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Abstract

Tungsten is the front-runner candidate for building the plasma-facing armour components for future fusion reactors.
However, in-service irradiation by fusion-neutrons and helium will create lattice-defects in the material, compromising its
properties and lifetime. Improving the component’s resilience to radiation damage and accurately predicting the lifetime
of irradiated components is key for commercial feasibility of the reactor. For this purpose, understanding the creation
and evolution of radiation damage is essential. This paper reviews recent advances in characterising radiation damage
through experimental and modelling techniques. Tungsten-ion- and helium-ion-implantation are commonly used to
mimic the damage created by neutron- and helium-irradiation respectively. Defects (> 1.5 nm) can be directly imaged
using transmission electron microscopy while all defects (size-independent), may be indirectly probed by measuring
lattice strains induced by them (using diffraction techniques; synchrotron X-rays or high-resolution electron-backscatter).
Neutron-irradiation produces mainly %2(111) prismatic loops. Loop-interaction and structural organisation evolves with
changing implantation dose and temperature. Helium-irradiation, < 573 K, induces formation of small helium-vacancy
clusters, which evolve into bubbles, blisters and “fuzz” structure with changing temperature and dose. Nano-indentation
or micro-cantilever bending tests can be used to examine mechanical properties of ion-implanted layers. Both helium-
and neutron-implantation defects induce increased hardening often followed by subsequent strain-softening and local-
ised deformation. Such irradiation-induced alterations are detrimental to material ductility and long-term structural
integrity of tungsten-based components. Development of physically-based material models that capture the physics of
underlying irradiation-induced changes, inspire confidence of reliably using simulations to predict mechanical behaviour
and in-service performance of irradiated engineering components in future.

Keywords Tungsten - Fusion neutron - Helium-implantation - Hydrogen plasma - Irradiation defects - Crystal-plasticity
model of irradiation damage

1 Introduction

The predicted rise in global population is anticipated to
increase energy consumption by 48% by 2040 [1]. Large
part of the future energy needs will have to be met by
non-fossil-fuel sources. Renewable sources such as wind,
solar, etc. depend on varying environmental conditions
and cannot guarantee constant production. Moreover,
there are technological and financial difficulties in storing

the energy generated from these sources. To ensure regu-
lar supply of baseload or to meet unanticipated energy
demands, foreseeable and invariant energy sources are
needed. Nuclear fusion promises to be such an efficient
and reliable energy source. In contrast with fission, it does
not face the problems of generating long term radioactive
waste, limited fuel supply and lack of public and political
tolerance.
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However, before fusion reactors can be in full opera-
tion and commercially viable, they still require substantial
research, particularly in areas of plasma physics, and reac-
tor materials. The largest tokamak currently in operation,
the Joint European Torus (JET), has shown the successful
operation of a fusion reactor with a deuterium-tritium fuel
mixture [2] given by

2D 4+3T - *He +n° (1)

However, JET is a small scale reactor; primarily build to
study the behaviour of the plasma under fusion condi-
tions. A new fusion energy project, the ITER, with 10 times
the plasma volume of JET, is now being built [3]. The ambi-
tious ITER project, involving several countries, targets to
begin operation in 2035, and is being designed to be the
first fusion reactor capable of producing net energy.

The fusion reaction (Eq. 1) releases 17.6 MeV of fusion
energy, split between a high-energy neutron (14.1 MeV)
and a charged “He nucleus [4, 5]. The neutrons generated
will be absorbed in a blanket containing lithium. Reac-
tion between lithium and neutrons produce tritium [6],
which is re-cycled as input fuel for the reactor. A coolant
flowing through the blanket collects the heat energy, to
produce electricity by conventional methods. Impurities
created during operation, such as eroded particles from
the reactor and helium (fusion reaction waste product),
must be purged off, in order to sustain the fusion reaction.
The divertor, located at the bottom of the vacuum vessel,
removes these unwanted ions [3].

Plasma facing surface such as the blanket or the “first
wall” where the neutrons are absorbed, and the divertor,
experience high heat loads. The blanket gets deposited
with almost 85% of the fusion power and experience heat
loads of about 2 MW/m?. The divertor too, being responsi-
ble for exhausting ~ 15% of total fusion power may expe-
rience heat load of 10-20 MW/m? [6]. To shield the struc-
tural components of the divertor and the first wall from
the plasma, a protection layer or armour components are
applied on these components.

The plasma-facing armour components will be exposed
not only to high temperatures (>900 °C) and high heat
loads, but also bombardment by the high-energy fusion
neutrons and gaseous elements like hydrogen and helium
[4, 6-9]. Interaction of the neutrons with the crystal lat-
tice generates collision cascades and defect accumulation
in the material [10, 11]. Also it can cause transmutation,
resulting in the formation of rhenium, osmium, tantalum,
hydrogen or helium; elements which can aggravate the
radiation damage by their interaction with the irradiation-
induced defects [12, 13]. At the anticipated operating tem-
peratures, interstitial mobility of gasses is high, allowing
hydrogen and helium (either introduced from plasma or
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formed from transmutation) to diffuse to defects, cracks
or grain boundaries, causing embrittlement and harden-
ing [14-17].

Given the extreme conditions that the plasma facing
armour material has to withstand, two materials may
be suitable: SiC-CFC (carbon-fibre composites) with a
window of ~650-950 °C and tungsten with a window of
800-1300 °C [18]. Of the two, the CFC materials, have pro-
nounced advantages in terms of high thermal conductiv-
ity (200-500 W/mK), minimal plasma contamination (12%
allowable plasma concentration) and a capability to with-
stand cyclic thermal loading of up to 19 MW/m? [19]. How-
ever, their excellent thermal conductivity reduces to about
50 W/mK when irradiated with a low neutron fluence of
0.2 dpa [19]. Tritium is the fuel for the fusion reactor and
being a radioactive element, only a certain inventory limit
(~700 g) is permitted. It has been seen that CFC has a high
tritium retention rate, wherein, the inventory limit can be
reached in a few tens of plasma discharges. On the con-
trary, in tungsten, the inventory limit is not reached even
after 18,000 plasma discharges [20].

Another disadvantage of CFC materials is their
enhanced erosion due to chemical interaction with the
hydrogen plasma. Investigation at plasma gun facilities
has shown that a few microns can be eroded with every
plasma pulse [21]. The high rate of tritium retention and
erosion indicates that CFC materials may have to be fre-
quently repaired and replaced, which makes them com-
mercially unattractive. Comparison of erosion as induced
by deuterium ions from beryllium, tungsten and carbon
(Fig. 1) shows that the erosion yield from tungsten is the
lowest, being almost an order of magnitude lower than
that from carbon, for energy ranges between 100 and
10,000 eV [22]. Thus tungsten, with its high melting point
(3422 °C), notable strength at high temperature, low trit-
ium inventory, low sputtering rate and the ability to retain
these properties after irradiation, has been chosen by ITER
for building the armour components [3, 6, 23, 24].

However, challenges in use of tungsten armour compo-
nents arise from tungsten’s low fracture toughness, high
brittle to ductile transition temperature (BDTT) and poor
machinability [25]. Moreover, intense radiation in-service
can lower the lifetime of the tungsten component. For a
commercially viable fusion reactor the divertor armour
material and the first wall component should have a life-
time of at least two and five full-power years respectively
[13]. Irradiation by fusion neutrons and gaseous elements,
has the potential to become life limiting for the tungsten
component, with significant economic consequences
for fusion power [26, 27]. To develop new strategies for
improving the irradiation resistance of tungsten compo-
nents, fundamental understanding of defect generation
and property evolution in tungsten is urgently required.
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Fig. 1 Comparison of measured values for the sputtering yield at
normalised incidence for beryllium (closed squares), carbon (open
squares), and tungsten (closed triangles) by deuterium ions with
results from analytical modelling of physical sputtering [22]

This paper reviews the recent advances made in develop-
ment of tungsten for fusion power and in characterising
irradiation damage in tungsten.

2 Engineering properties of tungsten

The mechanical properties of pristine tungsten is dis-
cussed here to build the foundation for analysis of irra-
diation induced changes. Traditionally tungsten has been
used as a functional material, such as in X-ray targets or in
light bulb filaments, owing to its high melting temperature
and its electronic structure [28]. The lack of structural use is
because tungsten, by virtue of its body centred cubic (bcc)
structure, exhibits brittle fracture at low temperature and
ductile failure at higher temperatures. The BDTT is largely
strain-rate dependent and is typically about 100-200 °C
for tungsten for strain rates 4x 107 to 5x 1072 [29]. An
added disadvantage is its low fracture toughness, with
polycrystalline samples having a fracture toughness below
10 MPay/m [30]. This mechanical behaviour is governed by
dislocation mobility which is influenced by both intrinsic
and extrinsic factors.

The intrinsic factor controlling dislocation mobility is
the Peierl’s stress, i.e. the minimum required shear stress
(theoretically or computationally derived at 0 K) to move
a dislocation from one Peierl’s valley to the next [31]. The
atomic bond strength, the crystal structure, the shear
modulus, dislocation width, Burgers’ vector and Poisson'’s
ratio, determine the Peierl’s stress [32]. Tungsten, with its
non-close-packed bcc structure and strong atomic bond,
has an inherently high Peierl’s stress and consequently a
low intrinsic dislocation mobility.

In bec crystals, screw dislocations glide by nucleation
and movement of kink pairs along the dislocation line [33,
34]. Being a thermally activated process, dislocation mobil-
ity and thus BDTT follows an Arrhenius relationship,
Tepr = k(:?ﬁ where Tgp; is the brittle-to-ductile transi-

A

tion temperature, Egpr is the corresponding activation
energy, k is the Boltzmann constant, £ strain rate and A is
a constant. Thus Tzpr, depends on the strain-rate and the
Egpr. It has been reported that in tungsten, the activation
energy for double kink formation on screw dislocations
decides Ezpr [29]. This could be due to the rate of crystal
plasticity being more strongly controlled by screw disloca-
tions than edge, given their much lower mobility as com-
pared to edge dislocations [35]. While E; is about 1.05 eV
for pure tungsten it is seen to increase to about 1.45 eV for
impure sintered material [29]. These values of £, suggest
that the BDTT is sensitive to impurities.

Further, extrinsic factors such as processing of tungsten,
can affect its purity which in turn can influence the disloca-
tion mobility and BDTT. Interstitial impurities introduced
during processing such as carbon, nitrogen or oxygen can
pin both edge and screw dislocations [36]. Tz5; in high
purity deformed tungsten is found to be ~ 90 K lower than
in sintered deformed tungsten for all strain-rates [37]. Sol-
ute atoms like phosphorus can gather at grain boundaries
and cause tungsten to become more brittle and promote
inter-granular failure [30].

Thus in summary, the low mobility of dislocations in
tungsten is central to its brittleness at room temperature,
high BDTT, and inherently poor mechanical behaviour.

3 Improving tungsten’s engineering
properties for fusion power

Tungsten based armour components require significant
development before they can be put to service. Presence
of impurities and the type of thermal treatment chosen
will influence the fracture behaviour [30]. Tungsten’s
poor ductility makes it difficult to carry out deep drawing
needed to form the divertor components. Further, shatter-
ing of the brittle tungsten in the plasma facing tiles, could

SN Applied Sciences

A SPRINGERNATURE journal



Review Paper

SN Applied Sciences (2019) 1:1614 | https://doi.org/10.1007/542452-019-1591-0

result in quenching the fusion reaction, by the introduc-
tion of the heavy ions into the plasma.

DFT calculations show that addition of rhenium to
tungsten may improve its ductility by changing disloca-
tion core structure, reducing Peierl’s stress, increasing the
number of available slip planes and reducing the critical
stress required for plasticity to set in [38]. However, irradi-
ation-induced clustering of rhenium sets in at high dam-
age doses and leads to substantial hardening as rhenium
clusters act as efficient obstacles to dislocation motion
[27, 39, 40]. Other elements such as tantalum, vanadium,
molybdenum and titanium can form a solid solution with
tungsten. Studies have shown however, that alloys of
tungsten with the above elements result in increasing the
BDTT and brittle, inter-granular failure along high angle
grain boundaries are observed in such alloys [41]. Since
alloying tungsten does not have much advantages, an
alternative method of forming tungsten fibre reinforced
tungsten composites was investigated to increase the frac-
ture toughness. It is anticipated that this can toughen the
material by controlling cracking and friction at engineered
fibre/matrix interfaces and causing effective energy dissi-
pation [42]. For instance, the bending strength of tungsten
fibre reinforced tungsten/copper composites (with ~5.5.
wt% tungsten fibres) was found to increase by 12.7% [43].

The upper limit of the operating temperature is con-
strained by properties of recrystallisation and creep. Often
the plasmas are seeded with impurities such as nitrogen to
radiate energy and lower the heat load on the divertor. If
the recrystallisation temperature of tungsten is improved,
concentrations of such impurities in the plasma could
be reduced. ODS tungsten alloys have been considered
to address this issue. However, addition of the alloying

Fig.2 Schematicillustration of
irradiation damage [139] v
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elements and the presence of the oxide particles lowers
the fracture toughness of the material. But for instance
three-point bending tests in ODS tungsten, W-2%Y,05,
showed that the composite is ductile above 400 °C [44].
Also fine grained W-TiC and W-ZrC composites were
found to withstand a heat flux 100% higher than pure
tungsten while displaying higher tensile strength [45].
These observations inspire confidence that tungsten alloys
with rare-earth oxides or carbides are promising materials
for further investigation.

In summary, the key improvement areas for tungsten
as a fusion material, are increasing ductility, formability
and its fracture toughness without adversely affecting the
advantageous properties of high thermal conductivity,
recrystallisation and creep behaviour. To best judge the
degree of improvement needed and estimate the feasibil-
ity of the current component designs, it is crucial to under-
stand how properties may change in-service. Thus study-
ing tungsten irradiated by neutrons, hydrogen and helium
or corresponding representative models is essential for
developing more resilient tungsten armour components.

4 Methods for studying radiation damage
4.1 Creation and evolution of radiation defects

As neutron and other particles bombard the material,
the regular crystal lattice is disturbed. An example of the
disturbed crystal lattice is shown in Fig. 2. The impacting
particles knock atoms from their lattice positions, creating
primary-knock-on atoms (PKAs) [26]. These then produce
more lattice displacements (cascade damage) as they
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move through the material. The vacant site created by a
displaced atom is known as a vacancy defect, while the
displaced atom itself, accommodated at an interstitial site
is known as a self-interstitial atom (SIA). The combination
of a vacancy and a SIA is known as a Frenkel Pair.

Besides point defects, dislocations are also created,
where the crystallographic registry is lost along a line [35].
Dislocations are thus often described as a boundary line
on the slip plane, demarcating the region where slip has
occurred from the region where it has not. They signifi-
cantly influence properties like hardness, ductility, tough-
ness etc. There can be three types of dislocations; screw
dislocation, where the direction of the dislocation line is
parallel to the slip direction, edge dislocation where the
direction of the dislocation line and the slip direction are
orthogonal, and mixed dislocation where the direction of
the dislocation line has one component parallel to the slip
direction and one component orthogonal to it.

The interaction between defects and their eventual
fate depends on the defect density and their mobility.
Several reaction paths are possible: defects can be lost at
grain boundaries, can be absorbed by other defect clus-
ters, disappear due to mutual annihilation such as that of
vacancy and interstitial or remain in the material [46]. The
irradiation-induced defects when retained in the material,
create pinning obstacles for gliding dislocations. Vacancies
can accumulate to create volume defects in the form of
voids [47], whose diameter can change with the dose [27].
Evolution of loops, voids and other associated phenomena
such as creep or swelling depends on the reaction path
adopted in the material as the microstructure evolves [46].

The number of displacements per atom created by the
impacting particle i.e. the dpa, is a common measure of
radiation damage. However, it must be noted that most of
the atomic displacements initiated by the impacting parti-
cle, anneal out and only few remain. It was found that for
helium implantation, only about 1% of the calculated dpa
was retained in the material [48]. Thus, there is an element
of uncertainty in using dpa as a measure of radiation dam-
age. However, in absence of a substitute accepted conven-
tion, damage levels in this article will be reported in dpa.

4.2 Emulating fusion irradiation damage

To understand the combined damage caused due to irra-
diation by neutrons and gaseous elements, ideally tung-
sten exposed to the real fusion environment should be
examined. As the reactor conditions cannot be recreated
yet, alternative means are necessary to experimentally
study irradiation damage. Fission neutron irradiation can
be used to emulate fusion neutron damage [10, 49]. How-
ever there remain some concerns about dissimilarities
in the energy spectrum of and damage microstructure
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[ —--—-HFIR, elastic

1E-10 |

1E-11 |
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2

Fig.3 Generation rates of sub-cascades for tungsten in HFIR,
DEMO and ITER [54]

generated by fission and fusion neutrons. Comparison
between the neutron spectra from fusion prototype reac-
tor DEMO [50] and that from a typical fission source HFR-
F8 [51] showed distinct differences, particularly beyond
5 MeV. Below 5 MeV, the HFR-8 spectrum, was seen to be
aligned with the DEMO spectrum, but about five times
lower than the DEMO spectrum. However, above 5 MeV,
while the fusion spectrum goes up to 14 MeV, the fis-
sion spectrum was found to drop sharply, indicating the
absence of high energy knock-on atoms.

The PKA energy heavily influences the cascade damage
morphology [52]. Beyond a certain PKA, energy cascades
can split to create sub-cascades, introducing further com-
plexity in the microstructure. Sub-cascade generation is
dependent on the radius of damage zone (R) produced
by a secondary knock on atom (SKA). SKAs can be gen-
erated by two elastic collisions [53]. If the mean distance
AE) between two collisions produced by PKA of energy
E, is greater than R, then a sub-cascade is generated [53].
Ryazanov et al. [54] found that the sub-cascade generation
rate in tungsten in HFIR, particularly for low neutron ener-
gies (< 1 keV), is two-three orders of magnitude higher
than in DEMO and ITER (shown in Fig. 3). A Monte Carlo
binary collision approximation model has shown that high
energy cascade fragments mainly have small defect clus-
ters, while low energy sub-cascades, produce more defects
and larger defect clusters [55]. Thus, owing to its higher
sub-cascade generation rate, irradiation with fission neu-
trons, may overestimate the damage produced by fusion
neutrons.

Besides creating lattice defects, neutron irradiation
can also produce gaseous element through transmuta-
tion. However, for the same neutron fluence, the amount
of hydrogen and helium produced in tungsten, differs in
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fission and fusion environments. For the same neutron flu-
ence of 102 n/cm?, the relatively softer energy spectrum
of the fission neutrons (HFIR) produced only 0.0008 appm/
dpa of helium while magnetic confinement (MFE) and iner-
tial confinement fusion (IFE) produced 0.6 and 0.5 appm/
dpa of helium respectively [56]. The hydrogen produced is
also underestimated by fission neutron irradiation, where
HFIR produces 0.003 appm/dpa in comparison with 1.8
and 1.2 appm/dpa produced by MFE and IFE respectively.

The significant differences between the neutron spec-
trum from fission and fusion sources and the consequent
effects on damage production has motivated the devel-
opment of a relevant fusion source, where the evolution
of properties of candidate materials, for the commercial
fusion reactor, can be fully evaluated over the targeted
component lifetime. This has led to the formation of a
multinational scientific research program, the Interna-
tional Fusion Materials Irradiation Facility, also known as
IFMIF, which aims to produce a neutron spectrum similar
to that anticipated at the plasma-facing components of
the fusion reactor. This is a promising source for induc-
ing fusion relevant irradiation damage in materials for
experimental characterisation. However, the main prob-
lem with neutron irradiation is that it renders the materi-
als to be radioactive and unsuitable for regular handling
and experiments in the laboratory. Further, they involve a
high turn-around time, rendering the experiments to be
expensive and difficult to reproduce. Also, experimental
observations from such samples are unable to reveal the
mechanism governing them, as it is difficult to decode the
individual contribution of neutrons, helium and other ele-
ments formed through transmutation.

lon-implantation is a cost- and time-effective means of
emulating the radiation damage. Self-ion implanted and
helium-implanted tungsten are commonly used as models
to study neutron and helium irradiated tungsten [57, 58].
However, as limited ion-penetration depth generates only
few micron thick damage layer (exact thickness depend-
ing on the implantation energy), techniques for studying
the material at this scale are required. It is also important
to note that the PKA energy and the displacement rate
(1073-107* dpa/s) from high energy ion bombardment, is
higher than that for fusion neutrons (displacement rate
1077-1078 dpa/s) implying differences in damage micro-
tructure induced by ion-implantation and fusion neutrons
[59]. Temporal overlap of cascades, caused by the higher
displacement rates, are of particular concern, especially in
presence of impurites like carbon, which can decelerate
the long term damage evolution.
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4.3 Techniques to study irradiated materials

The irradiated materials can be studied using a combina-
tion of experimental and modelling techniques. Trans-
mission electron microscopy (TEM) is extensively used to
image the radiation defects [10, 49, 60], their evolution
with temperature, fluence [61] and the time and tem-
perature dependence of defect recovery [62]. While TEM
offers the great advantage of direct imaging of defects, it
requires extensive and invasive sample preparation and
cannot resolve defects smaller than 1.5 nm [63]. Another
technique often adopted for examining vacancy type
irradiation defects in crystalline materials like tungsten,
is positron annihilation spectroscopy (PAS); for example
to detect the annealing of radiation defects involving
vacancy migration and evolution of vacancy dominated
large defect clusters with changing temperature [64]
or change in deuterium retention in tungsten due to
deuterium trapping in vacancy-type defects [65] or to
reliably estimate elementary point defects formed at
cryogenic temperatures and their recovery kinetics as
foundation for building predictive models on evolution
of radiation damage [66]. However, interpretation of the
PAS measurements requires supportive experimental
methods or characterization techniques such as electron
paramagnetic resonance (EPR). Further complexities may
include distinction of vacancies from nano-voids or iden-
tification of defect combinations of vacancies and self-
interstitials. Alternatively, the entire defect population
(irrespective of size) can be probed by measuring the
lattice strain induced by them using synchrotron X-ray
micro-diffraction which uniquely permits the determina-
tion of lattice strain with sub-micron 3D spatial resolu-
tion and ~ 107 strain sensitivity [48, 58, 67-69]. Using a
combination of this approach and electronic structure
calculations, it is possible to deduce the nature of the
defect (vacancy or self-interstitial), morphology and its
depth-resolved distribution in the implanted layer [48,
70]. Electronic structure or first principle calculations
provide information about the atomistic level, such as
that of interaction between radiation defects and sol-
ute atoms [54, 55, 71-74]. To account for different length
scales and time scales, several different complementary
atomistic modelling techniques such as Density Func-
tional Theory (DFT) calculations, Molecular Dynamics
(MD), Kinetic Monte Carlo (KMC), Mean Field Rate Theory
(MFRT) and Dislocation Dynamics (DD) are used [75].
Mechanical properties of thin irradiated layers
obtained by ion-implantation can be characterised by
techniques like micro-cantilever bending tests or nano-
indentation, which involves a diamond tip being driven
into the material surface whilst measuring both the
applied load and displacement [76-81]. While there are
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several challenges associated with nano-indentation
measurements such as the indentation size effect [82]
or the unaccounted for complexities of the deformation
fields such as’pile up’and sink-in around the indent [78],
it is a great qualitative tool that enables probing defor-
mation behaviour on very small scales that could not be
otherwise interrogated.

Deformation-induced lattice distortions, in such thin
ion-implanted layers can then be assessed using non-inva-
sive techniques such as micro-beam Laue diffraction and
high-resolution electron back scatter diffraction (HR-EBSD)
[58, 83, 84]. HR-EBSD allows calculation of the residual elas-
tic lattice strain and lattice rotation tensors (~1x 107 rad)
by cross-correlating the shift and distortion of a particular
electron diffraction pattern with respect to a number of
regions of interest (ROls) from a reference pattern, within
the same grain [85, 86]. While it has high spatial resolution,
its sensitivity to small strains is limited and measurements
are restricted to the sample surface. As such it comple-
ments very well the technique of Laue diffraction meas-
urement which has relatively lower spatial resolution, but
good sensitivity to smaller, far-field strains. In addition,
Laue measurements help to probe beneath the surface
by providing a 3D measurement of the deformation field
in a non-invasive manner. Micro-beam Laue diffraction is
based on the classical Laue diffraction approach where
a crystalline sample is illuminated with a polychromatic
X-ray beam. The resulting diffraction pattern consists of a
large number of Laue diffraction peaks which give infor-
mation about the lattice orientation and the distortion of
the unit cell [67, 87, 88].

Scientific understanding obtained from experimen-
tal characterisation can be used to develop a numerical
model of the irradiated material. Such material models can
be used to numerically simulate the mechanical behaviour
of similarly irradiated engineering components through
for example crystal plasticity finite element simulations
(CPFE) [89-93]. By constraining dislocation-mediated
plasticity to specific slip directions, consistent with the
crystallographic geometry of the material, CPFE renders
a physical basis to predictions and makes them directly
comparable to experimental observations [94-96]. Also
important qualitative insight into the interaction mecha-
nism between defects/precipitates and dislocations, such
as irradiation-softening [97] or crack nucleation [98] can be
obtained from such simulations. These models can be fur-
ther enhanced by explicitly accounting for the dynamics
of interaction between the population of radiation defects
and gliding dislocations and the resultant evolution of the
material microstructure and density of mobile orimmobile
dislocations [91, 99, 100].

5 Characterising irradiation damage
in tungsten

5.1 Neutron irradiation damage

Using molecular dynamics simulations, Troev et al. [74]
estimated the radiation damage produced by displace-
ment-cascade in tungsten irradiated with neutrons. For a
neutron fluence of 2.5 x 1022 n/cm?, they calculated a dpa
of 2.85 in tungsten per full power year (FPY). At energies
below 100 keV, at early stages after irradiation, intersti-
tial volume was found to be twice larger than the volume
of vacancies. The defect population was seen to be com-
prised of single vacancies, di-vacancies, interstitials and
interstitial clusters containing more than 3 atoms.

Transmission electron microscopy (TEM) on self-ion-
irradiated tungsten and its alloys with tantalum, vanadium
and rhenium, exposed to different damage levels, has pro-
vided useful insights about the evolution of the defect
morphology and population, in the neutron-irradiated
reactor component, as a function of dose, temperature
and presence of transmutation elements [10, 60,61, 101].
For example, Yi et al. [101] studied tungsten (W) irradiated
in situ by tungsten ions at 30 K (temperature where defect
mobility is restricted) and showed that a power law can be
used to explain the loop size distribution in cascades. In
a follow-up study, Yi et al. [61] examined tungsten irradi-
ated with self-ions at 150 keV, at temperatures between
30 and 1073 K, with doses between 10'® to 10" W m™2
and ~25 nm thick irradiated layer. It was seen that the
first observable defects (predominantly ¥2{111) vacancy
loops) appear at doses <0.01 dpa [61]. The concentration
of retained defects was found to reduce with increasing
temperature, with a simultaneous increase in cluster size,
owing to defect cluster migration and elastic loop interac-
tion. An example of the changing defect microstructure
with temperature, in tungsten irradiated up to 0.1 dpa is
shown in Fig. 4. While the loop morphology was found
to change with temperature, Yi et al. observed that in the
temperature range 30-1073 K, between 0.1 and 1 dpa,
the number density of loops saturates in the range ~ 10"
loops/m?. Such analysis is important to understand the
behaviour of radiation damage and their evolution as will
take place in the high temperature environment in the
fusion reactor.

Indeed several studies have focussed on investigat-
ing the recovery behaviour of the displacement damage
induced by neutron irradiation which underlies the evolu-
tion of the defect microstructure. It is particularly useful
to employ TEM for these studies, as by virtue of provid-
ing direct information about the nature of defects it can
help quantify the time and temperature dependence of
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Fig.4 Defect microstructures in pure tungsten exposed to 0.01 dpa damage level, as a function of temperature from Stage | (30 K) to Stage
IV (1073 K). The micrographs were recorded under weak-beam dark-field condition (g=200, 3-4 g) [61]

defect recovery. For example, Ferroni et al. [62] performed
a detailed characterisation of defect microstructure in self-
ion irradiated tungsten (2 MeV W +ions, 500 °C, 1014 W*/
cm?), after high temperature (1073-1673 K) isochronal and
isothermal annealing. Similar to the observation made by
Yi et al., here too an increase in loop size (large oblong,
finger loops formed by coalescence of smaller loops)
and decrease in loop density was found with increasing
temperature. At temperatures > 1273 K, dislocations were
found to interact with small defect networks, “sweeping”
out damage [62]. While loops at low temperatures are
found to have Burgers’ vectors of a/2(111) and {100), at
temperature > 1073 K, a/2(111) loop geometry was found
to be the most thermally favoured [61]. Resistivity meas-
urements have also been commonly used to examine the
recovery behaviour of irradiation defects [102-104]. For
example, Keys and Moteff used the resistivity technique to
study in detail the recovery of defects in tungsten irradi-
ated by > 1 MeV neutrons, at 340 K, with a fluence range
of 10'7-10%" nm~2. Defect recovery below 770 K was found
to be dominated by migration of self-interstitials, while
that > 770 K was attributed to di-vancancy and tri-vacancy
migration [102].

Thus, temperature and fluence play a vital role in deter-
mining the characteristics of the retained defect micro-
structure and finally on the mechanical properties which
are altered by these defects. The influence of the retained
defect microstructure on the mechanical properties are
commonly investigated using micro-mechanical tests like
nano-indentation and micro-cantilever tests. Nano-indenta-
tion on tungsten (ultra-high pure (UHP)) implanted at 300 °C
with 2 MeV tungsten ions showed a saturation in hardness
beyond ~0.4 dpa (~0.8 GPa or 11% hardness increase) as
shown in Fig. 5a [80]. Also the loop number density was seen
to saturate between 0.4 and 33 dpa [80]. Tungsten samples,
self-ion implanted at higher temperatures, show higher
hardness. For example, in tungsten samples implanted
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with self-ions to~2 dpa at 800 °C, ~20% increase in hard-
ness was observed through micro-cantilever (example of a
micro-cantilever shown in Fig. 5b) bending tests (loaded to
failure under displacement control at a rate of 5 nm s [79].

Fusion neutron irradiation can result in the formation
of transmutation elements such as rhenium, osmium, tan-
talum [13]. lon-irradiation of tungsten alloyed with either
of these elements can be used to specifically investigate
the effect of these transmutation elements on cascade
damage behaviour. As such, self-ion implanted tung-
sten alloys with rhenium or tantalum have been used in
several nano-indentation studies. Contrary to self- ion
implanted tungsten which saturated in hardness beyond
0.4 dpa at 300 °C, self-ion implanted W-5wt%Re samples
showed ~ 13% hardness increase up to 1.2 dpa and then
a further increase of 20% and 40% at 13 and 33 dpa [80].
These massive increases in hardness are thought to be
induced by formation of rhenium clusters which may be
precursors of the sigma phase formation [80]. In self-ion
implanted W-5wt%Ta alloy, a different trend is noticed.
Large increase of ~21% in hardness is noticed for 0.07
dpa damage, but thereafter the hardness increase is less
than 14% and saturates beyond 13 dpa [77]. Further, sur-
prising observations of suppressed pile-up around Berko-
vich indents in these samples, for damage levels 0.07 dpa
and 1.2 dpa, is made in contrast to the large pile-up seen
aound indents in unimplanted tungsten [77]. A plausi-
ble explanation for this observation and the different
increases in hardness induced by tantalum and rhenium
for low doses like 1.2 dpa are yet to be examined.

To sum up, cascade damage induced lattice defects in
tungsten cause significant changes in hardness associated
with a loop-dominated defect microstructure. The pres-
ence of alloying elements is found to further aggravate the
radiation damage effects. However the underlying reasons
for these observations, i.e. the mechanism of interaction
of the induced defects (predominantly loops) with gliding
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Fig. 5 a Relative increase in hardness as a function of depth for
UHP-W and W5Re implanted to 0, 0.07, 0.4, 1.2, 13 and 33 dpa. A
maximum increase in hardness is seen at 125 nm for all doses in

dislocations, as a function of dose and temperature, needs
further exploration. Considering the expense and the
lengthy process of neutron irradiation, ion irradiation is
a practical choice for studying cascade damage models.
However, predictive data collected from material irradi-
ated with ions (or fission neutrons), cannot be directly
used to represent fusion conditions [105]. Differences in
terms of PKA recoil spectrum, transmutation and displace-
ment rates must be analysed. Also the effect of environ-
mental parameters such as stress state, flux pulsing and
temperature, must be accounted for if the acquired data
is to be used for designing fusion devices.

5.2 The effect of hydrogen on the plasma-facing
component

Hydrogen and helium will be injected into the plasma fac-
ing component directly from the fusion plasma. Further,
they can also be produced through the nuclear reactions
i.e. transmutation [106].

Changes in physical and mechanical properties of tung-
sten, that can be induced by hydrogen (and its isotopes),
depends largely on the amount of deuterium retained in
the material. Generally in tungsten, the retention of hydro-
gen (and its isotopes) is very low. This is particularly true
for implantation doses of less than 10?2 ions/m? [107].
In these cases, thermal desorption experiments showed
that the majority of deuterium is desorbed between 400
and 600 K [107]. The low retention is partly caused by the
high diffusivity of hydrogen in tungsten which allows
the injected hydrogen to easily reach the surface and be
released back into the plasma chamber [108]. Further, DFT

both material types [80]. b SEM images of arrays and typical micro-
cantilevers with a a uniform cross-section and b waisted section
[140]

modelling has shown that for small interatomic distances,
the H-H state is unstable (at close distance, there is an
asymmetric shift of the bonding and anti-bonding state,
towards higher energy, thus increasing the interaction
energy and resulting in weak repulsion instead of attrac-
tion) [75]. This implies that for doses less than 10?% ions/
m?Z, in an otherwise perfect matrix, hydrogen cannot form
stable clusters on their own and cause bubble or blister
formation.

However, at high implantation doses (> 10?? ions/m?),
even low energy (at sub threshold energy of 38 eV, where
the threshold for displacement damage is around 1 keV)
implantation of deuterium ions into the material can cre-
ate trapping sites in the sub-surface layer (within 2 pm)
and sometimes up to few microns into the material [108].
It is argued that at such high fluence, the concentration
of deuterium ions in the implanted layer (decided by the
ion range) far exceeds the solubility limit, creating stress in
the tungsten matrix and causing bubble and void forma-
tion by plastic deformation [109]. The surface topography
decorated with blister formation is found to change as a
function of temperature and grain orientation [110]. The
stresses created by the high concentration of deuterium
ions (at this high fluence range) can exceed the fracture
toughness of tungsten, resulting in the formation of cracks
[111]. At room temperature, near-surface small intergranu-
lar cracks are seen, which increase in length with increase
in temperature. For temperatures below the BDTT, crack-
ing within the grains is observed, while beyond the BDTT,
cracking is reduced and large cavities are seen forming
along the grain boundaries, up to few microns beneath
the surface [108]. However for temperatures >700 K, no
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significant surface changes or blister formation is noticed,
even for high dose deuterium implantation. The authors
hypothesize that at this high temperature, the significantly
increased diffusivity, prevents the build-up of a transient
high concentration of deuterium in the implanted layer.
This is argued to prevent the stress which is required for
the surface deformation. With further annealing of defects
in tungsten at these high temperatures, stress and strain
for defect formation is reduced, lowering blister formation
is greatly [108].

Deuterium retention and its consequent effects not
only vary with fluence but also with the defect density
present in the tungsten substrate. Intrinsic defects in the
material such as grain boundaries, dislocations, thermal
vacancies, pores, inclusions etc. can act as trapping sites
for hydrogen. The amount of hydrogen retained by such
sources of course largely depends on the material purity,
pre-treatment etc. [109]. The depth at which the deu-
terium is retained depends on the temperature, where
beyond 400 K deuterium is found to diffuse to the bulk
(>5 um depth) [108]. The defect density in the material
can be increased by irradiation damage which can thereby
increase the deuterium retention [109].

For instance, the presence of helium defects in tung-
sten can affect its deuterium retention capacity. lwakiri
et al.[107] irradiated tungsten with 8 keV helium at room
temperature, followed by 8 keV deuterium at several tem-
peratures (300-673 K). It was found that at 473 K, for a
high dose of helium (2x 10%" ions/m?), a large number
of small helium bubbles form effective trapping sites for
deuterium. Thus, the deuterium trapping was three times
greater than without helium pre-irradiation. Lee et al. also
looked at the case for simultaneous irradiation of poly-
crystalline tungsten with hydrogen and helium (500 eV
He* and D* (H*) ions with fluences of 102'-10% He*/m?
and 0.5-2x 105 D*(H*)/m?) at 300 K [112]. It was seen that
deuterium retention is increased by ~30%, particularly in
the near surface (within 50 nm), due to the presence of
trapping sites in the form of helium-induced defects.

Deuterium retention is also seen to change in presence
of defects created by neutron or ion irradiation. Oya et al.
[113] compared the desorption spectra from pure tung-
sten exposed to deuterium plasma (W-D) (fluence ~ 10%°
D*m™2 at 473 K) with that from tungsten implanted with
Fe?* ions (0.025 dpa at 2.8 MeV) followed by exposure to
deuterium plasma (W-Fe-D) (similar conditions as before).
The deuterium desorption spectra showed only one prom-
inent peak at 550 K for pure tungsten, but an additional
peak at 450 K in ion-irradiated tungsten [113]. A further
examination of the deuterium desorption spectra from
tungsten irradiated by neutrons (0.025 dpa), followed by
exposure to deuterium plasma (W-n-D) showed a third
peak at 750 K. The authors hypothesise that the single
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peak noticed in the desorption spectrum from pure tung-
sten arises from deuterium trapped at the intrinsic defects.
Two peaks seen in the ion-irradiated case is considered to
occur due to the irradiation defects trapping deuterium
with different activation energies [113]. Finally, the three
desorption stages in the neutron irradiated case is pro-
posed to be caused by deuterium trapped in bulk of the
material by neutron-induced defects, rather than only in
the near surface region where the ion-irradiation defects
are localised.

Interestingly a recent study shows that the deuterium
retention will be even higher when simultaneous implan-
tations are performed as may happen in-service during the
reactor operation. Markelj et al. [114] compared deuterium
retention in tungsten samples sequentially implanted with
tungsten ions and deuterium with the retention in tung-
sten simultaneously implanted with deuterium and tung-
sten ions. Examining a range of temperature, Markelj et al.
[114] concludes that between 300 and 1000 K, deuterium
retention in simultaneously implanted samples is almost
a factor of two higher than in the sequentially implanted
case.

In terms of mechanical properties, retained deuterium
can bring about reduced pop-in load and increase in hard-
ness (maximum increase of 0.5 GPa) as observed by nano-
indentation of tungsten exposed to deuterium plasma at
443 K, with incident ion energy of 35 eV and accumulated
fluence of 8.1 x 10%° ions/m? [15]. Similar observations of
increased hardness were made by Terentyev et al. [115]
and Zayachuk et al. [116] in tungsten exposed to deu-
terium plasma. Overall, observations from past studies
clearly indicate that despite the fast diffusion of hydrogen
isotopes at fusion relevant temperatures, a significant per-
centage of the injected ions will be trapped by irradiation
defects. This change in the retention of hydrogen is found
to not only depend on defects created by prior irradia-
tion, but also on the synergistic effects as takes place when
there is simultaneous irradiation of hydrogen and neutron/
helium. These changes need to be carefully accounted for
in the reactor design to correctly evaluate the behaviour of
hydrogen isotope and its ultimate effect on the mechani-
cal properties of the tungsten component in-service in the
reactor.

5.3 The effect of helium on the plasma-facing
component

In the armour component, little helium is formed through
transmutation, and it would take more than 300 years for
any significant embrittlement through transmuted helium
[12]. Thus the main source of helium will be thatimplanted
from the fusion plasma. Helium-induced damage in tung-
sten is complex and varies with fluence, implantation
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Fig.6 Cross-sectional SEM images of W targets exposed to
pure He plasma for exposures times of a 300s, b 2.0x10%s, ¢
43x10%s, d 9.0x10%s and e 2.2x10%s. Targets were exposed
at a fixed temperature of 1120 K. The plasma properties varied

energy and implantation temperature. It is also influenced
by the amount of helium retained. Grain boundaries act
as trapping sites for helium and thus the helium retention
is more in polycrystalline tungsten than in single crystals
where the lack of trapping sites, allows long range diffu-
sion of helium during annealing [117].

DFT calculations show that the stable interstitial site
for the retained helium is the tetrahedral site and at close
separation He—He binding is strong through pure elastic
interaction [75]. This enables helium to form stable clusters
even in a defect free crystal. When the interstitial helium
cluster gets large, it displaces metal atoms from their lat-
tice site to release the pressure generated by the helium
atoms [75]. Frenkel pair defects are formed by this mecha-
nism, which is called trap mutation.

Besides forming strong interactions with themselves
(1.01 eV), helium interacts strongly with defects gener-
ated, such as vacancies (4.57 eV), vacancy clusters and
impurities [118]. The helium-vacancy bond is particularly
strong [119] and DFT calculations showed that mobile
vacancy clusters which disintegrate at fusion tempera-
tures, are stabilized by helium atoms which reduces the
vacancy emission rates [75]. The helium-vacancy bond
which makes the vacancies immobile, can also influence
void formation induced by ion-irradiation. Yoshida et al.
[118] found that dense interstitial loops and fine voids
induced by Cu* implantation in tungsten (at 2.4 MeV to

RN01222007
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slightly in the parameter ranges n,=4x10'®m=3 and T,~6-8eV,
Mhe,=(4-6)x102m™2s7" in order to maintain the constant fixed
target temperature [122]

3 dpa), almost disappears in presence of helium (0.25 keV
at 1022 He*/m?).

At temperatures below 873 K, helium vacancy com-
plexes with their low thermal migration, form dense fine
helium bubbles, by absorbing more and more helium.
Besides bubbles, blistering can be formed, when the
highly pressurized fine bubbles, formed close to the pro-
jected range of the incident ions, mediate inter bubble
cracking [118]. At higher temperatures (1073-1273 K),
when vacancies and helium bubbles can migrate ther-
mally, large helium bubbles form [118, 120]. With increase
in helium fluence and temperature, bubbles can evolve
into ‘nanofuzz’ structures (generally forming between
1000 and 2000 K) as shown in Fig. 6 [120-122]. It has been
seen that presence of hydrogen and carbon in the helium
plasma, can lower the fuzz formation [120]. Since the con-
ditions of fuzz formation are very similar to the conditions
that the armour component will be exposed to in-service
in the reactor, significant research efforts continue to be
made to understand the mechanism of its formation and
possible means of inhibiting its formation.

Even low energy helium ion implantation can cause
surface modifications in tungsten (with a displacement
threshold energy of 42-44 eV, depending on the crys-
tallographic direction). For example, Nishijima et al.
[123] observed micron sized surface pores in tungsten
implanted with as low as 10 eV helium ions at 1600 K. For
19 keV helium implanted at~800 °C, large blisters were

SN Applied Sciences

A SPRINGERNATURE journal



Review Paper

SN Applied Sciences (2019) 1:1614 | https://doi.org/10.1007/542452-019-1591-0

Fig.7 Micrographs of tungsten surfaces implanted with 30 keV He
[125]

seen to form [124]. Cipiti et al. [125] also observed that
30 keV helium implanted between 730 and 1160 °C with
doses of about ~ 3 x 1022 m~, interacted with vacancies, to
form large helium bubbles and numerous surface pores.
Figure 7 shows the formation of these bubbles and pores
on the tungsten sample, with diameter ranging from 15
to 150 nm (increasing diameter and reduced density with
increasing temperature) [125]. Similar results of a sub-
surface semi-porous layer, was observed in polycrystalline
tungsten samples, irradiated with 30 keV helium, at tem-
perature range of 500-900 °C, [126]. The layer was found
to reach up to 1000 nm below surface for fluence of about
1073 He/m?,

Helium-defects can significantly impact tungsten’s
deformation behaviour. High temperature nano-inden-
tation of tungsten samples implanted with ~600 appm
of helium showed hardness increase (averaged between
150 and 400 nm penetration depth) of about 14% at 330K
and 55% increase at 523 K [17]. However, beyond 700 K,
no such significant hardness increase is witnessed [17].
Figure 8c shows this change in helium-defect induced
hardness as a function of temperature. Even the small
helium-induced defects formed at room temperature
(few-atom-large V and SIA clusters [127, 128]), can cause a
substantial increase in material hardness, degradation of
thermal diffusivity and embrittlement [129, 130]. Injected
helium concentrations of 0.3 at% (at 300 K) has been seen
to cause 30% increased hardness [78] and 50% reduction
of room temperature thermal diffusivity [130]. Further,
contrary to suppressed pile-up around indents in self-ion
implanted tungsten [77], large pile-up was seen around
250 nm deep Berkovich nano-indents in these samples.
The significantly increased pile-up around indents in
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helium-implanted tungsten is shown in Fig. 8a and b,
which compares the indents in pure tungsten with that in
helium-implanted tungsten. Similar observations of large
pile-up were also made around 500 nm deep spherical
nano-indents in {001)-oriented W-0.3wt%. He [58, 78].
This implies that the underlying mechanism of interac-
tion of dislocations with helium-defects is different from
that with self-ion implantation induced defects. To obtain
a coherent understanding of this, different methods have
been applied to probe the small helium-defects formed at
low temperature (~ <573 K). These defects were found to
remain undetected by high-resolution TEM (1.5 nm resolu-
tion) [63, 129]. The defects were subsequently attempted
to be probed by measuring the lattice strains they cause.

For example, micro-Laue diffraction was used to meas-
ure the strain in W-1%Re alloy, implanted with 3110 appm
helium at 573 K [48]. Significant lattice swelling, resulting
in an out-of-plane strain of 1.5x 107> was measured in
the approximately 2.7 um implanted layer. By relating the
corresponding hydrostatic strain of 2.62x 107> with DFT
calculations, the study showed that helium vacancy clus-
ters most probably contain a pair of helium atoms. With
increase in temperature to 1473 K, the helium-induced lat-
tice swelling was found to extend beyond the implanted
layer, suggesting that thermal activation enhances defect
migration into the material [14].

The competence of X-ray Laue diffraction in probing
the small (few atom large) defects induced by helium-
implantation has been extended to explore other aspects
of helium irradiation damage, such as change in defect
retention with dose or change in irradiation induced
deformation behaviour. For example, Laue diffraction
measurements performed on 300 and 3000 appm helium-
implanted tungsten samples showed an increase volumet-
ric strain by only ~ 2.4 times, suggesting that defect reten-
tion per injected helium atom is ~ 3 times higher at low
doses. [69]. This implies that retention of defects may not
be a simple function of implanted helium dose, but can
strongly depend on material composition and presence
of impurities. This change in defect retention as a function
of irradiation dose or presence of impurities, is particu-
larly important in order to accurately estimate irradiation-
induced residual stresses that can affect the fatigue perfor-
mance of the components. Analysis of helium-implanted
W-1wt% Re alloy samples, of different crystal orientations
and with varying implantation doses, in a similar manner
(through strain measurements from diffraction) showed
that both the presence of rhenium, and crystal orientation,
have a relatively small influence on defect retention [69].

Such high resolution strain measurements have also
helped gain insight into the underlying mechanism by
which these small defects induce significant change in
tungsten’s deformation behaviour. 3D-resolved X-ray
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Fig.8 a, b SEMimages of
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Nano-indentation hardness
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micro-diffraction measurements around spherical nano-
indents in {001)-oriented W-0.3wt% He (implanted at
300 K) showed a more confined plastic zone under indents
as compared to that observed under similar indents in
pure tungsten [58]. Localised deformation and slip-chan-
nel formation in W-0.3wt%. He (implanted at 300 K) was
also confirmed through HR-EBSD and TEM on cross-section
lift-outs from indents [89]. The authors suggest that the
interaction of dislocations with helium-defects involves a
large initial hardening due to helium-defects, followed by
localised defect removal and subsequent strain softening
[58]. Such irradiation-induced softening has been noted
before in irradiated materials such as neutron-irradated
copper [131, 132], neutron-irradiated vanadium [133],
self-ion irradiated stainless steel [134, 135], and neutron-
irradiated pure Fe [136].
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Consequently a CPFE simulation of indentation in
{001)-oriented W-0.3wt%. He was developed based on the
theory of irradiation-induced strain-softening [90]. With
only one fitting parameter the formulation could capture
the localised large pile-up and predict confined fields of
lattice distortions beneath indents in quantitative agree-
ment with experimental measurements, confirming the
accuracy of the proposed theory [90].

Surprisingly however, while 500 nm deep spherical
nano-indents in {001)-oriented W-0.3wt%. He showed
large pile-up and slip steps [58], similar indents made in
(011) and {111) grains of the sample helium-implanted
tungsten sample showed negligible pile-up [90]. Fig-
ure 9j-I shows this experimentally observed orientation-
dependence of pile-up pattern in helium-implanted tung-
sten. The CPFE formulation discussed above (i.e. the one
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Fig.9 Surface profiles of resid- <001>

<011> <111>

ual out-of-plane displacement
after indentation. CPFE simula-
tions for the unimplanted (a-c)
and the helium-implanted
sample (g)-(i) for (001), (011)
and (111) out-of-plane crystal
orientations respectively. AFM
for the unimplanted (d)-(f)
and the helium-implanted
sample (j)-(1) for (001), (011)
and (111) out-of-plane crystal
orientations respectively. The
AFM micrographs have been
rotated to match the in-plane
orientations as labelled on the
CPFE plots. The colour scale
and 5 um scale bar are the
same for all plots [90]
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built from experimental observations made in the indent
in (001)-oriented grain in W-0.3wt% He), was successful in
capturing the orientation dependence of pile-up pattern
as shown in Fig. 9g-i. Importantly, this suggests that the
underlying strain localisation is orientation-independent
and that changes in pile-up arise due to the relative orien-
tations of slip systems, sample surface, and the indenter
[90].

The observations from all of the reviewed studies exam-
ining helium irradiated tungsten, highlight the detrimental
changes in the properties of tungsten that will be induced
by the helium-irradiation defects. Interestingly, however,
a recent study by Guo et al. has shown a potential ben-
efit associated with the presence of such helium-induced
defects. The operation window for tungsten components
in the fusion reactor is 800-1300 °C [18]. The upper limit
of this window is limited by the recrystallization tempera-
ture of tungsten. Recrystallization is unfavourable for the
tungsten components, as tungsten becomes less ductile
post recrystallization [137]. This increased brittleness of
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recrystallized tungsten is largely attributed to the forma-
tion of high angle grain boundaries [137]. Guo et al. [138]
observed that when annealing tungsten, which has been
exposed to helium plasma at~550-600 K (~fluence of 10%
m~2), the recrystallization stage was retarded up to few
microns beneath the surface (fully recrystallized at 1673 K
compared to pure tungsten which fully recrystallized at
1473 K). Grain growth stage was also found to slow down
in helium exposed tungsten and differences in average
grain size between pure tungsten and helium-implanted
tungsten was found to remain even after annealing up
1973 K. The observation was mainly attributed to the
retarded migration of high angle grain boundaries in
presence of helium clusters and bubbles and implies that
presence of helium-irradiation defects in-service, in the
tungsten armour component, may help by increasing the
upper limit of the operation temperature window [138].
In summary, helium induces prominent changes in
tungsten’s microstructure which can influence the deu-
terium retention and evolution of neutron-induced void
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swelling. Unlike hydrogen, helium forms a stable bond
with itself and helium clusters are strong enough to cre-
ate lattice defects. At room temperature, helium bonds
strongly with vacancies and these few atom large clus-
ters can induce significant lattice swelling and alarm-
ing alterations in tungsten’s mechanical properties.
A combination of experimental and computational
crystal plasticity modelling was able to confirm that
the mechanism underlying these surprising changes
involves irradiation hardening followed by subsequent
strain-softening; a mechanism which is orientation-
independent. Such studies also inspire confidence in
the predictive ability of physically-based computational
models, which can capture the physics of irradiation-
induced changes as understood from multi-technique
experimental observations.

To develop comprehensive predictive models, which
are relevant to fusion operation conditions, future
research entails detailed characterisation of helium-
defects as a function of the factors such as

1. Temperature—thermal activation can enhance defect
mobility (into the bulk) and defect morphology (bub-
ble and blister formation).

2. Irradiation conditions—fluence and energy changes
can alter the defect microstructure (bubbles evolving
into nanofuzz).

3. Grain sizes—Smaller grain sizes i.e. more grain bound-
aries can act as defect nucleation sites and increase
helium retention.

Such characterisation performed using a combina-
tion of complementary experimental techniques at
multiple length-scales is essential to understand the
mechanism underlying time, fluence, temperature
and material property (impurity content, grain sizes
etc.) dependent damage evolution and its ultimate
impact on the structural and functional properties of
the armour component. A complete scientific under-
standing gained from such multi-technique and multi-
scale experimental observations can then be used to
link experimental observations to physically-based
parameters and develop predictive numerical mod-
els representative of the experimentally characterised
irradiated material. Without such numerical models, the
macroscopic behaviour of similarly irradiated materi-
als is challenging to examine (in most instances a few
micron thick implanted layer is investigated experimen-
tally and translating these observations to macro-scale
components, with reactor relevant dimensions, is pos-
sible through modelling efforts such as dislocation-
dynamics integrated strain-gradient crystal plasticity
models, which accounts for the size-effect). Only with

the development of such models can successful pre-
dictions of the structural integrity and performance
of tungsten armour components (of fusion relevant
dimensions) be made. These predictions are essential
for the design of future fusion reactors beyond ITER.

6 Summary

This paper reviewed recent advances in the understand-
ing of irradiation damage in tungsten, the main candidate
material for armour components in future fusion reactors.
lon implantation is commonly used to mimic the radiation
damage that tungsten components will experience in-ser-
vice. Despite limitations, ion-implantation has been shown
to be an effective technique to enable isolated investiga-
tion of damage effects, up to high damage levels (of tens
of dpa), without the added complexity of transmutation
and material activation. Further, this provides a conveni-
ent way of simultaneously mimicking damage formed by
energetic neutron irradiation and introducing gaseous
elements into the tungsten matrix so that its interaction
with defects may be studied. Study of ion-implanted mate-
rials using a combination of experimental and modelling
techniques, has helped gain important insights about irra-
diation induced dimensional change, the mechanism of
interaction of irradiation defects with mobile dislocations
and consequent changes in mechanical properties.

It has been seen that tungsten will be embrittled by
neutron irradiation as a result of radiation hardening.
Helium is anticipated to worsen this problem, owing to its
low solubility in the crystal lattice and its affinity for lat-
tice defects, particularly vacancies. Helium-implantation
induced defects at room temperature, which remain “invis-
ible” in TEM, have been shown to be effectively probed
by measuring the lattice strains induced by them. Nano-
indentation measurements have shown that both helium-
ion implantation and self-ion implantation can induce
significant hardening along with pile-up and suppression
of pile-up around indents respectively. Nano-indentation
measurements have also shown that helium-ion implanta-
tion had a much greater effect on hardness than collision
cascade damage caused by self-ion implantation, suggest-
ing that the presence of helium enhances defect retention
and/or increases obstacle strength.

The alterations induced by the irradiation defects
such as increased hardness and reduced work hard-
ening capacity are detrimental to material ductility, a
key concern for long-term structural integrity of future
tungsten-based diverter concepts. Recent developments
of physically-based models that capture the physics
underlying irradiation-induced changes are promising
and inspire confidence that in future it may be feasible
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to reliably predict mechanical behaviour and in-service
performance of irradiated engineering components
through numerical simulations. This is key for the opti-
mal design of fusion armour components and the overall
commercial realisation of the fusion reactor.
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