
loading in the recrystallized part of the RVE, resulting in a relatively large fail-
ure probability on all three cleavage planes. If the RVE is loaded under 45◦, the
lateral constraint is not present, see Fig. 3.14c. Here, most of the deformation is
absorbed by the recrystallized part of the RVE, resulting in a low and homoge-
neous stress �eld, with the exception of a few stress concentrations close to the
interface.

3.6.4 Strongly anisotropic texture

Zhang et al. [32] showed that a highly anisotropic texture can be obtained from
rolling high purity tungsten. The texture they presented is signi�cantly more
anisotropic compared to what was shown in Fig. 3.4 of the current work. The
in�uence of such a strongly anisotropic texture on the probability of failure of an
RVE is investigated in this subsection. To this end, the texture of the uniaxially
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(a) Horizontal loading. (b) Vertical loading. (c) Loading under 45◦.

Figure 3.14: Maximum stress on the {100} family of cleavage planes, while loading in
di�erent directions. The nodal displacements are magni�ed by a factor 10.

rolled tungsten specimen from Zhang et al. [32] is mimicked by assigning small
random perturbations to crystals that have the 〈100〉 axis aligned with TD. These
crystal orientations are randomly assigned to the grains in the RVE presented in
Sec. 3.3. The resulting pole �gures are shown in Fig. 3.15.

2

4

6

8

10

Figure 3.15: Pole �gures of a strongly anisotropic texture, mimicking the texture presented
by Zhang et al. [32].

The RVE is subjected to 3D periodic boundary conditions and is uniaxially
loaded in di�erent directions in the TD-HD plane, as shown in Fig. 3.16. The an-
gle under which the tensile loading is applied is again de�ned by φ. The loading
is applied in steps of 10 degrees. In each of these directions, the yield stress is
shown by the red line, which is determined by considering the true stress at 0.2%
plastic strain o�set in the direction of loading.

Clearly, the yield stress is rather anisotropic due to the strong texture. In the
current work, slip is restricted to the

{
1̄01

}〈111〉 family of slip systems. There-
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Figure 3.16: Anisotropic response of the RVE, to which the texture shown in Fig. 3.15 is
assigned. A high yield stress does not necessarily result in a high failure probability.

fore, a high yield stress is observed when the RVE is loaded at φ ≈ 35◦ because
then a signi�cant volume fraction of the grains is loaded in the 〈111〉 family of
crystal directions which corresponds to the lowest Schmid factor.

In Fig. 3.16, the failure probability of the RVE is shown in blue. By compar-
ing the red and blue curves, the competition between two mechanisms can be
observed. While the yield stress is governed by the orientation of the slip di-
rections and slip plane normals, the failure probability is governed by both the
(yield) stress and the orientation of the cleavage planes. Although in TD the
yield stress is relatively low, in this direction the failure probability is the largest
because the crystals are mostly loaded normal to their cleavage plane. Accord-
ingly, a high yield stress does not necessarily result in a high failure probability,
because it also depends on the orientation of the cleavage planes with respect to
the loading direction.

3.7 Discussion & Conclusions

The high temperature material properties of pure tungsten are compelling in
terms of its application in plasma facing components for nuclear fusion reac-
tors. Its low temperature behaviour is a source of concerns, emanating from
the increasing risk for brittle failure with decreasing temperature. The brittle-
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to-ductile transition temperature is dependent on the tungsten microstructure,
which evolves under fusion conditions. In the current work, a framework is
presented that allows to simulate this transition for various microstructural con-
�gurations.

The simulation results reveal a clear agreement with the brittle-to-ductile
transition temperature observed in literature. Furthermore, it is shown that
the brittle-to-ductile transition temperature of a rolled microstructure decreases
with recrystallization, which is in line with several experimental results in liter-
ature [27, 33–35]. However, under fusion conditions, the tungsten plasma facing
components are also subjected to neutron irradiation, which is well known to
make tungsten more brittle. This competing e�ect is not taken into account in
the current analysis. In the work of Németh et al. [6] and in Nikolić et al. [36]
the opposite trend is observed, as their results show that the brittle-to-ductile
transition temperature increases with recrystallization. This may be caused by
the signi�cant increase in grain size upon recrystallization. The brittle-to-ductile
transition temperature is well known to be dependent on the grain size, which
is not included in the framework presented in this work. However, the rolled
and the recrystallized material currently investigated, have a similar grain size.
Furthermore, the presence of impurities and the change in texture might trigger
a di�erent failure mechanism where cracks propagate on the grain boundaries.

The results also show that at constant temperature, the risk for brittle failure
is higher for larger specimens because there is a higher probability of encounter-
ing a relatively large crack. The brittle-to-ductile transition temperature of these
larger specimens is therefore also higher. The current simulation results show
that the risk for brittle fracture is strongly related to the orientation of the cleav-
age planes with respect to the loading direction, which is frequently disregarded
in literature.

The results also indicate that the brittle-to-ductile transition temperature de-
creases linearly with the recrystallized volume fraction. Here, it is assumed that
there is a perfect mixture between the rolled and recrystallized grains. Finally, it
is also found that the spatial separation of these phases only in�uences the risk
for brittle failure if the specimen is loaded under an angle of approximately 45
degrees with respect to the normal of the plane of separation.

This work considers high-purity tungsten where the role of the grain bound-
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ary strength can be disregarded. Therefore, the cleavage fracture model describes
only intra-granular failure, which is consistent with the experimental observa-
tions made by Shen et al. [28]. In the work of Younger and Wrights [26], the
type of cleavage is not discussed. However, in the work of Sheng et al. [27],
high purity recrystallized tungsten is considered as well, and they also observed
intra-granular failure in the brittle regime.

Note that a worst case scenario was simulated here. In this regard, a micro-
scopic crack subjected to an excessive stress automatically results in failure of
the whole structure. A possible crack tip arrest due to micro structural barri-
ers is disregarded. An interesting topic for future work would be to investigate
the interactions between microcracks by progressively adding them to the RVE.
Furthermore, the presented theory only applies to structures for which it holds
that at constant load, the stress intensity factor increases with crack length. In
the current work, the size-dependent specimen failure probability is calculated,
taking into account the size of the experimental specimens. Here, it is assumed
that the stress state is homogeneous on the macroscopic scale, which is not the
case in a monoblock under fusion conditions. This can be accounted for in an
integral sense, however, it is unlikely that local fracture will automatically result
in functional failure of the monoblock.

The failure probability of a reference volume was linked to the underlying
microstructure in the work of Mathieu et al. [10]. In order to identify at what
instant failure occurs in the RVE, Mathieu et al. [10] considered a distribution
of defects in the material. The largest defect in each grain is assumed to dictate
its critical stress level. Mathieu et al. [10] assumed that failure would occur if
the average stress in any of the grains exceeds its respective critical level. By
considering a large number of realisations of defect distributions, the probability
of failure of the reference volume could be estimated for a given macroscopic
stress level. In order to perform this type of analysis, it is mandatory to gather
detailed information of the microscopic defects in terms of density, size distri-
bution, shape and surface energy. In the current work, these quantities are un-
known and are all collected under a single parameter σref, which is a simpli�ed
measure for the material’s resistance to cleavage.
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CHAPTER 4

Modelling the brittle-to-ductile transition of high-purity
tungsten under neutron irradiation

Based on:
M.A. Oude Vrielink, V. Shah, J.A.W. van Dommelen, and M.G.D. Geers. Mod-
elling the brittle-to-ductile transition of high-purity tungsten under neutron ir-
radiation, Submitted.

Abstract

Tungsten becomes signi�cantly more brittle when exposed to neutron irradiation,
which can be detrimental for the functionality of plasma facing components in nu-
clear fusion reactors. A predictive model of the mechanical behaviour of irradiated
tungsten is therefore vital in order to assess how the brittle-to-ductile transition tem-
perature evolves under fusion conditions. To this end, a cluster dynamics model is
used to describe the defect production in high purity tungsten under neutron irradia-
tion. The resulting defect concentrations provide input for a crystal plasticity model,
capable of describing the in�uence of irradiation induced defects on the mechani-
cal properties of high-purity tungsten. Simulation results reveal a striking match
with experimental data in terms of yield stress at various temperatures and irradia-
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tion levels. Moreover, also the brittle-to-ductile transition temperature is adequately
described by incorporating a probabilistic cleavage model.

4.1 Introduction

The world energy problem requires a large continuous supply of clean energy,
in which nuclear fusion could play a key role. This solution is exploited in fusion
reactors, where a fusion reaction between the hydrogen isotopes deuterium and
tritium results in helium and a neutron, as well as a large amount of energy. For
this process to occur, an extremely high temperature is required at which the
particles behave as a plasma. Due to the extreme conditions, the plasma facing
components of the reactor have to endure a tremendous heat �ux, which is in
the range of 10-20 MW/m2 for the reactor ITER.

Since tungsten has the highest melting temperature of all metals and behaves
rather ductile at elevated temperatures, it is considered as the best suited mate-
rial for this application [1]. Other favourable properties of tungsten include a
high thermal conductivity and a high sputtering threshold. However, due to the
bcc lattice structure of tungsten, its yield stress rapidly increases with decreasing
temperature up to a point where the failure mechanism changes to brittle cleav-
age [2, 3]. This failure mechanism is undesirable because it occurs abruptly and
propagates rapidly through the material. Therefore, the operating temperature
should remain above the brittle-to-ductile transition temperature. The transition
temperature is not just a material constant, but it is governed by the underlying
evolving microstructure and loading conditions such as strain-rate and loading
direction [4–6].

Under fusion conditions, the components are subjected to harsh neutron ir-
radiation loads that deteriorate their mechanical properties. Highly energetic
neutrons that result from the fusion reaction collide with tungsten atoms that are
normally stacked in a regular lattice. This subsequently causes displacement cas-
cades that generate numerous point-defects, such as vacancies, self-interstitial
atoms and their clusters. These defects decrease the mobility of dislocations,
which induces an increase of the yield stress [7–9]. This subsequently triggers
an increase of the brittle-to-ductile transition temperature, which can be detri-
mental for the functionality of the plasma facing components.
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In order to experimentally identify the relevant mechanical properties, it is
extremely challenging to mimic the nuclear fusion loading conditions in terms of
neutron irradiation and heat �ux. An accurate numerical model of the mechan-
ical behaviour of tungsten under these conditions is therefore vital in order to
assess the evolution of the brittle-to-ductile transition temperature under fusion
conditions. In order to address this, the following three steps are taken. First, a
predictive model is presented that simulates the e�ect of neutron irradiation on
the density of lattice defects. Next, the e�ect of a given lattice defect density on
the mechanical behaviour of a polycrystalline tungsten microstructure is investi-
gated by means of a crystal plasticity model. Finally, the mechanical behaviour is
related to an irradiation-induced change in the brittle-to-ductile transition tem-
perature by means of a brittle cleavage model.

In literature, cluster dynamics models have been widely adopted to study
several di�erent mechanisms related to fusion and �ssion conditions. These in-
clude void and loop formation [10, 11], precipitation kinetics [12], helium bubble
and nano-tendril formation [13, 14], hydrogen and helium retention [15, 16], as
well as post-irradiation annealing kinetics [17]. The in�uence of a temperature
gradient on the defect evolution has also been incorporated by considering dif-
fusion of mobile defects in the spatial domain [18, 19]. In order to relate the
irradiation-induced defect concentrations to the change in mechanical proper-
ties of α-Fe, Dunn et al. [20] combined a stochastic cluster dynamics model with
a crystal plasticity framework. They incorporate the irradiation-induced defect
concentrations by means of the radiation hardening model from Bacon et al. [21],
but consider only a single testing temperature, and therefore the in�uence of ir-
radiation on the brittle-to-ductile transition temperature could not be addressed.
Krishna et al. [22, 23] and Patra et al. [24–26] also modelled the mechanical
behaviour of neutron irradiated metals. In these papers, the sizes and densities
of defects evolve as state variables in an explicit crystal plasticity model, where
dislocation channelling and �ow localization occurs due to the interaction be-
tween point defects and dislocations. This leads to a strong mesh size depen-
dency, which is an undesirable numerical artefact that in�uences the predictive
nature of the model. A non-local crystal plasticity framework is required here,
but this would entail a huge numerical cost. In the current work, the evolution
of irradiation-induced defects under mechanical deformation (i.e. the annihila-
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tion of point defects due to crystallographic slip) is disregarded as the aim is to
simulate the evolution of the brittle-to-ductile transition temperature. Therefore,
the onset of plasticity is predominant and localization of deformation is not of
interest. The current work presents a unique combination of a cluster dynamics
model for the evolution of neutron induced defects, a crystal plasticity model
to account for their e�ect on the mechanical behaviour and a brittle cleavage
model. This provides novel insights on the impact of fusion conditions on the
mechanical behaviour of tungsten and its brittle-to-ductile transition tempera-
ture in particular.

The outline of this work is as follows. First, in section 4.2, the cluster dy-
namics model is presented which allows to predict the defect concentrations
after neutron irradiation. Then, in section 4.3, the crystal plasticity model is
presented. This material model describes the mechanical response of tungsten
after di�erent irradiation conditions, where the slip resistance is dependent on
the defect concentrations predicted by the cluster dynamics model. In section
4.4, the brittle cleavage model is presented, where the probability of specimen
failure is dependent on the mean stress in each of the grains. This allows to dis-
tinguish brittle from ductile specimens that are subjected to a given set of loading
conditions. In section 4.5, the simulation results are presented and compared to
experimental data from literature. This section concludes with the simulation re-
sults revealing the evolution of the brittle-to-ductile transition temperature un-
der neutron irradiation conditions relevant for nuclear fusion reactors. Finally,
the main conclusions of this work are presented and discussed in section 4.6.

4.2 Cluster dynamics model

Tungsten components in nuclear fusion reactors are subjected to intense neutron
irradiation. The highly energetic neutrons collide with atoms in the tungsten
lattice, resulting in defects that are classi�ed as either a vacancy V or a self-
interstitial atom I. A cluster of n vacancies is denoted as Vn and a cluster of n

interstitials is denoted as In . The maximum cluster sizes of vacancies and inter-
stitials are denoted by NV and NI respectively. Over time, defects can mutually
interact with each other according to the reactions presented in the �rst column
of table 4.1.
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Table 4.1: Interaction reactions between di�erent
defects and the associated rate coe�cients.

Reaction Coe�cients

I+V → 0 k+
I+V

Vn +V
Vn+1 γ+n , γ−n+1

In + I
 In+1 α+
n , α−

n+1

Vn + I → Vn−1 k+
Vn+I

In +V → In−1 k+
In+V

D+θ→ D k+
D+θ

In table 4.1, the interaction reaction of a defect with the dislocation network
is presented on the last row. Here, θ resembles either V or I if vacancies or in-
terstitials are considered respectively. A dislocation is considered to be a sink
for defects, as their interaction typically annihilates the defect from the tung-
sten lattice. The rates at which the interaction reactions in table 4.1 occur scale
with the coe�cients given in the second column. Some of the reactions also oc-
cur backwards, indicated by the “
"-symbol. In these cases, the corresponding
additional coe�cient is provided in the second column as well.

The master equations describing the reactions are provided in 4.A. They are
expressed in terms of the time derivatives of the concentrations of defects. Here,
the concentrations of vacancy clusters and interstitial clusters are denoted by
CVn and CIn respectively. In each of these expressions, the �rst term denotes
the defect production rate induced by neutron irradiation, which is further dis-
cussed in section 4.2.1. The other terms follow from the interaction reactions that
are previously presented in table 4.1. The calculation of the corresponding co-
e�cients is discussed in section 4.2.2. Concentrations C eq

θ
= exp(−E f

θ
/(kBT ))/Ω

denote the defect concentrations at thermodynamical equilibrium. The atomic
volume is given by Ω= a3

0/2, where a0 is the lattice parameter.

4.2.1 Defect production rate

Due to neutron irradiation, a highly energetic neutron collides with an atom in
the tungsten lattice. This atom induces a displacement cascade through the lat-
tice due to which many vacancies and interstitials are produced. On a very short
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time scale, these defects mostly annihilate. Regarding the remaining defects, a
fraction of vacancies f c

V and interstitials f c
I cluster together. The rate at which

single vacancies and interstitials are produced is given by the �rst line of the
following equation:

Gθn =


(1− f c

θ
)Gtot for n = 1

Aθ

(
1
n − 1

Nc

)Sθ
for 2 ≤ n ≤ Nc

0 otherwise.

(4.1)

Here, Gtot is the total defect production rate given in defects per unit volume per
unit of time. A fraction of the defects cluster together to form various cluster
sizes θn , where n = 2,3, ...Nc. Here, Nc is the largest defect size produced, and
therefore, Nc ≤ Nθ must hold. The expression that describes the rate at which
defect clusters are produced is slightly modi�ed from Sand et al. [27] and ex-
pressed in the second line of equation (4.1). Here, the exponents Sθ (θ = I,V) are
temperature dependent exponents. Pre-factors Aθ can be determined from the
fact that the total number of clustered defects in the production term must equal
the sum of the defects categorized in each defect size, hence

Aθ =
f c
θ

Gtot∑Nc
n=2 n

(
1
n − 1

Nc

)Sθ
. (4.2)

Clusters of a size larger than Nc are assumed not to be produced by the source
term, as shown in the last line of equation (4.1).

4.2.2 Rate coe�cients

In subsection 4.2.2.1, the rate coe�cients corresponding to the reactions between
single vacancies and vacancy clusters are discussed, followed by the coe�cients
regarding the reactions between single interstitials and interstitial clusters in
subsection 4.2.2.2. The coe�cients concerning the remaining reactions between
defect clusters are discussed in subsection 4.2.2.3. Finally, the coe�cients regard-
ing the reaction between defects and dislocations are discussed in subsection
4.2.2.4.
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4.2.2.1 Rate coe�cients for vacancy clusters

The rate coe�cient γ+n corresponds to the reaction equation Vn +V → Vn+1, and
is given by the following expression from Li et al. [28]:

γ+n = 4πrVn DV . (4.3)

Here, rVn is the capture radius of a vacancy cluster of size n, given as rVn =
(3nΩ/4π)1/3 +p

3a0/4. The temperature dependent di�usivity of a single va-
cancy is given by the Arrhenius equation [28]:

DV = D0
Vexp

(−E mig
V

kBT

)
. (4.4)

Here, kB is the Boltzmann constant and T is the temperature. Material param-
eters D0

V and E mig
V are the pre-exponential factor and the migration energy of

a single vacancy, respectively. The rate coe�cient γ−n that corresponds to the
(backward) reaction equation Vn → Vn−1 +V is given by [28]:

γ−n = γ+n−1

Ω
exp

(−E b
Vn−1+V

kBT

)
. (4.5)

Here, the binding energy corresponding to Vn +V → Vn+1 is given by the follow-
ing expression from Li et al. [28]:

E b
Vn+V = E f

V +
E b

V2
−E f

V

22/3 −1
[n2/3 − (n −1)2/3] , (4.6)

where material parameter E f
V is the formation energy of a single vacancy and

material parameter E b
V2

is the binding energy of a vacancy cluster of size 2.

4.2.2.2 Rate coe�cients for interstitial clusters

The rate coe�cients α+
n and α−

n+1 correspond to the reaction equations In + I →
In+1 and In → In−1+I, respectively. They are given by the following expressions,
taken from Li et al. [28]:

α+
n = 2πrIn Z I

In
DI , α−

n = α+
n−1

Ω
exp

(−E b
In−1+I

kBT

)
. (4.7)
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Here, rIn is the capture radius of an interstitial loop of size n, given by rIn =p
nΩ/(πb) where b is the magnitude of the Burgers vector. The capture e�ciency

Z θ
In

(of a defect θ = I,V) by an interstitial loop of size n is given by [29]:

Z θ
In
= Zθ max

(
2π

ln(4rIn /b)
,1

)
. (4.8)

The di�usivity of a single interstitial is described in a similar fashion as the dif-
fusivity of a single vacancy in equation (4.4) [28]:

DI = D0
I exp

(−E mig
I

kBT

)
. (4.9)

The migration energy E mig
I and the pre-exponential factor D0

I are again material
parameters that correspond to a single interstitial. Finally, the binding energy is
given in a similar fashion as in equation (4.6):

E b
In+I = E f

I +
E b

I2
−E f

I

22/3 −1
[n2/3 − (n −1)2/3] , (4.10)

where material parameter E f
I is the formation energy of a single interstitial and

material parameter E b
I2

is the binding energy of an interstitial cluster of size 2.

4.2.2.3 Rate coe�cients across species

The rate coe�cients that correspond to the reaction equations Vn + I → Vn−1 for
n = 2,3, ..., NV and In +V → In−1 for n = 2,3, ..., NI are adopted from Waite [30]
and given are by

k+
Vn+I = 4πrVn DI , k+

In+V = 2πrIn Z V
In

DV . (4.11)

The rate coe�cient that corresponds to the reaction equation between a single
vacancy and a single interstitial (i.e. V+I → 0) is a special case, which is described
by

k+
V+I(= k+

I+V) = 4πrIV(DI +DV) , (4.12)

where rIV is the interaction radius.
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4.2.2.4 Rate coe�cients regarding defect-dislocation interaction

The rate coe�cients that correspond to the reaction equations D+V → D and
D+ I → D are given by:

k+
D+V = ρdZVDV , k+

D+I = ρdZIDI , (4.13)

respectively, where ρd is the dislocation density.

4.3 Crystal plasticity framework

In this work, the material behaviour at the level of a microscopic material point is
described with a rate-dependent crystal plasticity framework, largely following
the work of Asaro [31]. The mobility of dislocations a�ects the resistance to crys-
tallographic slip, and is strongly dependent on the concentration of irradiation
induced defect clusters.

4.3.1 Kinematics

The deformation gradient tensor F is decomposed by the multiplicative split into
an elastic part and a plastic part:

F = F e ·F p , (4.14)

where F e denotes the elastic deformation gradient tensor and F p denotes the
plastic deformation gradient tensor. The plastic velocity gradient tensor Lp is
given by the summation over the slip rates γ̇α of all slip systems α:

Lp =∑
α
γ̇α~sα0~n

α
0 =∑

α
γ̇αPα

0 , (4.15)

where ~nα
0 is the slip plane normal and ~sα0 is the slip direction in the initial (or

plastic) con�guration and Pα
0 = ~sα0~nα

0 is the Schmid tensor. Following earlier
work [32], slip is assumed to only occur on the

{
1̄01

}〈111〉 family of slip systems
[33–35].
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4.3.2 Elastic contribution

The second Piola-Kirchho� stress tensor projected to the elastically unloaded
intermediate con�guration Se is governed by:

Se = 4C : E e , (4.16)

with 4C the fourth-order isotropic elastic sti�ness tensor, governed by the shear
modulus G and the bulk modulus κ. The elastic Green-Lagrange strain tensor E e

is given by

E e = 1

2
(C e − I ) , (4.17)

where C e = F T
e ·F e is the elastic right Cauchy-Green deformation tensor and I

the second-order unit tensor.

4.3.3 Crystallographic slip

The rate of crystallographic slip γ̇α induced by nucleation and propagation of
dislocations is governed by the ratio of the resolved shear stress τα over the slip
resistance sα on slip system α through the following power law:

γ̇α = γ̇0

( |τα|
sα

)1/m

sign
(
τα

)
, (4.18)

where the strain-rate sensitivity m and reference slip rate γ̇α0 are considered to
be material parameters. The resolved shear stress τα is given by:

τα = Se ·C e : Pα
0 . (4.19)

The slip resistance on slip system α is given by the summation of the obstacle
slip resistance sαobs, the kink-pair slip resistance sαkp, and the neutron irradiation
induced slip resistance sirr:

sα = sαobs + sαkp + sirr . (4.20)

The obstacle slip resistance due to the interaction and entanglement of dislo-
cations, and is discussed into more detail in section 4.3.3.1. The kink-pair slip
resistance is controlled by the stress required to nucleate a jog on the dislocation
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line. The contribution of this type of slip resistance is most prominent at low
temperatures, and further discussed in section 4.3.3.2. The slip resistance due to
the presence of neutron irradiation induced point defects is discussed in section
4.3.3.3.

4.3.3.1 Obstacle slip resistance

The rate of the obstacle slip resistance is given by

ṡαobs =
∑
β

hαβ|γ̇β| , (4.21)

where hαβ are the hardening coe�cients, given by

hαβ = qαβh0

1− sβobs

s∞

a

. (4.22)

Here, s∞ is the saturation slip resistance, qαβ is the interaction matrix, h0 is
the initial hardening parameter and a is the hardening exponent. The diagonal
components qαα = 1 resemble self-hardening. For latent-hardening, qαβ = qn is
taken, where qn is a material parameter.

4.3.3.2 Kink-pair slip resistance

For bcc metals, the yield strength strongly increases with decreasing tempera-
ture. This originates from the periodic resistance of the crystal lattice that dis-
locations have to overcome through the formation of kink-pairs. The thermally
activated slip resistance that follows is calculated by the following expression
[36]:

sαkp = skp,0

1−
(

T

Tα
k

) 1
q


1
p

, (4.23)

where p and q are material dependent exponents, and skp,0 equals the Peierls
stress at T = 0 K. Lim et al. [36] formulated the knee-temperature as:

Tα
k = −G0

kB ln

( |γ̇α|
γ̇kp,0

) . (4.24)
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Adopting formulation (4.24), would induce numerical problems for two rea-
sons. First, there is no solution for T > Tα

k . Imposing sαkp = 0 for T > Tα
kp would

make its derivative discontinuous and thereby drastically increase the compu-
tational cost. This is visualized by the intersection of the solid lines with the
horizontal axis in �gure 4.1, for which the material parameters are adopted from
table 4.A.2. The second issue comprises that the slip resistance is highly sensitive
to negligibly small values of γ̇α, which is the least relevant regime that should
not in�uence the simulation results. In �gure 4.1, this is visualized by the solid
lines that show an almost linear trend while the horizontal axis has a logarithmic
scale. In order to address these issues, two terms are added in the formulation of
the knee-temperature:

Tα
k = −G0

kB ln

( |γ̇α|+ γ̇k +ε
γ̇kp,0

) . (4.25)

The “knee-slip-rate” γ̇k = γ̇kp,0 exp(−G0/(kBT )) follows directly from equation

Figure 4.1: Comparison between the kink-pair slip resistance formulation based on equa-
tion (4.24) (solid lines) and the formulation based on equation (4.25) (dashed lines).

(4.24) and re�ects the slip rate at which the kink-pair slip resistance sαkp becomes
non-zero for a given temperature T . It ensures that the kink-pair slip resistance
sαkp is a smooth function of the slip rate γ̇α at any given temperature T , while
hardly a�ecting the solution. Furthermore, an arbitrary small value ε= 10−7 s−1

is taken in order to ensure that sαkp is no longer sensitive to very low values of
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γ̇α < ε. The enhanced formulation of equation (4.25) is visualized in �gure 4.1 by
the dashed lines.

4.3.3.3 Irradiation induced slip resistance

Resistance to slip increases due to the interaction between dislocations and neu-
tron irradiation induced defects. Atomistic statics simulations from Scattergood
and Bacon [37] have shown that for a temperature T = 0 K, the slip resistance
due to a periodic array of voids in a crystal can be described by

∆s j
irr,0 =

Gb

2πlV j

[
ln

(
d−1

V j
+ l−1

V j

)−1 +B

]
. (4.26)

Here, dV j is the diameter of the void that consists of j vacancies. The spacing be-
tween the defects is given by lV j = 1/

√
dV j CV j , where CV j is the number of voids

per unit volume that have a size of j vacancies. Note that the concentrations CV j

follow from the cluster dynamics model introduced in section 4.2. The constant
B is governed by the nature of the obstacle and was found to be B = 1.52 for
voids.

Molecular dynamics simulations show that the slip resistance given in equa-
tion (4.26) decreases with increasing temperature. Although this decrease is
rather steep at low temperatures, the simulations from Terentyev et al. [38] re-
veal that the temperature dependency becomes relatively small above roughly
T ≈ 300 K. Therefore, a constant pre-factor αirr is introduced in order to account
for the in�uence of temperature in the domain that is investigated in this work:

∆s j
irr =αirr∆s j

irr,0 . (4.27)

The concentration of each void that consists of j vacancies contributes to an
increase in the slip resistance by taking the root-sum-square superposition law
[39]:

sirr =
√√√√ N∑

j=1

(
∆s j

irr

)2
. (4.28)

With this expression, the slip resistance due to a collection of irradiation induced
defects of various sizes can be described.
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4.4 Cleavage model

At low temperature, tungsten is known to be brittle. Here, tungsten shows too
little dislocation mobility and hence ductility. As a result, stresses cannot be re-
laxed and the material becomes susceptible to brittle cleavage. With the material
model described in section 4.3, the mechanical response can be simulated for
given loading conditions. In this section, the stress �eld is related to the prob-
ability of brittle failure of a specimen by means of the cleavage fracture model
introduced in earlier work [40]. According to Beremin’s [41] weakest-link the-
ory, the failure probability of a specimen with volume Vsp is governed by the
probability that failure occurs in any of its subvolumes.

Pf,sp = 1−
N∏

i=1

[
1−p i

f,sub

]
. (4.29)

The role of the relevant subvolumes is here taken by the representative volume
element, i.e. pf,sub = pf,rve assuming that the stress �eld is homogeneous at the
macroscopic scale. The failure probability of a specimen with volume Vsp can be
expressed as

Pf,sp ≈ 1−exp

(
−pf,rve

Vrve
Vsp

)
. (4.30)

Here, the probability of failure pf,rve of the RVE is assumed to be small, even
when failure of the specimen is likely to occur. The failure probability of the
representative volume element is given by the probability that failure occurs in
any of its underlying grains. To this end, the weakest link theory is applied once
more, but now at the microscopic scale.

pf,rve = 1−
M∏

j=1

[
1−p j

f,g

]
≈

M∑
j=1

p j
f,g . (4.31)

Again, here the probability of failure of a single grain p j
f,g is assumed to be small.

The failure probability of a grain is based on the assumption that each grain
contains a distribution of microscopically small cracks, where the probability
of �nding a crack of length between r and r +dr is given by the power law
G(r ) dr = α/rβ dr , where α and β are material parameters. The critical crack
length rc = (kGriff/〈σn〉)2 is obtained from Gri�th’s [42] energy balance, where
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kGriff is a constant. The probability of failure of a grain can hence be described
as [40]:

p j
f,g =

V j
g

Vref

∫ ∞

rc

α

rβ
dr = p0

( 〈σn〉
σref

)mf V j
g

Vref
. (4.32)

Here, p0, σref and mf are material parameters. Reference volume Vref is taken
equal to the mean grain volume. In tungsten, cleavage is mostly observed on the
{100} family of planes [43]. If it is assumed that the micro crack distribution is
statistically comparable on these three planes, equation (4.32) can be rewritten
into

p j
f,g =

3∑
l=1

p0

(
〈σl

n〉
σref

)mf V j
g

Vref
. (4.33)

Here, 〈σl
n〉 resembles the positive grain-averaged Cauchy normal stress acting

on a cleavage plane with normal ~nl
cl:

〈σl
n〉 =

{
0, if σl

n < 0

σl
n, otherwise

, σl
n =~nl

cl ·σg ·~nl
cl (4.34)

and

σg = 1

Vg

∫
Vg

σ(~x) dV . (4.35)

The spatially varying Cauchy stress �eld σ(~x) results from a �nite element cal-
culation, where the crystal plasticity material model de�ned in section 4.3 is
adopted, for a given microstructure and boundary conditions.

4.5 Results

Three combined models were discussed in section 4.2, 4.3 and 4.4. In this section,
the results are presented in the same order as the previously discussed models.
Hence, in section 4.5.1, the results from the cluster dynamics simulations are pre-
sented, followed by the crystal plasticity simulations in section 4.5.2. The results
for the cleavage probability and the brittle-to-ductile transition temperature are
discussed in section 4.5.3. Finally in section 4.5.4, the evolution of the brittle-to-
ductile transition temperature is assessed for specimens subjected to irradiation
conditions relevant for nuclear fusion reactors.
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4.5.1 Cluster dynamics simulations

In order to simulate the extent of lattice damage induced by neutron irradia-
tion, the model detailed in section 4.2 is exploited. In section 4.5.1.1, simulation
results are presented where recrystallized tungsten is subjected to neutron irra-
diation relevant to fusion conditions. The corresponding material parameters are
presented in table 4.A.1, and the material is assumed to have a low dislocation
density ρd = 1012 m−2. Defect clusters up to a size of 103 defects are taken into
account. The irradiated tungsten is gradually heated to various temperatures in
order to investigate the e�ect of annealing in section 4.5.1.2.

4.5.1.1 Neutron irradiation

The accumulation of damage in recrystallized high purity tungsten as a con-
sequence of fusion relevant neutron irradiation at a constant temperature T =
395 K is investigated. Here, a neutron �ux of φ = 3.6×1018 neutrons m−2 s−1

[44] is considered. The parameters of the source term describe the production of
defects due to the collisions of neutrons with atoms in the tungsten lattice and
are taken from Setyawan et al. [45]. Their simulation results show that the max-
imum size of defect clusters produced at the considered irradiation temperature
is around Nc = 50 atoms. Regarding the remaining parameters, Mannheim et
al. [46] deduced values for the clustered fractions of defects f c

V and f c
I , power

law exponents SV and SI and defect production rate Gtot at temperatures 300 K,
1025 K and 2050 K based on the simulation results from Setyawan et al. [45].
Following the approach of Mannheim et al. [46], linear interpolation is applied
in order to obtain parameter values at the intermediate irradiation temperature
investigated here, which yields f c

V = 0.53, f c
I = 0.32, SV = 1.66, SI = 2.24 and

Gtot = 2.57× 1021 defects m−3 s−1. The source term that corresponds to these
parameter values is visualized in �gure 4.2. The defect distributions that follow
after irradiation are presented in �gure 4.3. In this �gure, the �uence is cal-
culated as F = φtload, where tload is the time the material has been subjected to
neutron irradiation. As expected, both the vacancy and interstitial concentration
increase with �uence. In contrast to vacancies, the results show that interstitials
tend to cluster to larger sizes than those included in the source term due to the
high mobility of the interstitials in comparison to the vacancies. The �gure also
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Figure 4.2: Visualization of the irradiation induced defect cluster production rate at T =
395 K.

reveals that the defect concentration strongly increases with decreasing cluster
size, with the exception of single interstitials. Most of the defect clusters are
relatively small in size.

4.5.1.2 Annealing

Younger and Wrights [7] performed tensile tests on neutron-irradiated samples
at various testing temperatures. To this end, they gradually increased the tem-
perature of the specimens at a rate of approximately 2.5 K min−1 after irradi-
ation. The simulation results shown in �gure 4.4 visualise the evolution of the
defect densities during this linear temperature increase starting from 395 K up
to 1400 K, following an irradiation �uence of 2×1020 neutrons cm−2.

The results show that with increasing temperature, the number of vacancies
and interstitials strongly decreases due to defect annihilation, which is enabled
by the enhanced mobility of vacancies. The mean diameter of both vacancies and
interstitials remains approximately around 1 nm for all temperatures considered,
if weighed by nCθn which resembles the total number of defects per unit volume
that correspond to a given cluster size n.

Once the testing temperature was reached, Younger and Wrights [7] kept
the specimen at this temperature for an additional 10 minutes before proceeding
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Figure 4.3: The evolution of the vacancy and interstitial concentrations as a function of
the �uence and cluster size.

Figure 4.4: The evolution of the vacancy and interstitial concentrations as a function of
time and cluster size due to a linear temperature increase of an irradiated sample from
395 K to 1400 K at a heating rate of 2.5 K min−1.

with the tensile test. The additional annealing for 10 minutes at testing temper-
ature only has a minor in�uence on the defect densities. Although this e�ect is
naturally taken into account in the simulation results in the remainder of this
work, it is not further detailed here.

4.5.2 Crystal plasticity simulations

The mechanical properties of recrystallized high-purity tungsten are described
with the crystal plasticity model presented in section 4.3. The corresponding
material parameters are based on earlier work [40] and are listed in table 4.A.2.
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For unirradiated tungsten, the initial slip resistance is plotted as a function of
temperature in �gure 4.5. Here, the slip system is subjected to a slip rate of
γ̇α = 10−3 s−1, which has a minor in�uence on the knee-temperature. As can be
seen, the kink-pair slip resistance dominates in the low temperature regime.

Figure 4.5: Initial crystallographic slip resistance of unirradiated tungsten as a function of
temperature.

Simulations are performed on the representative volume element (RVE) pre-
sented in [32], which consists of a grid-like geometry of 24×24×1 grains, dis-
cretized into 72×72×1 quadratic brick elements with reduced integration. The
same set of random crystal orientations is adopted in each of the following sim-
ulations. Three-dimensional periodic boundary conditions are applied and the
RVE is subjected to uniaxial loading. To this end, the displacement of the cor-
ner nodes is prescribed in the loading direction and coupled such that the RVE
remains stress-free in all directions perpendicular to the loading direction. The
applied strain rate is ε̇= 10−3 s−1, which is equal to the rate reported by Younger
and Wrights [7].

The mechanical behaviour is in�uenced by the defects that are induced by
neutron irradiation, increasing the resistance to crystallographic slip, see sec-
tion 4.3.3.3. The defect concentrations contribute to an increase of the slip
resistance as given in equation (4.28). The contributions after a �uence of
2×1020 neutrons cm−2 and heating to testing temperatures at 600 K, 900 K and
1200 K are visualized in �gure 4.6. The value αirr = 0.126 is thereby found to
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provide realistic results for irradiated recrystallized tungsten, as will be shown
in the remainder of this section.

Figure 4.6: Contributions of di�erent defect sizes to the total slip resistance at various
temperatures, as described in equations (4.26)-(4.28).

The �gure shows that at low temperature, the slip resistance is mostly gov-
erned by small defect clusters. At elevated temperatures, this gradually shifts
to larger clusters. Overall, the slip resistance decreases with increasing testing
temperature, as shown in �gure 4.7.

Figure 4.7: Evolution of the slip resistance during irradiation and subsequent heating up
to 1400 K.

The 0.2% o�set yield stress is computed at testing temperatures 400 ≤ T ≤
1400 K and �uences 0 ≤ F ≤ 2×1020 neutrons cm−2. A comparison of the sim-
ulation results with the experimental data obtained by Younger and Wrights [7]
is presented in �gure 4.8. Here, the background color resembles the numerical
results whereas the symbols denote experimentally obtained values. Circles rep-
resent the 0.2% o�set yield stress, while squares indicate the upper yield point
and the triangles re�ect the brittle fracture stress.
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Figure 4.8: Comparison between the numerically obtained yield stress and the experimen-
tally obtained values (symbols) from Younger and Wrights [7].

A close match between the simulation results and the experimental data is
obtained. The yield stress strongly increases with increasing �uence, up to a
testing temperature of around 1400 K. From this temperature onwards, the in-
crease in slip resistance is negligible as most of the irradiation induced defects
have annihilated. The simulation results of unirradiated tungsten are identical
to those presented in earlier work [40].

4.5.3 Brittle-to-ductile transition

In the previous subsection, the mechanical response of a representative volume
element is simulated at various �uence levels and temperatures. The failure prob-
ability corresponding to these simulations is computed by means of the average
Cauchy stress in each of the grains. The cleavage probability model described
in section 4.4 is adopted, where parameters p0 = 0.01, the mean grain volume
Vref = 1.64×106 µm3 and exponent mf = 5.5 are taken from previous work [40].
Parameter σref = 920 MPa is taken for the unirradiated specimens [40], while
σref = 1.8 GPa is taken for the irradiated specimens at each �uence level consid-
ered in this work. This is in line with the experimental observations of Younger
and Wrights [7], as their results show that brittle cleavage stress of the irradiated
specimens is consistently higher than for the unirradiated ones. The increase in
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cleavage stress due to irradiation is also reported elsewhere in literature [9, 47].
As indicated in section 4.4, it is assumed that cleavage in tungsten occurs

exclusively on the {100} family of planes. The failure probability of each of the
three {100} cleavage planes for each grain is visualized in �gure 4.9 at the in-
crement the macroscopic 0.2%-o�set yield stress is reached. In this example, a
tensile load is applied in the horizontal direction at T = 1000 K, following a �u-
ence of 1020 neutrons cm−2 which is the highest �uence level considered in this
work.

Figure 4.9: Visualization of the failure probability of each of the three {100} cleavage planes
for each grain.

The results show that cleavage planes with their normal direction parallel to
the loading direction are most prone to failure, while cleavage planes with a nor-
mal direction oriented perpendicular to the loading direction have a negligible
probability of failure. Since the crystals have a random orientation, the failure
probability is more or less isotropic. The specimen failure probability at yield
is evaluated for each temperature and �uence considered. The corresponding
results are presented in �gure 4.10.

The probability of failure increases with decreasing temperature and �uence
level. De�ning the brittle-to-ductile transition temperature as the temperature at
which the brittle failure probability at the yield point equals 50%, linear interpola-
tion allows to extract the resulting transition temperatures shown in �gure 4.11,
along with the experimental results from Younger and Wrights [7]. Again, an ad-
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Figure 4.10: Failure probability at the
macroscopic 0.2%-o�set yield stress as a
function of temperature for various �uence
levels. The dashed line resembles a failure
probability of 50%.

Figure 4.11: The brittle-to-ductile transi-
tion temperature as a function of the applied
�uence in comparison to the experimental
results from Younger and Wrights [7].

equate agreement between the numerical and experimental results is obtained.
The numerical results indicate a non-linear increase of the brittle-to-ductile tran-
sition temperature with increasing �uence, whereby the curve �attens at high
�uence levels.

4.5.4 Fusion conditions

The experimentally obtained results from Younger and Wrights [7] are limited to
irradiation at a single temperature T = 395 K. However, during operation of the
fusion reactor, the tungsten plasma facing components are subjected to neutron
irradiation over a wide range of temperatures. In this section, the e�ect of high
temperature irradiation is therefore investigated. In �gure 4.12, the distributions
of vacancy and interstitial clusters are shown after irradiation to a �uence of
2×1020 neutrons cm−2 at various temperatures.

The simulation results reveal that the distribution of defects is strongly de-
pendent on the irradiation temperature. At low temperatures, many small irra-
diation defects are present in the material. The distribution is dominated by the
defect production terms, as visualized in �gure 4.2. Although not so trivial to
observe, the overall density of defects decreases at elevated temperatures. Ten-
sile tests are simulated on irradiated specimens, as presented in section 4.5.2. In
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Figure 4.12: Distribution of irradiation induced defects, after exposure to a �uence of 2×
1020 neutrons cm−2 at various temperatures.

�gure 4.13a, the resulting yield stress is plotted that follows after irradiation at
various �uences and temperatures.

(a) The yield stress as a function of temperature
at various �uence levels.

(b) The specimen failure probability at the onset
of yielding.

Figure 4.13: The mechanical response at various temperatures and �uences. The mechan-
ical loading is performed at the same temperature as the corresponding irradiation temper-
ature.

Here, the tensile test temperature is equal to the irradiation temperature.
In comparison to the previous case, where irradiation at a lower temperature
was considered, the yield stress is signi�cantly lower for all temperatures and
�uences considered, since the annihilation of defects is signi�cantly larger at
elevated irradiation temperatures. The decrease in yield stress also results in a
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lower probability of failure of a specimen subjected to the same boundary con-
ditions, see �gure 4.13b. Here, the same representative volume element is used
as in section 4.5.3.

The results indicate that a specimen irradiated and mechanically loaded in
tension at T = 850 K has a failure probability of roughly 50%. This is a rather duc-
tile response in comparison to the results presented in section 4.5.3, where the
specimens were irradiated at T = 395 K and a brittle-to-ductile transition tem-
perature of approximately 1100 K follows after the same �uence. The simulation
results therefore suggest that under fusion conditions, the increase of the BDTT
is signi�cantly less than the increase that follows from the loading conditions
presented in section 4.5.3.

4.6 Discussion and conclusions

A predictive modelling framework is presented that describes the evolution of
the brittle-to-ductile transition temperature of high purity tungsten under neu-
tron irradiation conditions. This framework consists of three consecutive mod-
els. First, a cluster dynamics model is adopted that describes the evolution of
defect clusters under irradiation conditions. Then, uniaxial tensile tests are sim-
ulated on a representative volume element in a �nite element setting. Here, the
constitutive behaviour is governed by a crystal plasticity model that incorporates
the resistance to crystallographic slip due to a population of irradiation induced
defects of various sizes. Finally, the brittle-to-ductile transition temperature is
obtained by predicting the probability of brittle cleavage at various temperatures.

The presented framework allows to simulate the experimental observations
from Younger and Wrights [7]. Their work shows that the brittle-to-ductile tran-
sition temperature of high purity tungsten strongly evolves under neutron irra-
diation. The neutron �ux spectrum of the irradiation conditions prior to tensile
testing was thereby unknown, as well as the corresponding defect production
rate. Hence, other references considering similar irradiation conditions had to
be consulted. The resulting defect production term that corresponds to a given
neutron �ux still contains a relatively large uncertainty, because they are not
obtained from a single coherent data set.

In the cluster dynamics model, only a single material point is modelled. Dif-
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fusion of defects towards the grain boundary is neglected, as justi�ed in a pre-
liminary analysis. In the full-�eld crystal plasticity simulations, it is therefore
assumed that the distribution of irradiation induced defects is homogeneous.

After irradiation at a �xed temperature of T = 395 K, Younger and Wrights
[7] gradually heated their specimens to various temperatures at which they per-
formed tensile tests. This heating step is also incorporated in the current mod-
elling e�ort, as the interaction reactions between lattice defects are temperature
dependent. Results show that the generated defect densities are also strongly
temperature dependent. This defect population has a strong in�uence on the
mechanical properties, because they entail an additional barrier for dislocation
motion. Although the barrier strength is taken to be independent of temperature
in the temperature range considered, simulation results reveal a strong agree-
ment with the experimental data from Younger and Wrights [7] on irradiated
tungsten. The temperature dependency of the yield stress is due to the change
in defect distribution due to the heating process prior to the tensile test.

In the current work, the experimentally obtained evolution of the brittle-to-
ductile transition temperature can be adequately described if the resistance to
cleavage is increased after neutron irradiation. The increase in cleavage stress
is also visible in the experimental data and in other references in literature such
as the work of Yin et al. [9] and Garrison et al. [47]. Yin argues that the irradi-
ation induced defects may enhance the homogeneity of the plastic deformation
and thereby increase the fracture strength [48]. However, various references in
literature show softening behaviour in irradiated bcc metals [7, 49, 50], which
promotes localization of plastic deformation [24]. Dislocation channelling is an
example of this [51]. Therefore, the origin of the increase of the resistance to
cleavage needs further research.

The interaction between dislocations and irradiation-induced defects is
vastly complex. In the molecular dynamics simulations of Scattergood and Ba-
con [37], the dislocation interaction with a periodic row of voids is investigated.
The analytical expression in equation (4.26) that follows, as used in this work, is a
strongly idealized representation of the actual interaction between dislocations
and irradiation induced defects. Regarding this interaction, numerous factors
could play a role, including temperature, non-Schmid e�ects, the currently ac-
tive slip system or the distance between the slip plane and the core of the defect.
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Furthermore, it is assumed that there are no foreign atoms in the tungsten lattice.
Under fusion conditions, defects are likely to be decorated with helium, hydro-
gen and transmutation atoms, or with impurity atoms that were already present
during the manufacturing of the components. Under the given assumptions, the
current simulation results show that voids in the order of a single nanometer
dominate the increase in yield stress. Here, the increase in slip resistance due
to the presence of interstitial loops is disregarded. This assumption is motivated
by the work of Terentyev et al. [38], who argue that voids provide the main
contribution to strengthening in bcc steel.

The evolution of irradiation-induced defects under mechanical deformation
is disregarded, as the aim of the current work is to simulate the evolution of
the brittle-to-ductile transition temperature. Therefore, only the onset of plas-
tic deformation is pertinent. This also implies that dislocation channelling is
not incorporated in the model, nor is the softening behaviour that is frequently
observed in irradiated metals. The simulation results at the high end of the tem-
perature range should be considered with caution, as recrystallization may occur
during the tensile test, as shown by Sheng et al. [52].

The currently presented numerical framework allows for a predictive de-
scription of the mechanical behaviour of neutron irradiated tungsten. Further-
more, the evolution of the risk for brittle cleavage and the brittle-to-ductile
transition can be predicted under fusion-relevant irradiation conditions. The
framework is therefore instrumental for improving the design of the tungsten
monoblocks for future fusion reactors.

Appendix

4.A Rate equations

The time derivatives of the concentrations of the vacancy clusters are given by:



102 Modelling the brittle-to-ductile transition of high-purity tungsten under neutron irradiation
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The time derivatives of the concentrations of the self-interstitial clusters are
given by:
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In the above equations, fdef = 1−Ω
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)
is the defect frac-

tion, where Ω= a3
0/2 is the atomic volume.
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Table 4.A.1: Material parameter values for the cluster dynamics model, adopted from Lassner
and Schubert [53], Li et al. [15], Becquart et al. [54], Ahlgren et al. [55] and Olsson [56].

Parameter Symbol Value

Lattice parameter a0 0.316 nm [53]
Length Burgers vector b 0.274 nm [15]

Atomic weight ma 183.84 g mol−1 [53]
Mass density ρ 19.25×106 g m−3 [53]

Recombination radius rIV 0.465 nm [15]
Capture e�ciency ZI, ZV 1.2, 1 [15]

Pre-exponential factors D0
V, D0

I 177×10−8, 8.77×10−8 m2 s−1 [54]
Migration energies E mig

V ,E mig
I 1.66 eV [54], 0.013 eV [54]

Formation energies E f
V,E f

I 3.80 eV [55], 9.46 eV [56]
Binding energies E b

V2
,E b

I2
0.66 eV [55], 2.12 eV [54]
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CHAPTER 5

Multi-scale fracture probability analysis of tungsten
monoblocks under fusion conditions

Based on:
M.A. Oude Vrielink, J.A.W. van Dommelen, and M.G.D. Geers. Multi-scale frac-
ture probability analysis of tungsten monoblocks under fusion conditions, Sub-
mitted.

Abstract

Plasma facing components inside future nuclear fusion reactors are subjected to a
high heat load and intense irradiation conditions. Using advanced computational
material models, several problems can be solved that re�ect tungsten monoblocks
under fusion relevant loading scenarios. This allows for the identi�cation of the
conditions under which material failure is probable. The material model and pa-
rameters are identi�ed such that the mechanical behaviour is in accordance with
the homogenized behaviour of a previously developed crystal plasticity model on the
microscopic scale. The heterogeneous stress �eld that follows is analysed in order
to assess the probability of material failure, which is typically re�ected by unsta-
ble crack propagation. Since fracture is an inherently multi-scale problem, critical
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regions are analysed in detail by means of a representative volume element. The re-
sulting analysis reveals that in case the stress relaxation in the monoblock under the
applied static heat load is complete, the probability of unstable crack propagation
can reach values close to 35%. Finally, the impact of prolonged neutron irradiation is
simulated by means of a cluster dynamics model. Although irradiation drastically
increases the brittleness of tungsten, its impact on the overall monoblock perfor-
mance remains limited.

5.1 Introduction

Nuclear fusion has the potential to help in solving the world’s energy problem.
This is partly due to the abundant availability of its required fuel. In fusion re-
actors, the hydrogen isotopes deuterium and tritium are fused to form helium.
During this process, a small amount of mass is converted into a vast amount of
energy. The extremely high temperature that is required for this to occur causes
the particles involved to behave as a plasma. The plasma facing components in
the reactor are subjected to extreme conditions, including an exceptionally high
heat �ux and intense neutron irradiation.

In the reactor design, pure tungsten monoblocks are incorporated which
should provide the required protection against these extreme conditions. While
the highly demanding conditions are known to signi�cantly deteriorate the me-
chanical properties of tungsten, a considerable lifetime of these components is
mandatory for fusion reactors to be economically viable [1]. The monoblocks
are subjected to a staggering heat load and simultaneously water cooled. The
strong temperature gradient that is hereby induced, results in a spatially depen-
dent thermal expansion and hence a signi�cant stress �eld.

The mechanical response at the length scale of the monoblock is governed by
the underlying microstructure, which consists of an assembly of grains. Within
these grains, plastic deformation takes place along a limited number of ener-
getically favourable crystallographic slip planes. Assuming a pre-existing distri-
bution of microscopically small cracks or �aws in the tungsten microstructure,
Gri�th’s criterion [2] reveals that unstable crack propagation emanates from a
high level of stress. This cleavage type of fracture initiates at a very small length
scale, and rapidly propagates to macroscopic dimensions pertinent to that of the
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monoblock.
In this work, the monoblock is considered to be fully recrystallized. The

corresponding texture consists of crystal orientations with a uniformly random
distribution. In order to describe the mechanical response at the macroscopic
scale, an isotropic Von Mises type of plasticity model is employed that captures
the homogenized stress response of a crystal plasticity model developed in ear-
lier work. The current work analyses critical regions of the monoblock in detail
by prescribing the deformation and temperature evolution of a macroscopic ma-
terial point to a representative volume element that resembles the underlying
microscopic scale.

In earlier work [3], the in�uence of fusion-relevant neutron irradiation on
the mechanical response of a tungsten microstructure is investigated by means
of cluster dynamics simulations [4]. It was shown that tungsten becomes increas-
ingly brittle upon neutron irradiation, as its brittle-to-ductile transition temper-
ature increases. This aspect is also taken into account in the current analysis,
where the impact on the performance of a monoblock is evaluated for various
levels of neutron irradiation.

The staggering heat �ux in combination with the irradiation conditions with
a highly speci�c neutron spectrum [5] are unique to nuclear fusion conditions
and are particularly challenging to reproduce experimentally. The numerical
models are based on scarce experimental data and are therefore vital in or-
der to assess the performance of the tungsten components under fusion condi-
tions. A novel aspect of the current work is the multi-scale analysis of tungsten
monoblocks under both an extreme heat load as well as neutron irradiation. This
framework includes an innovative multi-scale study of the probability of unsta-
ble crack propagation.

The outline of this paper is as follows. First, in section 5.2 the relevant micro-
scopic models are discussed. These include the crystal plasticity material model
and cluster dynamics model adopted from earlier work [3]. Then in section 5.3,
the macroscopic boundary value problem is discussed, along with the material
model used at this length scale. In section 5.4, the failure probability model is
discussed, which applies to both length scales and is based on the weakest-link
theory. The results for heating and cooling of the monoblock are presented in
section 5.5. Finally, the main �ndings of the current work are discussed and
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summarised in section 5.6.

5.2 Microscopic model

In order to describe the mechanical behaviour of polycrystalline tungsten, a rep-
resentative volume element (RVE) is utilized. It consists of a grid-like geometry
of 4×4×4 grains, discretized into 12×12×12 elements. The RVE is visualized in
�gure 5.2.1 where the colors indicate the orientation in height direction. In the
�gure, HD, TD and WD resemble the height direction, tube direction and width
direction, respectively. The RVE is subjected to 3D periodic boundary condi-
tions. The grains have random crystal orientations, such that the homogenized
behaviour of the RVE can be considered isotropic.

[100] [110]

[111]
HD

HD

WD

TD

Figure 5.2.1: Overview of the representative volume element, where the colors indicate the
crystal orientation pointing in height direction (HD).

In order to describe the mechanical material response of tungsten at the mi-
croscopic scale, a crystal plasticity model is presented in section 5.2.1. In this
model, the overall plastic deformation consists of crystallographic slip on en-
ergetically favourable planes. The resistance to slip is known to increase upon
neutron irradiation, as it induces lattice defects that impede the motion of dislo-
cations. The evolution of irradiation induced defects is simulated by means of a
cluster dynamics model in section 5.2.2.

5.2.1 Crystal plasticity model

In order to describe the material behaviour at a material point on the microscopic
scale, a �nite strain crystal plasticity model is adopted which is based on the
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work of Asaro [6]. Since this model allows to take into account the orientation of
crystallographic slip systems, the constitutive relation is inherently anisotropic.
Furthermore, the resistance to slip is strongly dependent on temperature and
defect concentrations.

5.2.1.1 Kinematics

The deformation gradient tensor F describes the mapping of a material point
from the reference con�guration to the deformed con�guration. It is decomposed
into an elastic part, a thermal part and a plastic part:

F = F e ·F th ·F p , (5.1)

with F e the elastic deformation gradient tensor and F p the plastic deformation
gradient tensor. Due to this decomposition, an intermediate con�guration can be
de�ned in which only the plastic deformation is applied. The thermal expansion
is isotropic and is described by means of the thermal deformation gradient tensor
F th as

F th = (1+α∆T ) I , (5.2)

where ∆T is the di�erence between the initial temperature and the current tem-
perature. Furthermore, I is the second-order unit tensor. The plastic velocity
gradient tensor is given by

Lp = Ḟ p ·F−1
p =

Ns∑
α=1

γ̇α~sα0~n
α
0 =

Ns∑
α=1

γ̇αPα
0 , (5.3)

where γ̇α is the slip rate on slip system α, with α= 1, ..., Ns. Vectors ~sα0 and ~nα
0

are the slip direction and slip plane normal of slip system α in the undeformed
(or intermediate) con�guration. The Schmid tensor Pα

0 =~sα0~nα
0 is given by their

dyadic product. Following earlier work [7], only the
{
1̄01

}〈111〉 family of slip
systems is assumed to be potentially active [8–10].

5.2.1.2 Elastic contribution

The second Piola-Kirchho� stress tensor in the intermediate con�guration is
given by the double inner product between the fourth-order sti�ness tensor and
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the elastic strain tensor:

Se = 4C : E e , (5.4)

where 4C is the fourth-order isotropic elasticity tensor, de�ned by the Poisson’s
ratio ν and the temperature dependent Young’s modulus E . The elastic Green-
Lagrange strain tensor E e in the intermediate con�guration is given by

E e = 1

2
(C e − I ) , (5.5)

where C e = F T
e ·F e is the elastic right Cauchy-Green deformation tensor. Note

that Se can easily be rewritten into other stress measures as well, for example:

S = det(F th) ·F−1
p ·F−1

th ·Se ·F−T
th ·F−T

p , σ= 1

det(F )
F ·S ·F T . (5.6)

Here, S is the second Piola-Kirchho� stress tensor in the initial con�guration and
σ the Cauchy stress tensor in the current con�guration.

5.2.1.3 Crystallographic slip

The nucleation and propagation of dislocations through the tungsten lattice
results in crystallographic slip. Here, a rate-dependent framework is adopted
where the slip rate on slip system α is phenomenologically described by means
of a power-law:

γ̇α = γ̇0

( |τα|
sα

)1/m

sign
(
τα

)
. (5.7)

The material parameters m and γ̇0 are the strain-rate sensitivity parameter and
reference slip rate, respectively. The resolved shear stress τα on slip system α is
given by:

τα = Se ·C e : Pα
0 . (5.8)

The resistance to crystallographic slip sα is decomposed into three parts:

sα = sαobs + sαkp + sirr , (5.9)

where the obstacle slip resistance sαobs is further discussed in section 5.2.1.3, the
kink-pair slip resistance sαkp is highlighted in section 5.2.1.3. The irradiation slip
resistance sirr is explained in section 5.2.2.3.



5.2 Microscopic model 117

Obstacle slip resistance The dislocation density typically increases with
plastic deformation, which is associated with an increase in slip resistance. The
evolution of the obstacle slip resistance is given by [11]:

ṡαobs =
Ns∑
β=1

hαβ|γ̇β| , (5.10)

where hαβ are the hardening coe�cients, given by

hαβ = qαβh0

1− sβobs

s∞

a

. (5.11)

Here, qαβ are the coe�cients of the interaction matrix. Its diagonal components
qαα = 1 resemble the self-hardening coe�cients, while for its o�-diagonal com-
ponents qαβ = 1.4 is taken. Material parameters h0, a and s∞ are the initial
hardening rate, hardening exponent and saturation slip resistance respectively.

Kink-pair slip resistance In order for dislocations to bypass the periodic re-
sistance of the crystal lattice, they have to overcome the thermally activated
Peierls barrier. The formation of kink-pairs along the dislocation line is the most
energetically favourable way to overcome these barriers. The kink-pair slip re-
sistance is given by [12]:

sαkp = skp,0

1−
(

T

Tα
k

) 1
q


1
p

. (5.12)

Here, skp,0 is the kink-pair slip resistance at T = 0 K. Furthermore, exponents q

and p are material constants. The expression for the knee-temperature Tα
k on

slip system α is taken from previous work [3]:

Tα
k = −G0

kB ln

( |γ̇α|+ γ̇k +ε
γ̇kp,0

) , (5.13)

with the “knee-slip-rate” γ̇k = γ̇kp,0 exp(−G0/(kBT )) [3], kB the Boltzmann con-
stant, and G0 the activation energy. Finally, ε = 10−7 s−1 is an arbitrary small
value that prevents sαkp to be highly sensitive to low values of γ̇α < ε.
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5.2.2 Cluster dynamics

During the nuclear fusion process, deuterium and tritium atoms are fused to form
a helium atom and a highly energetic neutron. Since neutrons have no charge,
they are not magnetically con�ned in the torus and irradiate the components
inside the reactor. A highly energetic neutron can collide with a tungsten atom
in one of the plasma facing components. This tungsten atom is then referred to
as the primary knock-on atom and displaces many subsequent atoms through
the tungsten lattice, leaving a trace of defects. These defects consist of vacancies
V and self-interstitials I. Since single defects are mobile, they can interact with
one another. Within a very short time frame after a collision, most defects typ-
ically annihilate, i.e. V+ I → 0. Defects can also grow in size by absorption of a
defect of the same type i.e. In + I → In+1 or Vn +V → Vn+1, where n denotes the
defect cluster size. Frequent occurrence of the latter interaction reaction results
in vacancy clusters of a large size, that are also referred to as voids or cavities.
In line with the work of Shah et al. [13], the backwards interaction reactions
Vn → Vn−1 +V and In → In−1 + I are taken into account as well. Defects can also
shrink in size according to Vn+I → Vn−1 or In+V → In−1. Finally, defects can also
be annihilated due to their interaction with dislocations according to D+θ→ D,
where θ resembles either vacancies V or self-interstitials I.

All of the above interaction reactions are taken into account by means of
the master equations provided in 5.A. Here, the concentrations of vacancy clus-
ters and interstitial clusters are denoted by CVn and CIn respectively. The rate at
which defects are produced due to neutron irradiation Gθn is discussed in sec-
tion 5.2.2.1. The rate at which the interaction reactions occur scale with the
coe�cients k , γ and α. Their superscript + or − indicate whether a forward or
backward reaction is considered respectively. These coe�cients are dependent
on temperature and the defect size considered, as detailed in section 5.2.2.2. The
formulation of these coe�cients is largely adopted from the work of Li et al. [4].

5.2.2.1 Defect production rate

The rate of the total number of defects, per unit of volume, produced in the
tungsten lattice due to neutron irradiation is given by Gtot. The work of Sand et
al. [14] has shown that during defect production, a fraction of the vacancies and
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interstitials cluster together during a very short time scale. These fractions are
indicated by f c

V and f c
I , respectively. The rate at which unclustered defects are

produced is therefore obtained by the �rst line of the following equation:

Gθn =


(1− f c

θ
)Gtot for n = 1

Aθ

(
1
n − 1

Nc

)Sθ
for 2 ≤ n ≤ Nc

0 otherwise,

(5.14)

for θ = V,I. Regarding the clustered defects, the work of Sand et al. [14] has
shown that their distribution can be accurately described by Aθn−Sθ . Here, Sθ

are temperature dependent exponents that describe the distribution of the pro-
duced defect clusters. The work of Setyawan et al. [5] also showed that there is
a marked upper limit to the size at which defects are produced during neutron
irradiation. The expression is therefore adjusted such that no defects are pro-
duced of a cluster size Nc and larger, see equation (5.14). The pre-factors Aθ can
be computed with:

Aθ =
f c
θ

Gtot∑Nc
n=2 n

(
1
n − 1

Nc

)Sθ
. (5.15)

The expression is obtained by equating the sum of the defects categorized in each
defect size to the total number of clustered defects.

5.2.2.2 Rate coe�cients

In this section, the coe�cients that correspond to the interaction reactions be-
tween defects are discussed. The formulation of these temperature and defect
size dependent coe�cients is largely adopted from the work of Li et al. [4].

Rate coe�cients for vacancy clusters The rate at which the concentration
of vacancy clusters of size n decreases due to the reaction equation Vn+V → Vn+1

is given by the product γ+nCVn CV. Here, the rate coe�cient γ+n is given by:

γ+n = 4πrVn DV , (5.16)

where rVn = (3nΩ/4π)1/3 +p
3a0/4 is the capture radius of a vacancy cluster

of size n, Ω = a3
0/2 is the atomic volume and a0 is the lattice parameter. The



120 Multi-scale fracture probability analysis of tungsten monoblocks under fusion conditions

di�usivity of a single vacancy is given by:

DV = D0
Vexp

(−E mig
V

kBT

)
. (5.17)

Here, the pre-exponential factor D0
V and single-vacancy migration energy E mig

V

are material parameters.
The above reaction equation can also occur the other way around, i.e. Vn →

Vn−1+V. Due to this reaction equation, the concentration of vacancy clusters of
size n decreases by γ−nCVn . The rate coe�cient γ−n is given by:

γ−n = γ+n−1

Ω
exp

(−E b
Vn−1+V

kBT

)
. (5.18)

The binding energy that corresponds to Vn +V → Vn+1 is given by

E b
Vn+V = E f

V +
E b

V2
−E f

V

22/3 −1
[n2/3 − (n −1)2/3] . (5.19)

Here, E b
V2

is the binding energy of a cluster of size 2 and is considered to be a
material constant. The formation energy of a single vacancy E f

V is also considered
to be a material constant.

Rate coe�cients for interstitial clusters Similar to the vacancy clusters dis-
cussed in the previous subsection, interstitial clusters can also absorb or eject a
single interstitial, i.e. In + I → In+1 and In → In−1 + I. These reactions cause the
concentration of interstitial clusters of size n to decrease. The corresponding
rates are given by α+

nCIn CI and α−
nCIn respectively. The corresponding coe�-

cients α+
n and α−

n are given by:

α+
n = 2πrIn Z I

In
DI , α−

n = α+
n−1

Ω
exp

(−E b
In−1+I

kBT

)
. (5.20)

Similar to equation (5.17), the di�usivity of a single interstitial is described by the
Arrhenius equation DI = D0

I exp(−E mig
I /kBT ) where material parameters E mig

I

and D0
I are the migration energy and pre-exponential factor. The capture radius

of an interstitial loop of size n is given by rIn =
p

nΩ/(πb), where b is the length



5.2 Microscopic model 121

of the Burgers vector. The capture e�ciency Z θ
In

(θ = I,V) by an interstitial loop
of size n is given by [15]:

Z θ
In
= Zθ max

(
2π

ln(4rIn /b)
,1

)
. (5.21)

The binding energy of an interstitial cluster of size n to a single interstitial is
given by:

E b
In+I = E f

I +
E b

I2
−E f

I

22/3 −1
[n2/3 − (n −1)2/3] , (5.22)

where the formation energy of a single interstitial E f
I is a material parameter, as

well as E b
I2

which equals the binding energy of an interstitial cluster of size two.

Rate coe�cients across species The rate at which the concentration of va-
cancy clusters of size n decreases due to the reaction equation Vn + I → Vn−1 is
given by k+

Vn+ICVn CI. Likewise, the rate at which the concentration of interstitial
clusters of size n decreases due to the reaction equation In +V → In−1 is given by
k+

In+VCIn CV. Coe�cients k+
Vn+I and k+

In+V are respectively given by [16]:

k+
Vn+I = 4πrVn DI , k+

In+V = 2πrIn Z V
In

DV . (5.23)

The reaction equation that corresponds to n = 1 (i.e. V+ I → 0) is considered to
be a special case, and given by

k+
V+I = 4πrIV(DI +DV) . (5.24)

Here, rIV is a material parameter.

Rate coe�cients regarding defect-dislocation interaction The rate at
which the concentration of a single defect decreases due to the absorption by
dislocations (i.e. D+θ→ D) is given by k+

D+θCθ (with θ = I,V). The correspond-
ing coe�cients k+

D+θ are given by:

k+
D+V = ρdZVDV , k+

D+I = ρdZIDI . (5.25)

Here, ρd is the dislocation density.
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5.2.2.3 Irradiation induced slip resistance

Due to the accumulation of irradiation induced lattice defects, the slip resistance
increases. Scattergood and Bacon [17] have shown that for atomic statics simula-
tions, the slip resistance increase due to a periodic array of voids can be described
by:

∆s j
irr,0 =

Gb

2πlV j

[
ln

(
d−1

V j
+ l−1

V j

)−1 +B

]
. (5.26)

where G = E/(2(1+ν)) is the shear modulus, and lV j = 1/
√

dV j CV j is the aver-
age spacing between voids of size j . Here, the diameter and concentration of
a void of size j are given by dV j and CV j , respectively. For voids, the constant
B = 1.52 is usually taken. Previous work [3] has shown that the in�uence of neu-
tron irradiation can be adequately described by taking a root-sum-square type
of superposition law, which for each slip system gives:

sirr =αirr

√√√√ N∑
j=1

(
∆s j

irr,0

)2
. (5.27)

Here, N is the number defect sizes included in the simulation. Molecular dynam-
ics simulations in literature show that the slip resistance decreases with increas-
ing temperature. Simulations from Terentyev et al. [18] show that this decrease
is most pronounced at low temperatures, but saturates at elevated temperatures.
Hence, a constant αirr is incorporated in order to account for the in�uence of
temperature in the domain that is currently investigated.

5.3 Monoblock model

In order to investigate the performance of the monoblocks, their thermo-
mechanical response is simulated. The monoblock geometry considered in this
work is adopted from Hirai et al. [19] and is shown in �gure 5.3.1, where the
dimensions are indicated in mm. The out-of-plane thickness equals 12 mm. In
this �gure, the gray area resembles tungsten, while orange and yellow represent
the CuCrZr cooling tube and the Cu interlayer, respectively. A �ow of water is
running through the cooling tube causing forced convection.
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Figure 5.3.1: Dimensions of the
monoblock in mm, with a thickness
of 12 mm. The gray area resembles
tungsten, while orange and yellow
depict the cooling tube and the cop-
per interlayer.

HD

TDWD
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Figure 5.3.2: The boundary conditions of the
monoblock are indicated by means of color coding.
Blue and green: planes of symmetry. Red: plasma
facing surface. Purple: surface on which forced con-
vection applies. Orange: the end of the cooling tube,
on which the axial displacement is tied.

In section 5.3.1, the boundary value problem that corresponds to the anal-
ysis of the monoblock is detailed, along with the discretization and boundary
conditions used. Then, in section 5.3.2, the material model is discussed.

5.3.1 Boundary value problem

In order to reduce the computational cost, two existing planes of symmetry are
exploited. This allows for simulating only a quarter of the monoblock geometry,
as is shown in �gure 5.3.2. The geometry is discretized into serendipity brick ele-
ments with reduced integration, i.e. 20-node elements with 8 integration points.
The geometry of the tungsten part is discretized into 1504 elements, while the
cooling tube and interlayer consist of 320 and 400 elements, respectively. In the
�gure, the planes of symmetry are indicated by the blue and green area. The dis-
placements of the nodes on these planes in the direction of the surface normal
are suppressed. Since the monoblocks mounted on top of the cooling tube have
a spacing of 0.5 mm between them, the cooling tube extends by 0.25 mm in the
model geometry. The end of the cooling tube is indicated by the orange area in
�gure 5.3.2. In order to enforce symmetry, the axial displacements of the nodes
on this surface are tied such that their axial displacement is identical. Finally,
a pressure of 3.3 MPa is applied inside the cooling tube, i.e. the purple area in
�gure 5.3.2.
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The red area resembles the plasma-facing surface, on which a heat load of
10 MW/m2 is applied. This causes a rapid temperature increase, starting from
a homogeneous stress-free reference state with an initial temperature of T0 =
350 K. The in�uence of transients is disregarded in the current analysis. On the
inside of the cooling tube, forced convection by means of a water �ow causes a
radial heat �ux that is expressed as:

qconv = hconv(Twall −Tbulk) . (5.28)

Here, Twall is the temperature at the inside of the cooling tube and Tbulk is the
temperature of the water. The latter is set equal to the homogeneous stress-free
reference temperature, i.e. Tbulk = T0 = 350 K. The work of Le et al. [20] shows
that a heat transfer coe�cient hconv = 5× 104 W/m2K is applicable for a wide
range of temperatures up to approximately Twall = 520 K, which is not exceeded
in the current work. The remaining thermo-mechanical parameters are given in
5.B. In the simulations that follow, thermo-mechanical problems are solved in
which the temperature pro�les are obtained at every time step.

5.3.2 Macroscopic material model

The crystal plasticity model in section 5.2.1 allows for the description of the me-
chanical behaviour at the level of the individual crystals. Here, the orientation
of the slip systems within the grains is taken into account. At the macroscopic
length scale (i.e. the scale of the monoblock), the mechanical response is gov-
erned by the homogenized behaviour of the polycrystalline material.

The macroscopic mechanical behaviour is described by means of a Von Mises
yield criterion that follows a similar temperature and strain rate dependency
as the slip resistance in the crystal plasticity model. Therefore, the following
hardening law is adopted in the current work:

Sy = Sobs +Skp +Sirr , (5.29)

which is analogous to equation (5.9). Here, Sobs is included to describe the in�u-
ence of the obstacle slip resistance on the yield stress. To this end, the formula-
tion as described in equation (5.10) and equation (5.11) is simpli�ed, such that it
can be solved without an iterative procedure. Its initial value equals Sobs,0 and it
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monotonically increases with the accumulated plastic strain:

Sobs = Sobs,0 +Hobs
(
E eq

p
)n

. (5.30)

Here, material parameters Hobs and n are the hardening factor and exponent.
The evolution of the equivalent plastic strain is described as:

Ė eq
p =

√
2

3
Ė p : Ė p , E eq

p =
∫ t

t0

|Ė eq
p | dt . (5.31)

In equation (5.29), the contribution due to the kink-pair slip resistance follows a
similar expression as given in equation (5.12):

Skp = Skp,0

(
1−

[
T

Tk

]1/q
)1/p

. (5.32)

Here, the parameter values for exponents p and q are assumed to take the same
values as used at the microscopic scale. The formulation regarding the knee-
temperature on the macroscopic scale follows a similar expression as given in
equation (5.13) as well:

Tk =
−H0

kB ln

( |Ė eq
p |+Ė eq

p,k+ε
Ėkp,0

) . (5.33)

Again, the “knee-strain-rate” is given by Ė eq
p,k = Ėkp,0 exp(−H0/kBT ), and ε =

10−7 s−1. In order to obtain the macroscopic parameter values, the representa-
tive volume element (RVE) discussed earlier is uniaxially loaded at various tem-
peratures. Here, the mechanical behaviour is described by the crystal plasticity
model given in section 5.2.1, with the material parameters listed in table 5.B.1.
In �gure 5.3.3, the blue lines show the homogenized equivalent second Piola-
Kirchho� stress as a function of the equivalent Green-Lagrange strain at various
temperatures.

The macroscopic deformation gradient tensor F̄ and the macroscopic �rst
Piola-Kirchho� stress tensor P̄ are the volume-averages of their microscopic
values. The macroscopic Green-Lagrange strain tensor is obtained by taking
Ē = (F̄ T · F̄ − I )/2. Furthermore, the macroscopic second Piola-Kirchho� stress
tensor is obtained by taking S̄ = F̄−1 · P̄ , and its equivalent value Seq is the Von
Mises based equivalent stress measure.
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Figure 5.3.3: Equivalent stress as a function of the equivalent strain at various temper-
atures. The macroscopic material model based on Von Mises plasticity closely mimics the
homogenized crystal plasticity model.

A least-squares method is applied in order to obtain the required macroscopic
material parameters: Sobs,0 = 92.42 MPa, Hobs = 228.66 MPa, n = 0.41, Skp,0 =
1.57 GPa, H0 = 1.57 eV and Ėkp,0 = 1.69×109 s−1. Figure 5.3.3 shows that with
this set of parameters, the macroscopic material behaviour accurately captures
the homogenized behaviour of the RVE. For Cu and CuCrZr, isotropic Von Mises
plasticity is assumed without hardening and the material parameters in 5.B.

The increase in yield stress due to neutron irradiation Sirr is determined for
a wide range of irradiation temperatures. This increase in yield stress follows
from the increase in slip resistance due to the presence of microscopically small
voids. The concentration of these voids follows from the cluster dynamics model
as described in section 5.2.2. In this analysis, the defect sink strength of grain
boundaries is disregarded, as justi�ed in previous work [3].

5.4 Failure probability model

In literature, material failure in a monoblock is frequently observed [21–24],
during which a crack propagates in an unstable manner. With Beremin’s [25]
weakest-link theory, the probability that failure occurs in the monoblock can be
assessed. To this end, the monoblock volume is divided into a large number of



5.4 Failure probability model 127

subvolumes. The probability that failure occurs in the monoblock is governed
by the probability that failure occurs in any of its subvolumes:

Pf,mono = 1−
Nsub∏
i=1

[
1−p i

f,sub

]
≈ 1−exp

(
−

Nsub∑
i=1

p i
f,sub

)
. (5.34)

Here, the approximation implies that the probability of failure of each of the
subvolumes is small, even when failure in the monoblock is likely to occur.

Following the approach from earlier work [26], the probability of failure of
these subvolumes is described by means of a representative volume element
(RVE), i.e. pf,sub = pf,rve. Furthermore, the monoblock geometry is divided
into �nite elements where the volume of element i is denoted as Vi , where
i = 1, ..., Nelmts. The failure probability of the monoblock is then expressed as:

Pf,mono ≈ 1−exp

(
−

Nelmts∑
i=1

pf,rve
Vi

Vrve

)
, (5.35)

where Vrve is the volume of the RVE. In order to describe the probability of failure
of the RVE, the weakest link theory is applied once again, and is governed by the
probability that failure occurs in any of the Mgrains underlying grains:

pf,rve = 1−
Mgrains∏

j=1

[
1−p j

f,g

]
≈

Mgrains∑
j=1

p j
f,g . (5.36)

Here, the approximation is again valid because the failure probability of the RVE
is small. The probability of failure of a grain is related to the level of stress
subjected to it. According to Gri�th’s energy balance [2], a crack of length r will
grow in an unstable manner if it exceeds a critical crack length rc = (kGriff/〈σn〉)2,
where kGriff is a constant and 〈σn〉 is the positive normal stress acting on the crack
tip opening. Considering a material that is initially �awed by a distribution of
microscopically small cracks, the probability of �nding a crack of length between
r and r +dr within a reference volume Vref is assumed to follow a power law
G(r ) dr = α/rβ dr . Here, α and β are material parameters. The probability of
failure of a grain is governed by the probability of �nding a crack that exceeds a
critical crack length for a given stress state:

p j
f,g =

V j
g

Vref

∫ ∞

rc

α

rβ
dr = p0

( 〈σn〉
σref

)mf V j
g

Vref
. (5.37)



128 Multi-scale fracture probability analysis of tungsten monoblocks under fusion conditions

Here, p0 is a pre-exponential factor, σref is a measure for the resistance against
cleavage and mf is a measure for the variation in micro-crack lengths in the
material. The reference volume Vref is taken equal to the mean grain volume.
Cleavage in tungsten is almost exclusively observed to initiate on the {100} fam-
ily of planes [27]. The assumption that the micro-crack distribution on each of
these planes is statistically comparable allows for the following formulation of
the failure probability of a grain:

p j
f,g =

3∑
l=1

p0

(
〈σl

n〉
σref

)mf V j
g

Vref
. (5.38)

Here, the positive grain-averaged Cauchy normal stress can be obtained by
means of the following three steps:

〈σl
n〉 =

{
0, if σl

n < 0

σl
n, otherwise

, σl
n =~nl

cl ·σg ·~nl
cl (5.39)

and

σg = 1

Vg

∫
Vg

σ(~x) dV . (5.40)

Here, ~nl
cl is the normal vector of cleavage plane l , with l = 1,2,3. The stress

�eld σ(~x) in an RVE is obtained by means of the microscopic material model
highlighted in section 5.2. Substituting the positive grain-averaged Cauchy nor-
mal stress into equation (5.38) yields the failure probability of the grains, which
allows for calculation of the failure probability of an RVE with equation (5.36).
Finally, the failure probability of the monoblock can be obtained by means of
equation (5.35). Note that at the length scale of the monoblock, the notion of
“failure probability” refers to the probability that a pre-existing crack grows in
an unstable manner. This does not necessarily imply that the monoblock can
no longer be operational. Furthermore, the crack can get arrested since the ge-
ometry and loading conditions that correspond to this boundary value problem
are such that the stress intensity at the crack tip does not necessarily increase
upon crack propagation. Nevertheless, it will a�ect the local integrity and heat
conduction of the monoblock.
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5.5 Results

The thermo-mechanical analysis regarding the performance of the monoblock
under fusion conditions is divided into two parts. First, the response of the
monoblock due to heating is assessed in section 5.5.1. Then, two di�erent cool-
ing scenarios are considered in section 5.5.2. Here, the impact of irradiation is
examined as well.

5.5.1 Heat load

In this analysis, the tungsten monoblock is exposed to a heat load of 10 MW/m2

for the duration of 10 seconds, after which the temperature has almost reached
a steady state condition. This temperature �eld is visualized in �gure 5.5.1. The
�gure reveals a steep temperature gradient in the monoblock.

The temperature distribution in the monoblock induces a spatial variation of
the thermal expansion. While areas near and below the cooling tube remain rela-
tively cool, the areas near the plasma facing surface become extremely hot which
results in a graded thermal expansion. This mismatch in thermal expansion en-
tails high stresses in the material. Furthermore, the mismatch in the coe�cient
of thermal expansion between copper and tungsten is another cause of stress
near the centre of the monoblock. Finally, the pressure of the water inside the
cooling tube also provides a small contribution to the overall stress within the
monoblock.

The �rst principal stress is visualized in �gure 5.5.2 at two di�erent time
instances, whereby the highest stress levels are observed already after 1.42 s. The
�gure reveals that the most severe stress levels are close to the tungsten-copper
interface and directly above the cooling tube. Since fracture is mostly observed in
the tungsten part of the monoblock, the stress in the cooling tube and interlayer
are not explored in the remainder of this work. In the �gure, there is no nodal
averaging applied. Furthermore, the stresses are plotted by translating the stress
values from the integration points to the nodes.

In �gure 5.5.2, the line path A-B is highlighted, and runs along the central
line located at the intersection of the two symmetry planes previously indicated
in �gure 5.3.2. Point A is located at the plasma facing surface, while point B is
located at the W-Cu interface. Along path A-B, crack formation is frequently
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Figure 5.5.1: Temperature pro�le of
themonoblock after 10 seconds of ex-
posure to a heat load of 10 MW/m2.

310
271
233
194
155
116
78
39
0�r

st
pr

in
ci

pa
ls

tre
ss

[M
Pa

]

A

B

t = 1.42 s t = 10 s

HD

TDWD

Figure 5.5.2: First principal stress pro�le of the
monoblock after an exposure to a heat load of 10
MW/m2 for the duration of 1.42 seconds and 10 sec-
onds.

observed in literature [21–24] and is therefore examined into closer detail next.

In �gure 5.5.3, the temperature history along path A-B is shown. Here, the
x-coordinate indicates the depth starting from point A where x = 0 mm to point
B at which x = 8 mm. The �gure shows a high temperature gradient, as the
temperature varies by about 1000 K over a thickness of only 8 mm. At point A,
temperatures above 1300 K are reached. This can trigger recrystallization, which
is a phenomenon during which new grains are formed that are nearly defect free.
Near point B, the temperature remains relatively low. Tungsten is notorious
for its brittleness at low temperatures, where the combination with high stress
levels may result in brittle cleavage, which is obviously undesirable as it occurs
extremely sudden and can make the monoblock un�t for being operational.

In �gure 5.5.4, the �rst principal Cauchy stress history along path A-B is
shown. The highest stress levels occur close to the cooling tube (i.e. point B),
already after 1.42 s, i.e. shortly after the heat source is activated. The temperature
pro�le has not yet reached steady state at this time instant. In this analysis, the
focus is on tensile stresses (i.e. the largest eigenvalue of the Cauchy stress tensor),
because compressive stresses do not induce material failure.



5.5 Results 131

Figure 5.5.3: Temperature pro�le as a func-
tion of time along the path A-B indicated by
the dashed line in �gure 5.5.2.

Figure 5.5.4: First principal Cauchy stress
pro�le along the path A-B. A high level of
stress is observed after 1.42 s of exposure.

5.5.1.1 Microscopic analysis

In order to investigate the response at the microscopic scale, the history of the
deformation gradient tensor and the temperature along this path are applied to
the representative volume element presented in section 5.3.2. Figure 5.5.5 shows
the homogenized �rst principal Cauchy stress evolution that follows from this
analysis. As can be seen, it closely reproduces the results obtained from the
macroscopic simulation shown in �gure 5.5.4. Note that the results are not ex-
pected to be identical due to the simpli�cations made in the macroscopic model.

The probability of failure of the material is governed by the normal stress
acting on the cleavage planes of each grain as described in equation (5.40). In
�gure 5.5.6, these stresses are visualized at point B which is located at the W-Cu
interface. The results shown in the �gure correspond to the stress after 1.42 s of
exposure, at which the highest stress levels occur. Since the highest stress levels
occur in the width direction (WD) of the monoblock, grains that have cleavage
plane normals oriented in this direction endure the most severe loading.

5.5.1.2 Monoblock failure probability

With the failure probability model discussed in section 5.4, the failure probability
of the representative volume element (RVE) is calculated, using the Cauchy nor-
mal stresses acting on the cleavage planes. To this end, the material parameters
p0 = 0.01 and σref = 920 MPa are adopted from earlier work [26], and mf = 5.5 is
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Figure 5.5.5: Homogenized �rst principal
Cauchy stress resulting from the crystal
plasticity simulations.

Figure 5.5.6: Equal area projection of the
normal stress acting on the {100} family of
cleavage planes at the W-Cu interface (i.e.
point B) after 1.42 s exposure to a heat load
of 10 MW/m2.

taken from Margetson and Sherwood [28]. The reference volume is again taken
equal to the mean grain volume Vref = 1.64×106 µm3 [26]. The history of the fail-
ure probability of the RVE along the path A-B is shown in �gure 5.5.7a. Clearly,
the RVE is most prone to failure at the location and time instant that correspond
to the highest stress levels.

Figure 5.5.7a shows a strong correlation with the homogenized �rst principal
Cauchy stress shown in �gure 5.5.4 and 5.5.5. Since the RVE consists of many
grains, each with a random crystal orientation, the failure probability model dis-
cussed in section 5.4 can be closely approximated with the original model from
Beremin et al. [25]:

pf,rve ≈ p0

( 〈σ̄1〉
σ̄ref

)mf

. (5.41)

With material parameters p0 = 0.01 and mf = 5.5 taken equal to those used in
the microscopic scale model, a least-squares �t yields σ̄ref = 678.0 MPa. With
the original model, the failure probability follows directly from the macroscopic
�rst principal Cauchy stress. The model implies that if a macroscopic material
volume equal to that of the RVE is subjected to a �rst principal stress equal to
σ̄1 = σ̄ref, its failure probability equals 1%. The result of the original model of
Beremin et al. shown in �gure 5.5.7b reveals a close resemblance with the model
results shown in �gure 5.5.7a.
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(a) The calculation follows from the microscopic
stress �eld of the RVE subjected to the loading
conditions that correspond to the path A-B.

(b) Approximation of the failure probability his-
tory, computed by means of the original model
from Beremin et al. [25] given in equation (5.41),
which is based on the macroscopic �rst principal
Cauchy stress.

Figure 5.5.7: The failure probability history of the RVE along the path A-B, computed in
two di�erent ways. The results obtained from the calculation with the RVE are consistent
with those resulting from the original model of Beremin et al. [25].

With the original model from Beremin et al. [25] in equation (5.41), the failure
probability history of the entire monoblock is computed by means of equation
(5.35), while taking into account that only a quarter of the monoblock geometry is
simulated in the �nite element calculation. The failure probability during heating
of the monoblock is shown by the red line in �gure 5.5.8. As can be seen in the
�gure, the highest probability of failure in the monoblock is reached before the
temperature pro�le reaches its steady state condition, and can reach a value of
around 18%.

5.5.2 Cooling

After a 10 second exposure of 10 MW/m2, the heat load is removed. In �gure
5.5.9, the �rst principal stress �eld in the monoblock is shown that corresponds
to time t = 20 s. As can be seen, the overall stress level is considerably lower
compared to the state with a heat load. In �gure 5.5.10a, the temperature history
that corresponds to path A-B is shown. Note that the �nal temperature pro�le in
�gure 5.5.3 corresponds to the initial temperature in �gure 5.5.10a. The �gure re-
veals that along this path, the monoblock quickly cools down to the temperature
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Figure 5.5.8: Failure probability history of the
monoblock. During the �rst 10 seconds, the
monoblock is exposed to a heat load of 10 MW/m2.
After this period, this heat load is no longer present
and the monoblock starts to cool down.
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Figure 5.5.9: First principal Cauchy
stress pro�le of the monoblock after
20 seconds, i.e. 10 seconds in the cool-
ing down phase.

of the cooling �uid.
In �gure 5.5.10b, the history of the RVE homogenized �rst principal Cauchy

stress is plotted along path A-B. In this �gure, the initial stress level corresponds
to the �nal stress level in �gure 5.5.4 and the same colorbar is adopted. The
�gure reveals that during cooling down, the stress remains relatively low. The
stress level does not reduce to zero, because of the plastic deformation that occurs
during the heating process. The highest stress level now occurs close to the
plasma facing surface (i.e. point A) rather than the W-Cu interface (i.e. point B),
which is opposite to what was previously observed in �gure 5.5.4. In other words,
the tensile and compressive regions have switched. However, the probability of
failure of the monoblock remains relatively low, which is indicated by the blue
line in �gure 5.5.8.

5.5.2.1 Stress relaxation

In order for nuclear fusion to be economically viable, the fusion process must
be operational for a long time period. During this time, recovery processes oc-
cur that ultimately result in stress relaxation [29]. In this section, the limit case
in which the monoblock is fully relaxed under the static heat load is consid-
ered. Here, the stress relaxation process itself is not simulated. At time trelax,



5.5 Results 135

(a) The temperature history indicates rapid cool-
ing of the monoblock after shutting down the
heat source.

(b) History of the homogenized microscopic �rst
principal Cauchy stress.

Figure 5.5.10: The history along path A-B after shut down of the heat source. The results
show that the monoblock quickly cools down to the reference temperature. Stress levels are
signi�cantly less severe compared to the results obtained previously in �gure 5.5.4 during
the heating of the monoblock.

the temperature distribution equals the one presented in �gure 5.5.1, but the
heat source acting on the stress-free monoblock is turned o� and the monoblock
rapidly starts to cool down. Under these conditions, the temperature follows
virtually the same history as before. However, the magnitude of the stress is
considerably higher, as can be seen in �gure 5.5.11 where the stress history after
time step trelax is shown. Along path A-B, the highest stress levels occur close the
plasma facing surface. The stresses acting on the cleavage plane normals at point
A are visualized in �gure 5.5.12 and are most signi�cant in the width direction
(WD).

The �rst principal stress in the entire monoblock is revealed in �gure 5.5.13,
10 seconds after the heat source is shut o�. As can be seen, the highest values of
the �rst principal stress are now obtained along the path C-D. This path is paral-
lel to path A-B, but does not intersect with any of the symmetry planes. In �gure
5.5.14, the blue line shows the corresponding evolution of the failure probability
of the monoblock, which is calculated in a similar fashion as presented earlier.
The �gure reveals that the failure probability now reaches values close to 35%,
which is signi�cantly higher than what was obtained during heating. Contradic-
tory to what one might expect, the stress relaxation increases the risk of failure
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Figure 5.5.11: History along path A-B
of the RVE homogenized �rst principal
Cauchy stress.

Figure 5.5.12: Equal area projection of the
normal stress acting on the {100} family of
cleavage planes at the top surface of the
monoblock, i.e. point A.

upon shut down of the heat source.

5.5.2.2 Irradiation

Due to neutron irradiation, the yield stress of tungsten typically increases. This
increase is strongly dependent on the temperature at which it is irradiated, as
both the source term and the interaction coe�cients are temperature depen-
dent. The parameters regarding the interaction coe�cients are listed in table
5.B.2. For the source term, the parameter values f c

θ
, Gtot and Sθ are obtained

by linear interpolation between the temperatures 300 K, 1025 K and 2050 K,
following the approach of Mannheim et al. [30]. In the current analysis, an
irradiation time of tirr = 154.3 h is simulated, which corresponds to a �uence
F = 5×1019 neutrons/cm2, given a �ux of φ = 3.6×1014 neutrons/cm2s [31].
Furthermore, a low dislocation density of ρd = 1012 m−2 is assumed since recrys-
tallized tungsten is considered. Defect clusters up to a size of 103 are taken into
account, while the largest defect size in the source term is Nc = 50.

In �gure 5.5.15a, the increase in the yield stress due to neutron irradiation
is visualized. Clearly, neutron irradiation generally increases the yield stress in
regions where the temperature is relatively low. In the simulation, the irradiation
induced increase in yield stress remains constant once the heat source is shut
down, because at this point the neutron source has vanished as well and the
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Figure 5.5.13: First principal
Cauchy stress distribution in the
stress releaved monoblock, 10 sec-
onds after trelax, without exposure
to the heat load.

Figure 5.5.14: Failure probability history of the
monoblock. During the �rst 10 seconds, the
monoblock is exposed to a heat load of 10 MW/m2.
From trelax onwards, the heat load is no longer
present and di�erent cooling scenarios are consid-
ered.

temperature throughout the monoblock decreases monotonically.
In �gure 5.5.15b, the magnitude of the equivalent plastic strain is shown, 10

seconds after shutting down the heat source. The �gure reveals that most of the
deformation remains elastic, which implies that the yield stress is not reached.
The �rst principal stress throughout the monoblock is shown in �gure 5.5.15c.
As can be seen, the stress distribution shows a strong resemblance with �gure
5.5.14, although the magnitude of the stress is higher. An even higher �uence
hardly yields higher stress levels, since most of the deformation is already elastic.
In �gure 5.5.14, the yellow line indicates the failure probability of the irradiated
monoblock. Obviously, the failure probability is about 5% higher compared to
the unirradiated tungsten that is cooled under the same conditions.

5.6 Discussion and conclusions

The process of fusing heavy hydrogen isotopes imposes extreme conditions
upon the plasma facing components, among which the high-purity tungsten
monoblocks. The large temperature gradient inside these monoblocks during
operation induces large stresses, that may result in a loss of structural integrity.

In order to assess the impact of the loading conditions, a two-scale modelling
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(a) Irradiation induced increase
of the yield stress. The low
temperature regions endure the
largest increase in yield stress.
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(b) Magnitude of the equiva-
lent plastic strain after cooling
down the irradiated monoblock
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(c) First principal Cauchy stress
distribution in the irradiated
monoblock, 10 seconds after the
exposure to the heat load has
ended.

Figure 5.5.15: The impact of neutron irradiation is visualized by means of three di�erent
quantities. Here, the monoblock is fully relaxed under the static heat load. The initial
temperature corresponds what is visualized in �gure 5.5.1.

framework was presented. The tungsten monoblocks have a polycrystalline mi-
crostructure that was analysed in detail by means of a representative volume
element. At the scale of individual grains, a crystal plasticity model was adopted
that describes their mechanical response. Here, the orientation of slip systems
is taken into account, leading to an anisotropic stress response. The resistance
to crystallographic slip originates from di�erent sources and depends on tem-
perature, the history of plastic deformation, and irradiation history. The latter
was described by means of a cluster dynamics model in which the evolution of
defect concentrations is governed by a set of rate equations. These equations
include the defect production rate, as well as the interaction reactions between
defect clusters of various sizes. Voids constitute the most signi�cant obstruction
to dislocation propagation and their concentrations pose an additional term in
the resistance to crystallographic slip.

The considered tungsten microstructure is fully recrystallized and its tex-
ture consists of crystal orientations with a uniformly random distribution. An
isotropic Von Mises type of plasticity model was employed that mimics the ho-
mogenized response of the polycrystalline microstructure. In this model, the
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evolution of the yield stress follows a similar description as the resistance to
crystallographic slip. The boundary value problem considered in the analysis of
the monoblock consists of quarter of the monoblock geometry, exploiting the
two planes of symmetry.

In Beremin’s weakest-link theory [25], the failure probability of a given vol-
ume is governed by the probability that failure occurs in any of its subvolumes.
In this work, this theory was applied on both the macroscopic and microscopic
scale. Regarding the latter, the failure probability of the representative volume
element is governed by the probability that failure occurs in any of its constitut-
ing grains. The failure probability of a grain was described by means of Gri�th’s
energy balance [2], and takes into account the orientation of the {100} cleavage
planes.

Exposing the water-cooled monoblock to a heat load of 10 MW/m2 on the
plasma-facing surface results in a signi�cant temperature gradient of more than
1000 K over an armour thickness of 8 mm. A substantial magnitude of stress
follows, in particular close to the W-Cu interface. The heat load was applied
instantaneously, quickly resulting in high stress levels while the temperature
has not yet reached a steady state. This suggests that high stress levels in the
monoblock are susceptible to a precipitous temperature pro�le, whereby the im-
pact of transients and ELMs was not even considered in the present analysis.

At several critical points, the macroscopic history of deformation and tem-
perature was applied to a representative volume element. This allowed to analyse
the response at the microscopic scale, in which the loading on individual cleavage
planes was investigated. The failure probability depends on the presence of ini-
tial defects. The material parameters that correspond to this model are obtained
from various experiments in literature. In the real monoblock, these parameters
could be di�erent due to an incompatible loading history. Controlling the ini-
tial defect distribution in the material can be critical in terms of the monoblock
performance.

Results showed that the failure probability at the microscopic scale remains
consistent with the original model of Beremin et al. [25]. This model is based
solely on the macroscopic �rst principal stress, which can therefore be expected
to be insu�cient when hydrostatic stress dominates, or when the orientation of
the cleavage planes is not randomly distributed.
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With the original model from Beremin et al. [25], the failure probability can
be assessed at the scale of the monoblock. This refers to the probability that
a pre-existing crack or defect initially grows in an unstable manner. For the
considered boundary value problem, the stress intensity at the crack tip does
not necessarily increase upon crack propagation. Therefore, depending on its
location, the crack can get arrested and the monoblock is not necessarily un�t
for operation. Shortly after exposure to the heat load, the monoblock failure
probability rises to about 18%, after which it monotonically decreases to about
8%. These are particularly high values, given the fact that the fusion reactor
contains hundreds of thousands of monoblocks. The highest magnitude of stress
is situated close to the W-Cu interface, which is therefore also the site at which
failure is most likely to initiate.

Once the heat load is removed, the monoblock quickly cools down to the
reference temperature. Furthermore, the stress magnitude drops dramatically,
but does not reach zero because of the plastic deformation that occurred during
prior heating. In contrast to what was observed during heating, the highest stress
levels are now located close to the plasma facing surface. The overall failure
probability of the monoblock during cooling remains relatively low. However,
this perception drastically changes if the stress relaxation inside the monoblock
is assumed to be complete under the applied static heat load. Now, the failure
probability reaches values close to 35%, but the highest stress levels occur at the
corner edges of the monoblock.

The impact of neutron irradiation on the failure probability is shown to be
limited to 5%. This follows from the fact that most deformation is already elas-
tic. The simulation results show that plastic deformation occurs solely close to
the plasma facing surface, where the impact of neutron irradiation is minimal
due to the high irradiation temperature that corresponds to this location. In
this analysis, the decrease in thermal conductivity due to neutron irradiation is
not taken into account. This aspect is expected to increase the temperature in
the monoblock, which also yields an elevated amount of thermal expansion and
hence a higher stress level. Furthermore, the impact of neutron irradiation on
the yield stress of copper and the CuCrZr cooling tube is also not taken into ac-
count. The yield stress is known to increase upon irradiation, and it is therefore
expected that increased stress levels will emerge close to the W-Cu interface.
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In future research, it would be interesting to incorporate this aspect by includ-
ing an increased yield stress that corresponds to the same irradiation conditions
considered here.

Experimental data in literature suggests that for tungsten, the resistance to
cleavage increases upon neutron irradiation [32, 33]. Phenomena such as dislo-
cation channelling suggest that the magnitude of plastic deformation becomes
increasingly heterogeneous after irradiation [34, 35]. As pointed out in previous
work [3], the mechanism causing an increase in cleavage stress due to neutron ir-
radiation is not yet resolved. Here, the brittle-to-ductile transition temperature of
irradiated specimens is described by assuming an enhanced cleavage resistance
of σref = 1.8 GPa, compared to σref = 920 MPa for the unirradiated specimens.
Such a drastic increase in the cleavage resistance can be expected to drastically
reduce the failure probability. In this regard, future research should be directed
towards the understanding of the underlying mechanism that governs this be-
haviour.

Appendix

5.A Rate equations

Below, the master equations are given, in which the evolution of defect (θ = V,I)
concentrations are given. These concentrations are categorized by their defect
size n.

dCV

dt
= fdefGV +k+

I+VC eq
I C eq

V +2γ−2 CV2 +
NV∑

m=3
γ−mCVm +k+

V2+ICV2CI

−k+
I+VCICV −

NI∑
m=2

k+
Im+VCIm CV −2γ+1 C 2

V

−
NV−1∑
m=2

γ+mCVm CV −k+
D+VCV (5.42)

dCVn

dt

∣∣∣∣
2≤n≤NV−1

= fdefGVn +k+
Vn+1+ICVn+1CI +γ+n−1CVn−1CV +γ−n+1CVn+1

−k+
Vn+ICVn CI −γ+nCVn CV −γ−nCVn (5.43)
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dCVn

dt
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The �rst term in each of these expressions resembles the defect production
rate, which saturates according to fdef = 1−Ω

(∑NV
n=1 nCVn +

∑NI
n=1 nCIn

)
, withΩ=

a3
0/2. The thermodynamical equilibrium concentrations are denoted by C eq

θ
=

exp(−E f
θ

/(kBT ))/Ω.

5.B Material parameters

The material parameters required for the crystal plasticity model in section 5.2.1
and the cluster dynamics model 5.2.2 are listed in table 5.B.1 and table 5.B.2,
respectively.

Temperature dependent Young’s modulus, speci�c heat, thermal conductiv-
ity and yield stress are adopted from the ITER materials handbook [45], and
visualized in �gure 5.B.1. Furthermore, the mass densities of copper and Cu-
CrZr are also adopted from this reference. These are taken to be 8.940 g/cm3

and 8.900 g/cm3, respectively. The thermal expansion coe�cient is taken to be
αW = 3.934× 10−6 K−1 and αCu = αCuCrZr = 16.84× 10−6 K−1 [45]. Finally, the
Poisson ratio of tungsten is taken to be ν = 0.29, and ν = 0.33 for Cu and Cu-
CrZr, respectively [45].
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Table 5.B.1: Material parameters of tungsten for the crystal plasticity model, adopted from
Asaro [6], Brunner [36], Kocks et al. [37], Lim et al. [38], Lowrie and Gonas [39], Yalçinkaya et
al. [11] and Oude Vrielink et al. [3, 7, 26].

Parameter Symbol Value

Strain-rate sensitivity m 0.02 [6]
Activation energy Gkp

0 1.75 eV [36]
Kink-pair exponents p , q 0.8, 1.2 [37]

Reference kink-pair slip rate γ̇kp,0 3.71×1010 s−1 [38]
Hardening exponent a 1.5 [11]

Latent hardening factor qn 1.4 [6]
Reference slip rate γ̇0 10−3 s−1 [7]

Saturation slip resistance s∞ 210 MPa [26]
Slip resistance at T = 0 K skp,0 600 MPa [26]

Initial obstacle slip resistance sobs,0 40 MPa [26]
Initial hardening rate h0 350 MPa [26]
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CHAPTER 6

Conclusions

In the design of future fusion reactors, pure tungsten monoblocks are incorpo-
rated in order to provide the required protection against the extreme heat load
and irradiation conditions. With increasing temperature, high-purity tungsten
typically shows a sharp transition from fully brittle behaviour to a signi�cantly
more ductile response. The goal of this work was to investigate how the brittle-
to-ductile transition temperature of tungsten depends on the microstructure un-
der fusion conditions. Finally, also the performance of the tungsten monoblocks
under fusion conditions was analysed.

In chapter 2, a rate-dependent crystal plasticity framework was presented
that describes the mechanical behaviour of the tungsten microstructure. Here,
the resistance to slip is strongly dependent on temperature due to the thermally
activated periodic resistance of the crystal lattice. The material model was com-
bined with a newly proposed cleavage criterion that takes the statistics of the
grain-averaged stress into account. With this framework, the anisotropy of the
brittle-to-ductile transition temperature was investigated. The main results of
this chapter are:

• The presented crystal plasticity material model allows for an adequate de-
scription of the mechanical behaviour of rolled high purity tungsten at
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temperatures around the brittle-to-ductile transition temperature. Fur-
thermore, the anisotropic response is well captured in the three principal
directions considered. Here, non-Schmid e�ects are not taken into account
and slip is assumed to occur only on the

{
1̄01

}〈111〉 family of slip systems.

• The brittle-to-ductile transition temperature can be accurately described
by means of the newly proposed cleavage model, which takes into account
the mean value and standard deviation of the grain-averaged �rst principal
stress. Here, cleavage occurs if a small fraction of grains in a representative
volume element is subjected to a �rst principal stress above a critical stress
level. Since both the elastic modulus and surface energy do not change
rapidly with temperature, this critical stress level was taken independent
of strain-rate and temperature.

• For rolled high-purity tungsten, the brittle-to-ductile transition tempera-
ture shifts to a higher temperature when the sample is loaded in its trans-
verse direction instead of the rolling direction, which is in line with exper-
imental data. Simulation results show that the highest transition temper-
ature is obtained when loading in the normal direction.

• The model framework yields an accurate activation energy, which follows
from the strain-rate dependency of the brittle-to-ductile transition tem-
perature, consistent with experimental data in literature.

The probabilistic nature of brittle fracture is incorporated in the cleavage
model described in chapter 3. The model is based on the weakest link the-
ory, where the considered specimen volume is divided into a large number of
sub-volumes. A novel aspect in this regard is the multi-scale approach, where
the weakest link theory is applied at both the macroscopic and the microscopic
scale. Under fusion conditions, the continuously evolving tungsten microstruc-
ture causes the brittle-to-ductile transition temperature to evolve as well. Vari-
ous microstructural con�gurations are analysed in order to obtain the following
conclusions:

• The two-scale application of the weakest-link theory allows for a predic-
tive estimation of the brittle-to-ductile transition temperature, since the
numerically obtained results are in line with experimental data. Here,
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both rolled and recrystallized microstructures are considered. Here, grains
are assumed to contain a pre-existing distribution of microscopically small
cracks, that automatically lead to failure of the whole structure once sub-
jected to an excessive amount of stress.

• The risk for brittle fracture is strongly related to the orientation of the
cleavage planes with respect to the loading direction. This aspect is fre-
quently disregarded in literature.

• The brittle-to-ductile transition temperature decreases linearly with the
volume fraction of recrystallized grains. In the corresponding analysis, a
perfect mixture between rolled and recrystallized grains is assumed.

• The spatial separation of rolled and recrystallized grains has a pronounced
e�ect on the anisotropy of the risk for brittle failure of a specimen. A spec-
imen where the rolled and recrystallized grains are well separated shows
a relatively low failure probability if it is loaded under an angle of approx-
imately 45 degrees with respect to the normal of the plane of separation.
The opposite is true when the specimen is loaded in a direction parallel to
the plane of separation.

Experimental data in literature clearly shows that tungsten becomes increas-
ingly brittle upon neutron irradiation. This is re�ected by a corresponding in-
crease of the brittle-to-ductile transition temperature. The cluster dynamics
model in chapter 4 describes the defect production in high purity tungsten as
a consequence of neutron irradiation. The accumulation of irradiation induced
lattice defects lifts the resistance to crystallographic slip, as dislocations face ad-
ditional obstructions. The main conclusions of this chapter are:

• The currently presented numerical framework allows for a predictive de-
scription of the mechanical behaviour of neutron irradiated tungsten. In
this analysis, the impact of the neutron �ux corresponding to the experi-
mental observations and simulation results is assumed to be comparable.

• The combined framework that consists of the presented cluster dynam-
ics model, crystal plasticity model and brittle cleavage model is capable
of describing the evolution of the brittle-to-ductile transition temperature
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under fusion relevant neutron irradiation conditions, since the numerical
results show a strong agreement with experimental data available in liter-
ature. Here, the barrier strength is taken to be independent of temperature
in the temperature range considered. The temperature dependency of the
yield stress results from the change in defect concentrations as a conse-
quence of the heating process prior to tensile testing.

Although the brittle-to-ductile transition temperature is a suitable measure
for the brittleness of tungsten, the probability of failure is ultimately governed
by the stress the material is subjected to. Using advanced computational ma-
terial models, several issues are addressed in chapter 5 that re�ect tungsten
monoblocks under fusion relevant loading scenarios. This allows for the iden-
ti�cation of the conditions under which material failure is probable. The main
conclusions of this chapter are:

• Exposing the water-cooled monoblock to a heat load of 10 MW/m2 on
the plasma-facing surface results in a signi�cant temperature gradient of
more than 1000 K over an armour thickness of only 8 mm. A substantial
magnitude of stress follows, close to the W-Cu interface in particular.

• Instantaneous application of a heat load of 10 MW/m2 quickly results in
high stress levels while the temperature has not yet reached a steady state.
This suggests that high stress levels in the monoblock are susceptible to a
precipitous temperature pro�le.

• Shortly after exposure to the 10 MW/m2 heat load, the monoblock failure
probability rises to an astonishing 18%, after which it monotonically de-
creases to about 8%. Here, the notion of failure probability refers to the
probability that a pre-existing crack grows in an unstable manner. This
does not necessarily imply that the monoblock can no longer be opera-
tional. Furthermore, the crack can get arrested since the geometry and
loading conditions that correspond to this boundary value problem are
such that the stress intensity at the crack tip may not increase upon crack
propagation. The highest magnitude of stress is situated close to the W-Cu
interface, which is therefore also the site at which failure is most likely to
initiate.
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• The overall failure probability of the monoblock during cooling remains
relatively low. However, if stress relaxation occurs inside the monoblock
due to prolonged application of a static heat load, the cool-down phase can
push the failure probability to almost 35%. In the latter case, the highest
stress levels occur at the corner edges of the monoblock.

• The impact of neutron irradiation on the failure probability is relatively
limited. This follows from the fact that most deformation is already elastic.
The simulation results show that plastic deformation occurs solely close
to the plasma facing surface, where the impact of neutron irradiation is
minimal due to the high irradiation temperature at this location. In this
analysis the decrease in thermal conductivity due to neutron irradiation is
not taken into account.

The presented framework, results, analysis and conclusions are instrumental
for identifying the most important factors governing the brittle-to-ductile tran-
sition of high-purity tungsten. The drastic increase of the brittle-to-ductile tran-
sition temperature due to neutron irradiation suggests this factor dominates in
terms of the performance of tungsten monoblocks under fusion conditions. How-
ever, simulation results show that although the transition temperature strongly
increases, the impact on the monoblock performance remains rather limited. In
terms of monoblock design, the focus should be on minimizing the initial micro-
crack distribution, as this can be critical in terms of monoblock performance.
Finally, the operation conditions in the reactor should be such that a sudden ex-
posure to a high heat �ux is reduced to a minimum as this promotes high stress
levels in the monoblock which can result in fracture.

6.1 Outlook

The modelling framework presented has several limitations. The framework in-
cludes a crystal plasticity model, cluster dynamics model and a cleavage proba-
bility model. Based on these limitations, an outlook for future research directions
is given next.

• Plasticity is governed by crystallographic slip on slip systems that are en-
ergetically most favourable for dislocation nucleation and propagation. In
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literature, crystallographic slip is frequently reported to occur only on the{
1̄01

}〈111〉 family of slip systems [1–3]. Other references assume only the
{112}〈111〉 family of slip systems to be active [4, 5], or a combination of
both [6]. This assumption has an impact on the anisotropic mechanical re-
sponse of individual grains, and thereby impacts the level of stress that oc-
curs at the microscopic scale. Furthermore, temperature dependent char-
acterization of non-Schmid e�ects would further enhance the predictive
capability of crystal plasticity models. Considerable research is directed
towards the correct identi�cation of active slip systems in BCC metals.

• In the current work, the only failure mechanism incorporated in the model
is transgranular cleavage. However, in literature intergranular cleavage is
also reported, which becomes predominant when the grain boundary co-
hesion is weak. This can be induced by for instance precipitation of impu-
rities at the grain boundaries, which may be promoted by recrystallization.
In case intergranular cleavage dominates, the addition of this type cleav-
age to the model would enhance its predictive capability.

• A dependence of the brittle-to-ductile transition temperature on the grain
size is not incorporated in the current work. The parameter values that
are taken, correspond to one particular grain size [7]. It is well known
that the yield stress increases with decreasing grain size. Furthermore,
reports in literature show that the resistance to cleavage is also strongly
grain size dependent. The role of the evolution of the grain size due to e.g.
recrystallization is not incorporated in the current analysis.

• Regarding the cleavage model, crack tip arrest due to micro structural bar-
riers is disregarded. An interesting topic for future work would be to in-
vestigate the interactions between microcracks by adding them in the RVE.

• The interaction between dislocations and irradiation-induced defects is
vastly complex. In molecular dynamics simulations in literature [8], the
dislocation interaction with a periodic row of voids is frequently investi-
gated. The relation between the slip resistance and the defect concentra-
tions that follows, is likely a strongly idealized representation of the actual
interaction between dislocations and irradiation induced defects. Regard-
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ing this interaction, numerous factors could play a role, including temper-
ature, non-Schmid e�ects, the currently active slip system or the distance
between the slip plane and the core of the defect. Furthermore, it is as-
sumed that there are no foreign atoms in the tungsten lattice. Under fusion
conditions, defects are likely to be decorated with helium, hydrogen and
transmutation atoms, or with impurity atoms that were already present
during the manufacturing of the components. Although the increase in
slip resistance due to the presence of interstitial loops is disregarded in the
current work, they may well play a signi�cant role as well.

• Various experimental results in literature suggest that the cleavage re-
sistance of tungsten is enhanced after neutron irradiation, even though
phenomena such as dislocation channelling suggest that the magnitude of
plastic deformation becomes increasingly heterogeneous after irradiation.
The mechanism causing an increase in cleavage stress due to neutron irra-
diation is not yet resolved, although this may play a key role in improving
the performance of the tungsten monoblocks under fusion conditions.

• In the current work, the impact of neutron irradiation on the yield stress
of copper and the CuCrZr cooling tube is not taken into account. The yield
stress is known to increase upon irradiation, and it is therefore expected
that increased stress levels will emerge close to the W-Cu interface. In
future research, it would be interesting to incorporate an increased yield
stress in copper and CuCrZr that corresponds to the actual irradiation con-
ditions.
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Samenvatting

De levensduur van aan plasma blootgestelde wolfraam componenten is kritisch
voor het operationeel houden van fusiereactoren. Deze componenten worden
onderworpen aan extreme condities, waaronder intense bestraling en een uitzon-
derlijk hoge warmte �ux. Wolfraam heeft een aantal gunstige materiaaleigen-
schappen voor deze toepassing, waaronder een hoge smelttemperatuur, een hoge
thermische geleiding en een hoge weerstand tegen erosie. Echter, een hoge span-
ning kan ontstaan door deze extreme condities, wat kan leiden tot bros falen.

Met toenemende temperatuur laat hoogzuiver wolfraam een scherpe transi-
tie zien van volledig bros gedrag naar een aanzienlijk meer taaie respons. Deze
bros-taai transitie van wolfraam is geen onafhankelijke materiaaleigenschap,
maar hangt af van de microstructuur en belastingcondities. Dit wordt numeriek
onderzocht worden door middel van een model op basis van kristalplasticiteit.
Hierbij neemt de weerstand tegen kristallogra�sche afschuiving sterk af met
toenemende temperatuur. Door middel van een nieuw faalcriterium kan de bros-
taai transitie bestudeerd worden bij verschillende reksnelheden, waarmee de
bijbehorende activeringsenergie bepaald kan worden. Deze activeringsenergie
komt goed overeen met experimentele bevindingen in de literatuur.

De stochastische aard van bros falen wordt geëvalueerd door middel van een
beschrijving van de waarschijnlijkheid van falen van een representatief volume-
element. Daartoe wordt de theorie met betrekking tot het falen van de zwak-
ste schakel uitgebreid tot een formulering die rekening houdt met de oriëntatie
van de splijtvlakken. Simulatieresultaten laten zien dat dit aspect een grote in-
vloed heeft op het risico op bros falen, hoewel dit in de literatuur vaak wordt



genegeerd. Bovendien laten simulaties zien dat de bros-taai overgangstemper-
atuur lineair afneemt met de volumefractie van gerekristalliseerde korrels in de
microstructuur, aangenomen dat de initiële en gerekristalliseerde korrels perfect
gemengd zijn. De ruimtelijke scheiding tussen deze fasen kan invloed hebben op
het risico op bros falen, afhankelijk van de oriëntatie van de belasting.

Experimentele resultaten suggereren dat wolfraam signi�cant brosser wordt
wanneer het wordt blootgesteld aan neutronenbestraling, wat nadelig kan zijn
voor de functionaliteit van de wolfraam componenten in kernfusiereactoren. Er
wordt een voorspellend cluster dynamics model gepresenteerd dat de evolutie
van door straling geïnduceerde defecten in hoogzuiver wolfraam beschrijft. De
resulterende defectconcentraties leveren input voor het kristalplasticiteitsmodel
dat de invloed van deze defecten op de mechanische eigenschappen van wol-
fraam kan beschrijven. De simulatieresultaten komen sterk overeen met experi-
mentele resultaten op het gebied van vloeispanning als functie van temperatuur
bij verschillende bestralingsniveaus. Verder wordt de bros-taai overgangstem-
peratuur nauwkeurig beschreven door het toepassen van het model voor bros
falen bij verschillende belastingstemperaturen.

Tot slot worden de prestaties van het daadwerkelijke wolfraam monoblok
onderzocht. Daartoe wordt de waarschijnlijkheidsanalyse van falen op twee
schalen uitgevoerd. Hier wordt de kans dat een reeds bestaande scheur instabiel
groeit onderzocht onder verschillende belastingsscenario’s van het monoblok.
Simulatieresultaten laten zien dat de spanning in het monoblok gevoelig is voor
een sterk temperatuurpro�el, dat kan voortvloeien uit het instantaan opleggen
van een hoge warmtebelasting. Spanningsrelaxatie als gevolg van langdurige
blootstelling aan hitte vergroot het risico van falen aanzienlijk als de warmte-
bron vervolgens wordt uitgeschakeld. Hoewel bestraling de brosheid van wol-
fraam drastisch verhoogt, laten de resultaten zien dat de impact ervan op de
algehele prestaties van een monoblok beperkt is.
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