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Predicting the performance of tungsten in a
fusion environment: a literature review

R.G. Abernethy*

Tungsten has been proposed for use in the divertor of future fusion devices. In this environment, it
will be exposed to high heat fluxes, neutron damage and hydrogen and helium implantation. This
review covers previous experimental and modelling work to establish our ability to predict the
performance of tungsten in a fusion environment. Surrogates for high-energy neutrons have
been used to predict the change in mechanical properties of tungsten, including fission neutron
and self-ion exposure. These studies are critically analysed, with a focus on the difference in
results from neutron and ion studies. Further studies to improve our ability to predict the
performance of tungsten are proposed as a critical part of the path towards a working fusion
reactor.

Keywords: Tungsten, Rhenium, Neutron irradiation, lon irradiation, Nanoindentation, Irradiationhardening, Fusion materials, Irradiation-induced precipitation
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Introduction

Fusion for energy

Human demand for electricity is increasing at a faster rate
than ever before. Rapidly growing economies in the devel-
oping world combined with population growth results in a
predicted 70% increase in electricity demand by 2040."
This increase in demand must be offset against the need
to reduce carbon emissions from electricity production
in order to avoid catastrophic climate change.”

While extensive progress has been made in other car-
bon-free sources of electricity, such as solar or coal with
carbon capture and storage, concerns over reliability of
supply or cost means that nuclear energy is likely to
become and increasingly important source of baseline
electricity supply.’

Nuclear fission has been used extensively as a source of
electricity since its advent in the 1950s, especially in
countries such as France where 80% of electricity is gener-
ated by nuclear power plants. However, concerns over
long-lived radioactive waste and public safety are resulting
in increasing costs and political moves away from nuclear
power, especially in wake of the Fukushima disaster in 2011.

Balancing the above factors is leading to a drive
towards developing nuclear fusion into a viable source
of electricity. Careful reactor design will allow fusion to
be an efficient, affordable, low-carbon energy source
with no long-lived radioactive waste and inherent
safety.*> However, before a fusion power plant can be
constructed, scientific advances are required in several
areas including plasma physics and radiation-resistant
materials capable of operating at high temperatures.®

Department of Materials, University of Oxford, Oxford, UK

*Email: robert.abernethy @ materials.ox.ac.uk

Reactor design

The current leading design for a fusion reactor is the
Tokamak. Tokamaks use a strong toroidal magnetic
field to confine a plasma at 150 million K. At this temp-
erature, deuterium and tritium ions can overcome electro-
static repulsion and fuse together releasing energy (see
equation (1)).

iD+3T — SHe + jn + 17.6 MeV (1)

Helium produced from the reaction must be extracted
and other particles will also drift outside the confined
plasma volume. These energetic particles pass through
the last closed flux surface into the scrape-off layer. In
this region, the ions will follow open flux lines until they
collide with a surface (see Fig. 1). In large-scale tokamaks
a divertor is used to absorb the energy and trap the ash
particles. As such the divertor is exposed to very high
heat fluxes. This extreme heat flux limits material selection
to those with a high melting point and good thermal
conductivity.”

In addition to the heat flux, the impact of energetic par-
ticles from the plasma can cause sputtering and erosion. If
sputtered particles enter back into the plasma radiative
losses from electron transitions in a high atomic number
(Z) material will result in cooling of the plasma. To maxi-
mise performance this loss of energy must be minimised
and so either low Z material (e.g. carbon) must be used
or a material with a high sputtering energy.

Further requirements for materials selection come from
the neutrons produced by the fusion reaction. These high-
energy (14.1 MeV) neutrons exit the plasma, as they are
not constrained by the magnetic field, and interact with
the structure of the reactor. When interacting with
material the neutrons cause displacement damage and
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1 Diagram showing geometry of a toroidal magnetic field
with a divertor. Source: Eurofusion

transmutation. As such structural materials within the
reactor must be radiation resistant to avoid failure due
to radiation damage and in order to minimise radioactive
waste low activation materials must be used. Activation
depends on the element and isotope of the original
material and so certain elements are excluded from
being used in a fusion reactor.®

Divertor materials

Carbon fibre composites were tested as a divertor material
in the Joint European Torus (JET). They are made of low
Z material and have high heat conductivity along the fibre
axis and so seemed the optimal choice.” However, chemi-
cal erosion due to reactions between the carbon tiles and
hydrogen from the plasma led to more rapid erosion and
concerns over the potential for tritium retention within
the reactor. In order to minimise the risk from accident
at a fusion reactor the tritium level must be carefully con-
trolled and tritium retention can lead to excess.® As such
the carbon wall at JET was replaced with a tungsten diver-
tor and beryllium first wall, both of which showed signifi-
cantly reduced erosion.'”

Tungsten was selected as a replacement for carbon due
to its high energy threshold for sputtering (£, = 200 eV
for deuterium) and low erosion under high heat
loads.®!" Tt has been successfully used as the divertor
material for multiple fusion experiments, such as

2 Image of JET with tungsten divertor and beryllium first
wall. Source: Eurofusion
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ASDEX and JET”*'? (see Fig. 2). As a result of this suc-
cess, and the lack of suitable alternatives for fusion reac-
tors, it has been selected as the divertor material for the
next large tokamak ITER and is likely to be used as the
divertor, and possibly the first wall material, for commer-
cial-scale fusion devices.'?

However, the challenges in advancing our ability to
engineer tungsten components as well as understanding
its behaviour within a fusion environment are consider-
able. Tungsten will be operating between 773 and 1723
K depending on location and reactor design.” These
high temperatures improve the ductility of tungsten but
make studying tungsten under fusion-relevant conditions
difficult. Two key challenges for developing tungsten have
been identified as fabrication of structural divertor com-
ponents and developing a complete picture of the
irradiation performance of tungsten.'* This review is
focussed on the latter of these two challenges, in particular
on the prediction of the performance of tungsten under
irradiation from fusion neutrons.

Radiation damage in tungsten

Most of the energy produced from the fusion reaction is
contained within the 14.1 MeV neutron. This neutron is
not constrained by the magnetic field and collides with
the inner structure of the fusion reactor. Each neutron
causes a damage cascade within the material, which results
in an excess of vacancies and interstitial atoms. During
the lifetime of a fusion reactor the damage level is expected
to build up to several displacements per atom (dpa). As
well as this direct damage, the neutrons also cause trans-
mutation resulting in a build up of impurity elements
within the material.'”®> These forms of primary damage
lead to changes in microstructure, which in turn affect
the thermal and mechanical properties of the material.

Cascades

The critical interaction between a neutron and a material
occurs when the neutron interacts with an atom, transfer-
ring a significant portion of the energy of the neutron into
producing a primary knock-on atom (pka). This atom is
displaced from its lattice site and goes on to collide with
other atoms, displacing them from their lattice sites,
while the neutron goes on to collide elsewhere and pro-
duce multiple pkas.

Owing to the small time and length scales (events
occurring on the nanometre scale as rapidly as a picose-
cond) modelling gives the best insight into how a material
behaves during and shortly after a cascade. Stopping
range in the matter model is frequently used to give an
estimate of dpa.'® This model counts every atom that is
displaced from its lattice site. A large excess of vacancies
and interstitials are produced by a cascade, and so many
will annihilate within a short time after the initial cascade
(as shown in Fig. 3, taken from molecular dynamics mod-
elling), resulting in a much smaller number of interstitials
and vacancies than the dpa would suggest.!”

Density functional theory (DFT) models are used to
predict the structure of vacancies and interstitials that
result from the cascade.'® The information from these
models is somewhat limited since DFT calculations
assume a temperature of 0 K, this is of particular concern
for the high-energy collision cascades where the con-
ditions are far from equilibrium. The values resulting
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3 Evolution of damage cascades in Tungsten at 5 ps after
collision (left) and after 30 ps (right) showing vacancy
and interstitial distributions'”

from DFT calculations are used in molecular dynamics
and other models to understand the evolution of the
microstructure shortly after the cascade occurs.

Dislocation loop and void formation

While most interstitials and vacancies will annihilate with
each other shortly after the original cascade (as shown in
Fig. 3), those left over can accumulate to form dislocation
loops. Previously it had been thought that only loops of
b =1/2(111) would form'® due to the elastic isotropy of
tungsten,”” however recent experiments showed the exist-
ence of b = (100) loops as a result of irradiation at 773
K.?! Molecular dynamics simulations were later carried
out and matched the experimental results,”® however
this highlights the shortcomings of models of irradiation
damage as a predictive tool.

Dislocation loops in themselves act as barriers to dislo-
cation motion and as a result contribute to radiation
hardening of the material.>> However, they are also meta-
stable with respect to larger defects such as voids, as a
result at higher temperatures, where vacancy mobility is
sufficiently high, void formation is commonly observed
and leads to swelling.”* Body-centred cubic metals, such
as tungsten, show significantly lower swelling rates than
face-centred cubic metals>>*® and hence are preferred
for applications where irradiation doses are high, but
void formation is still commonly observed (see Fig. 4).%

Transmutation

In addition to displacement damage neutrons are
absorbed by the material and cause transmutation. In
tungsten the main transmutation products are rhenium,
osmium and tantalum®® (see Table 1), in addition some
hydrogen and helium are formed, which have a significant
impact on properties.

Rhenium has potential benefits while in solution
including improving the ductility®> and under normal cir-
cumstances would not form the brittle y or o phases while
concentrations are below 30 wt-% (see Fig. 5). However,
the presence of osmium favours the formation of the inter-
metallic phases and irradiation-induced segregation has
been observed.?!

Helium formed by transmutation can act to stabilise
defects produced by irradiation, this is enhanced by the
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4 TEM images of voids in tungsten (taken from Ferroni
et al.%’)

Table 1. Elemental composition of tungsten after five years
in a fusion power plant?®
Concentration (at.-%)
Tungsten 94.0
Rhenium 3.8
Osmium 1.4
Tantalum 0.8
Helium 34 appm
Hydrogen 76 appm

AF (mRy/atom)
=

-50 b
0.0 0.2 0.4 0.6 0.8 1.0

w C Re

5 Phase diagram and Helmholtz free energy curves for
W-Re (taken from Ekman et al.3°)

exposure to helium from the plasma that can diffuse
into the material at high temperatures. The results include
enhancing void (or bubble) formation within tungsten®>
and can lead to surface blistering.



Effects of radiation damage on tungsten

The primary concern for the effect of radiation damage
on tungsten are changes in thermal conductivity and radi-
ation embrittlement. If tungsten is to be used as a struc-
tural material the operating temperature of the reactor
must be above the BDTT, which increases as a result of
radiation damage. The combined effect of reduced ther-
mal conductivity and irradiation embrittlement can lead
to cracking as a result of the thermal cycling that tungsten
will be exposed to in a fusion reactor.'*

Investigation techniques

There are many techniques used to analyse radiation
damage in materials. This ranges from microscopy to
large-scale mechanical testing. This review is focussed
on small-scale testing techniques. Using micron-scale
tests minimises the volume of material needed for analy-
sis, this allows active samples to be examined with mini-
mum risk. In addition ion irradiation is used as a
surrogate for neutron irradiation, but only penetrates a
few microns into the material. Micromechanics allow
test results from ion irradiation to be compared to neu-
tron irradiation directly.*?

Microstructure analysis

Transmission electron microscopy (TEM) allows for
direct observation of irradiation damage on the nano-
metre scale.** By using TEM, images of the defects can
be acquired alongside diffraction patterns from the
same area. This allows for the identification of the orien-
tation of dislocation loops and using under- and over-
focus voids can be identified. In addition, any precipitates
can be identified along with their crystal pattern.

Micromechanics

Nanoindentation is the basis of micromechanical testing.
Nanoindenters allow for force-displacement measure-
ments on a sub-micron scale. The simplest measurement
possible using this technique is a simple hardness calcu-
lation, calculated by force applied divided by contact
area, which can be usefully applied to measure irradiation
hardening of a material. Furthermore, elastic modulus
can be calculated using the Oliver and Pharr method.”

In order to enhance the data acquired from nanoinden-
tation, it is possible to carry out micro-pillar or micro-
cantilever tests.>*3® These forms of testing provide
additional information regarding plastic deformation
and fracture mechanics (see Fig. 6).

6 Fracture testing of micro-cantilever in tungsten (taken
from Armstronget al.3?)
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Recent studies

There has been a significant body of work on tungsten in
recent years; this is in the build up to ITER using a tung-
sten divertor and during the DEMO design phase in order
to predict suitable operating temperature range and
device lifetime.'* Useful progress has been made, but a
full understanding of the effects of irradiation on tungsten
has not yet been established. The following sections sum-
marise the state of the art.

Neutron irradiation

Neutron irradiation campaigns are limited due to the lack
of availability in materials testing reactors. The cost and
difficulty of irradiation are increased by the activation
of the material, which results in the need to store tungsten
in hot cells for several years following irradiation.
Materials testing reactors typically produce a flux of fast
neutrons (energies up to 2 MeV), while this does not
match the mostly 14 MeV neutrons that are produced
by the fusion reaction (see Fig. 7), it provides the best
approximation available at present. There are plans to
construct a dedicated neutron source, to mimic the
materials damage caused by a fusion reactor, referred to
as the International Fusion Materials Irradiation Facility
(IFMIF).?® This would function by firing a beam of ener-
getic deuterons at a lithium target to produce neutrons
with a broad energy peak around 14 MeV, but at present
there is no planned date for completion of IFMIF.

Early neutron irradiation studies of tungsten deter-
mined the recovery stages of irradiated tungsten,*
described void formation and swelling,*” and showed irra-
diated-induced precipitation of the y phase in tungsten—
rhenium alloys.*! During this period of research tungsten
was not being investigated as a structural material but was
used as a high-temperature thermocouples for fission
reactors, as a result the focus was largely on changes in
electrical conductivity. Some very limited mechanical test-
ing data were acquired during early proposals for the use
of tungsten in novel reactor designs;** these results
showed irradiation hardening and embrittlement of
tungsten.

During the early 1990s, tungsten was proposed as a
potential material for the ITER divertor,*> following
this there was a revival in research into the properties of
irradiated tungsten. Since then this renewed line of

a m
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' - 3
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> ]
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Neutron energy (eV)

7 Neutron spectra for a fusion power plant and current
fission reactors (taken from Gilbert et al.®")
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research has continued to rise, as carbon fibre composites
have been ruled out as a plasma-facing material due to tri-
tium retention concerns,** and JET has performed well
with the ITER-like wall, featuring a tungsten divertor.
Since then neutron irradiation of tungsten has been car-
ried out in several different locations, including JOYO
and JMTR in Japan and the High Flux Isotope Reactor
(HFIR) in the USA between 2005 and 2015.*3*¢ The
samples from these irradiations have been analysed
using TEM, electrical resistance measurements and
nanoindentation. A summary of the results is presented
below.

Microstructure changes

As commented above, early TEM work on neutron-irra-
diated tungsten—rhenium revealed the irradiation-induced
segregation effect, this had previously been observed in
multiple other alloys*’ and provided a significant contri-
bution to the irradiation- induced decalibration of W-Re
thermocouples. Williams es al*' investigated tungsten
samples irradiated in Experimental Breeder Reactor II
(EBR-II), USA. Their results showed that multiple mor-
phologies of intermetallic precipitates had formed (see
Fig. 8) and that these were surprisingly y phase rather
than the lower rhenium content o phase; several expla-
nations for this had been proposed including that the
sigma phase is disfavoured due to its slow formation
and that irradiation damage can act as a stirring action
favouring dissolution of the o phase due to its high order-
ing energy, low defect mobility and near equiatomic
composition.

Herschitz and Seidman*® carried out further investi-
gations into W-10 wt-% Re irradiated in EBR-II at 848,
898 and 948 K. The damage level was 8.6 dpa at a rate
of 1.4 x 1077 dpa s”'. Using a field ion microscope—
atom probe they showed that WRe precipitates had

0" "b‘" } 'S o
" tz_,‘ #T P . 0.5
.D Um
e Qo
8 TEM micrograph showing both acicular and circular pre-

cipitates formed by neutron irradiation of W-11Re at
1173 K*
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formed homogeneously and that no voids formation
was detected, indicating that Re suppressed void
formation.

Nemoto et al.* published work in 2000 on tungsten—
rhenium irradiated in the Fast Flux Test Facility
(FFTF), USA, at temperatures between 646 and 1073 K
and damage levels between 2 and 11 dpa. Using TEM
dark field imaging they show the presence and mor-
phology of ¢ and y phase precipitates with equiaxed and
lenticular morphology, respectively. This contradicted
the work by Williams et @l which only found the y
phase to be present,*! however Williams ez al. were only
able to analyse the structure of larger precipitates formed
at temperatures of 1373 K or above which may account
for the difference in observations.

Tanno and others also at the Tohoku University pro-
duced several papers®'**>>°-2 based upon irradiation of
W-Re-Os alloys of various compositions in JOYO,
Japan, at temperatures between 673 and 1023K to
damage levels of up to 1.5 dpa (the damage level increased
with temperature since the length of irradiation was con-
stant and neutron flux is the highest in the hottest regions
of the fast fission reactor). Each successive paper con-
tained more sophisticated TEM analysis; however, there
were no measurement of the resultant compositions fol-
lowing transmutation from neutron irradiation. No pre-
cipitate formation was detected in the initially pure
tungsten, but voids and dislocation loops were observed
across the temperature range (see Fig. 9). Mean void
size increased with temperature from 1.5nm at 673 K,
0.17 dpa to 5nm at 1023 K, 1.54 dpa with a void lattice
possibly being detected at the highest temperature and
dose (a Fourier transform of the micrograph could con-
firm this).

The samples containing rhenium and osmium were
intended to measure the effect that transmutation would
have on the behaviour of tungsten in a fusion reactor.
However, the transmutation that occurred during the
irradiation was not calculated or measured, and so the
final composition is not exactly known. It is stated that
the transmutation of tungsten in fast reactors is negligible
by Tanno et al.,*'>! based upon a repeatedly misprinted
citation to Greenwood and Garner.”> However, a later
paper by the same authors shows an extremely strong
dependence of transmutation rate on the neutron spec-
trum, which fluctuates with the location of the sample
within the fast reactor,”® as such assuming negligible
transmutation may not be valid since the spectrum from
JOYO is simply assumed to be similar to that of FFTF.
In addition Williams ez al. observed the transmutation
of tungsten in a fast reactor.*'

The authors also fail to detail the dose rate, length of
irradiation, location in the reactor and during which
cycles of the reactor the irradiation took place; thus, the

9 TEM micrographs showing voids in tungsten irradiated at
a0.17 dpaat 673 K, b 0.96 dpa at 701 K, c 0.40 dpaat 1013 K
andd 1.54 dpa at 1023 K>



accuracy of the data about the irradiation that is provided
cannot be ascertained. This contrasts strongly with the
approach by Nemoto et al.** who provided cycle number,
such that the length of irradiation and hence dose rate can
theoretically be calculated, as well as temperature control
accuracy. All the data from FFTF are far better documen-
ted, with reports on irradiation conditions available
online for each Materials Open Test Assembly.

It was shown that initial rhenium content of 5 wt-% or
Os above 3 wt-% and above suppressed void formation
(also some were observed in W-Re alloys at higher levels)
and resulted in precipitate formation. The precipitates
were again characterised into two types, equiaxed and
platelet (assumed to be o and y phase, respectively,
based on the work of Nemoto et al.*’).

The work by Tanno et al. was the most extensive part of
a series of work carried out in Japan analysing tungsten
and tungsten—rhenium irradiated in various reactors. He
et al. carried out analysis of tungsten samples irradiated
in the Japan Materials Testing Reactor (JMTR),> at
873 and 1073K to a damage level of 0.15dpa. They
showed voids and loops formed by irradiation showing
that void size increased with temperature and void density
decreased with rhenium content. They detected no
irradiation-induced segregation. The JMTR (a mixed
spectrum reactor) has a significantly different neutron
spectrum to FFTF and JOYO (which are both fast reac-
tors), as such the thermal component of the neutron spec-
trum will be much higher causing significantly higher
transmutation per dpa. As a result of this direct compari-
son of results from these two different neutron sources
should be approached with caution. He ef al. gave no
details of the spectrum and no estimate of error in temp-
erature measurements during the irradiation.

Fukuda et al. carried out analysis of samples irradiated
in the High Flux Isotope Reactor, USA (HFIR).*® Their
irradiation conditions were 0.9 dpa at 773 K and 0.98 dpa
at 1073 K. Using FISPACT they calculated the transmu-
tation which showed that initially pure tungsten had a
final composition of W-9%Re-5%0s. However, they did
not produce experimental results to verify these compu-
tations, but this does highlight the issue in earlier papers
not calculating transmutation levels due to irradiation.

Their analysis of initially pure tungsten showed void
formation in at 1073 K and dislocation loops at 773 K,
along with precipitate formation in both cases. Precipi-
tates were observed in all samples and precipitate size
increased with temperature and number density increased
with initial rhenium content. They repeated the analysis
of Nemoto et al.,* showing that both ¢ and y phase pre-
cipitates were present with equiaxed and platelet mor-
phology, respectively (see Fig. 10).

(a) Difffaction pattern
© &

(b).Brightifieid

i (C)Slyvarphase » "'I(Chl'phase

10 TEM micrographs showing pure tungsten after
irradiation to 0.98 dpa at 1073 K: a diffraction pattern
from (001), b bright-field image, and ¢ and d dark-field
images of precipitates’®
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Effect on properties

In addition to TEM analysis most of the recent work from
Japan cited above included hardness measurements and
some involved electrical resistivity measurements. He
et al. measured the change in Vickers hardness (AHV)
across several irradiation conditions. They showed at
0.15dpa (where no irradiation-induced segregation was
observed) that pure tungsten (AHV ~ 175) hardened sig-
nificantly more than W—x Re (x = 3 — 26%) (AHV ~ 50)
at all temperatures at 873 and 1073 K. In contrast Tanno
et al.® presented results showing consistent hardening for
pure tungsten and W—x Re of AHV ~ 200 at 0.17 dpa at
673 and 773 K.

The key differences between the studies are the temp-
erature ranges and the reactor type. At higher tempera-
tures annealing of radiation damage is more probable
and so this may account for the lower increase in hardness
on average observed by He ef al., however the result for
pure tungsten then becomes an anomaly. He ef al. used
a mixed neutron spectrum for irradiation and so more
transmutation would be expected than for the fast neutron
spectrum used by Tanno et al., as such the anomalously
high hardening of the pure tungsten detected by He
et al. may be due to transmutation of W to Re and Os,
which was not accounted for.

Another possible explanation for the disparity is void
formation. At the higher temperature used by He ez al.
void formation would be more likely to occur. Neither
author explicitly observed voids at dose levels below 1
dpa, but Hasegawa later identified them at 673 K, 0.17
dpa and 913K, 0.4dpa.>® Voids are thought to be the
main contributor to irradiation hardening in pure tung-
sten,* but are suppressed by rhenium content; in rhenium
containing tungsten alloys precipitation formation is
thought to be the primary contributor to irradiation hard-
ening. This change in the hardening mechanism may
explain the change in temperature dependence of different
alloys.

At 1023 K, 1.5 dpa irradiation hardening was shown to
increase with increasing rhenium content.*” This indicates
that above 1 dpa irradiation-induced segregation exceeds

700

600

® 0%Re
g 500 3-5% Re
<
B 10 % Re
£
» 400 26 % Re
L .
; Linear (0% Re)
i 300 i Linear (3-5% Re)
1] o Linear (10 % Re)
£ o b4 o
200 Linear (26 % Re)
.
100
0
0 0.4 0.8 1.2 1.6

Dose / dpa

11 Increase in hardness of W-x Re with increase neutron
dose across a range of temperatures, increasing rhe-
nium content increases the rate of hardening due to pre-
cipitate formation. Reproduced with data from Tanno
et al.*® and He et al.%®
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the contribution to hardening from void formation, which
is thought to saturate upon the formation of the void lat-
tice;?” data for irradiation of W—x % Re are summarised
in Fig. 11. Tanno also demonstrated that osmium content
dramatically increased hardening, especially for low rhe-
nium content, to A600]] > for W-3% Os even at < 1
dpa. This may be because osmium encourages the for-
mation of W-Re-Os precipitates.

Summary of neutron-irradiated tungsten

The phenomenon of irradiation-induced segregation has
been clearly observed in tungsten under neutron
irradiation, especially when Re and/or Os are present
before the irradiation. It appears to occur across a
broad range in temperatures and result in ¢ and y phase
precipitates formation. The exact conditions are some-
what unclear due to inconsistencies in calculating or
measuring transmutation due to neutron irradiation.
Void formation is observed in pure tungsten but is sup-
pressed by Re and Os content.

Irradiation hardening has been measured in a broad
range of W—Re-Os alloys under various conditions. It is
associated with void formation in pure tungsten and pre-
cipitate formation in Re or Os containing samples. Hard-
ening due to void formation appears to saturate around 1
dpa, but saturation in hardening due to precipitates for-
mation has not yet been observed.

There are some criticisms of the current data available
from neutron irradiation of tungsten. Most irradiation
has occurred below 1000 K so data for fusion divertor-rel-
evant temperatures are limited. In addition to this the
only mechanical testing has been microindentation car-
ried out at room temperature, so the effect of voids or pre-
cipitates on high-temperature mechanical properties is
not yet known. Only hardness increases have been
measured so understanding of the change in fracture
properties of tungsten, which are critical for use as a struc-
tural material, is yet to be developed. In addition, charac-
terisation of the dislocation loops caused by neutron
irradiation has not been carried out.

lon irradiation

Ton irradiation has been used for several decades to simu-
late the effect of neutron damage on metals.’® It has been
used for multiple reasons: to separate effects due to direct
displacement damage from those caused by transmuta-
tion and gas evolution, to accelerate materials testing to
extremely high dpa levels,”® and simply to avoid the
additional cost and difficulty of neutron irradiation.®® In
order to best simulate the direct damage caused by fast
neutrons, high-energy ions are used such that the main
stopping force is due to direct collisions as opposed to
electronic interactions, which dominate at low energies
(< 1 MeV).

The main disadvantage to ion irradiation is the shallow
damage profile produced since ions only penetrate a few
microns into a material (precise depth depends on energy
used and z number of the material). TEM investigations
only probe a few hundred nm depth of sample so this is
not a concern, however for mechanical testing novel
methods for probing the irradiated layer have only been
developed in recent years.*?
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Microstructure changes

Field ion and electron microscopy of radiation damage in
tungsten was carried out during the late 1960s and was
summarised by Buswell.®' All of this work was carried
out using low energy irradiation (< 1 MeV) but showed
the presence and proportion of small vacancy clusters
(< 10 vacancies per cluster, 80% of damage), irregularly
shaped voids (up to 300 vacancies per cluster), and dislo-
cation loops (b = 1/2(111) or b = 1/3(112), less than 10%
of damage).

Eyre and Bullough®® provided a mechanism for the for-
mation of 1/2(111) and (100) dislocation loops in BCC
metals. Jiger and Wilkens®® using TEM of tungsten irra-
diated with 60 keV Au ions, showed that the mechanism
proposed by Eyre and Bullough could explain the for-
mation of the observed 1/2(111) vacancy loops. This
work relied on a previous paper published by Hausser-
mann ef al.®* analysing the butterfly contrast observed
in TEM and measuring loop orientation based upon
this contrast and the diffraction conditions.

The most significant work on TEM of ion-irradiated
tungsten since this has been conducted by Yi ez al.*' In
this work in situ irradiation at 773 K was used to under-
stand the evolution of the microstructure during ongoing
irradiation. This allowed observation of the formation of
dislocation loops. It was found that interstitial loops form
slowly as a result of migration of interstitials, whereas
vacancy loops form almost instantly as a result of cascade
collapse (see Fig. 12).

Information on loops formation such as this is crucial
for validating predictions from molecular dynamics simu-
lations, which can then, in turn, provide much greater
insight into how radiation damage occurs and critically
how it will extend to other experimental conditions and
how its effect might be minimised. (100) loops were also
observed, having not been observed by Haussermann
et al., this may be due to the higher temperatures since
faulted (110) loops were not observed by Yi et al. but
were observed by Haussermann ez a/. This is an important
observation for understanding the behaviour of tungsten
at fusion-relevant temperatures.

Yi et al. also provide important information on the
effect of rhenium. First, it was shown that W-5% Re
may increase the defect yield by reducing the stacking
fault energy and thus stabilising the initial faulted loops

Contrastdevelopmenl of a possible interstitial loop in W: 7.3x10"°W 'm".
0.00s 0.07s 0.13s 0.20s 0.27s 0.33s
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Contrastdevelopmem of a possible interstitial loop in W-5Re: 5. 68>< IO ‘W'm”*
0.00s 0.07s 0.13s 0.20s 0.27s
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Contrast development of a possible vacancy loop in W-5Re: 6.99x10"W'm™.
0.00s 0.07s 0.13s 0.20s 0.27s
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12 TEM micrographs showing steady formation and growth
of interstitial loops over 0.3 s and sudden appearance of
vacancy loops?'




that form on (110). However, it was also shown that rhe-
nium retards the motion of » = 1/2(111), which may
explain how rhenium suppresses void formation.

Ferroni ez al.>” used TEM to characterise the different
stages of recovery in irradiated tungsten. Previous studies
had identified different recovery regimes based upon elec-
trical resistivity measurements®® but the underlying
change in microstructure had not been directly observed.
Five stages of recovery were identified: (1)< 573 K No
dislocation loop motion, (2) 573-973 K one-dimensional
hopping of small loops, (3) 973-1073 K Loops reorganise
into chains or clusters, (4) 1073-1273 K coalescence of
loops into finger loops, and (5) sweeping out of dislo-
cation loops by line dislocations and void formation. It
was noted by Ferroni that during stage 5 dislocation
loops break into line dislocations only upon encountering
the surface, as such the behaviour of bulk behaviour may
be significantly different to the 100 nm thick TEM foil.

Xu et al.®® carried out an atom probe study into ion-
irradiated W-2% Re and W-1% Re-1% Os. Irradiations
were carried out at 573 and 773 K to 33 dpa. Significant
clustering was observed in all samples; however, in Os
containing samples the segregation of Re was suppressed,
possibly due to Os preferentially binding to vacancies.
Armstrong et al.®® irradiated W-5% Re at 573K to a
range of doses from 0.07 to 33 dpa. Significant clustering
was only observed at the higher doses examined (13 and
33 dpa) and not at 1.2 dpa.

Effect on properties

Owing to the difficulties in probing the small volume of
irradiated material produced by ion irradiation, it has
only recently been possible to investigate mechanical
properties within ion-irradiated material. This has been
facilitated by advances in nanoindentation, and under-
standing the deformation induced by indentation,®’” and
by the development of novel techniques using focussed
ion beam to mill out mechanical testing samples, such
as cantilevers and pillars, on a micron scale.*?

The primary work on tungsten has been carried out by
Armstrong®®®® investigating W, W—5% Re and W-5% Ta
irradiated between 0.07 and 33 dpa at 573 K. The data
from his work are summarised in Fig. 13. At low doses
(up to 1dpa) hardening is similar, however hardening of
pure tungsten saturates around 1 dpa whereas W—5% Re
and W-5% Ta continue to increase in hardness up to 33
dpa. This was shown to be associated with clustering of
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13 Hardening of tungsten and tungsten alloys under self-ion
irradiation®®-%®
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the rhenium in W—5% Re and is likely to be caused by a
similar mechanism in W—5% Ta.

Gibson et al® tested the behaviour of micro-cantile-
vers in ion-irradiated tungsten and compared the results
with nanoindentation of the same samples. The implan-
tation was carried out at 1073 K to approximately 2
dpa. Owing to the large error in acquired results it is dif-
ficult to draw any firm conclusions, however, a larger
increase in hardness from nanoindentation was observed
compared to the increase in yield stress from micro-canti-
lever bend tests. This may be an indication that dislo-
cation sources have not been effected by irradiation but
that dislocation motion is impeded by irradiation
damage, since nanoindentation produces large local stres-
ses such that dislocations can nucleate homogeneously
whereas cantilever testing will only activate already pre-
sent dislocation sources.

While micromechanics of ion-irradiated material can
provide critical information about behaviour of tungsten
under irradiation much more rapidly and at lower expense
than neutron irradiation, care must be taken since there
are numerous factors that may complicate the results.
One prominent issue is the indentation size effect as
described by Nix and Gao.” This is a result of hardness
appearing to increase with decreasing size, possibly
because of the relatively low number of dislocation
sources within the stressed volume. This becomes further
complicated when combined with a variable level of
irradiation damage caused by ion irradiation and steps
that should be taken towards mitigating any possible
errors are provided by Hosemann et al.”!

Summary of ion irradiation

Ton irradiation has successfully been used in combination
with TEM studies to provide a significant insight into the
formation of radiation defects in tungsten. Loop for-
mation and annealing effects have been well character-
ised, and crucial information on the effect of
transmutation on damage formation has been gained.
These results can be used to improve modelling of the
evolution of radiation damage and improve the under-
standing of the fundamental factors in irradiation
damage. While ion irradiation provides a much easier
method for analysing radiation damage in tungsten,
there are some points of concern. The differences
observed between results in ion and neutron irradiation
experiments are highlighted in section ‘Embrittlement of
Tungsten’. One key issue is the effect of the large differ-
ence in dose rate between ion and neutron irradiation,
which is not well understood. In addition to the indenta-
tion size effect for mechanical testing highlighted above,
the effect of free surfaces, especially during in situ
irradiation, should be carefully considered and accounted
for. When it comes to understanding mechanical proper-
ties using ion irradiation, the difficulty in analysing defor-
mation in a small near-surface volume remains
significant. However, the developments in micromecha-
nics certainly offer significant potential for determining
changes in properties such as yield stress and elastic mod-
ulus. These techniques currently need further refinement
to reduce the errors involved and a greater understanding
of the indentation size effect in irradiated material is
required.
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Helium in tungsten

The effect of hydrogen and helium on tungsten in a fusion
environment is a considerable concern. Low levels of
helium and hydrogen (34 and 76 appm after five full
power years, respectively) are expected to be evolved
from the interaction between high-energy neutrons and
tungsten in a fusion reactor.”® A far more significant
source is surface exposure to the hydrogen and helium
plasma, which results in a high-flux low-energy helium
ion implantation.

This surface exposure to helium containing plasmas
has been observed to result in the formation of tungsten
fuzz.”? In addition, the high temperatures of the fusion
environment will result in helium diffusing deep into the
material, where it interacts strongly with radiation
damage.”

Tungsten fuzz formation

Exposure to a helium plasma results in the formation of
tungsten fuzz (see Fig. 14). This effect was first discovered
in 20067* and later observed on several plasma devices
and different grades of tungsten.”” It forms at tempera-
tures over 1000 K and helium fluxes in excess of 10**
m~2.7% In situ TEM observations and molecular dynamics
models have shown that helium accumulates in clusters
that grow into bubbles. Bubbles close to the surface then
rupture producing the fuzz structure.”®’’

There are concerns of the effect of tungsten fuzz on
divertor performance for future fusion devices. One pri-
mary concern was that the formation of tungsten fuzz
would increase sputtering rates, this would result in tung-
sten impurities with the plasma, which cool the plasma
and would prevent fusion being achieved. However, sput-
tering experiments showed that tungsten fuzz formation
significantly reduced the sputtering rate.”® Concerns yet
to be addressed include thermal performance of tungsten
fuzz and the survivability of tungsten fuzz during transi-
ent events such as disruptions.

Effect of helium on irradiation damage

DFT models show that helium interacts strongly with
vacancies within tungsten.”> This has been confirmed
experimentally through measurements of lattice swel-
ling.” This interaction may radically alter the behaviour
of irradiation damage in tungsten and is likely to favour
the formation of bubbles/voids. Studies concerning both

(a)

RN 03272008

14 Tungsten fuzz formed by exposure to He containing
plasma on PISCES B"?
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irradiation damage and helium implantation are rela-
tively few in number.

Armstrong et al® carried out tungsten self-ion
irradiation to 13 dpa followed by helium implantation
to 3000 appm at 573 K. Hardness measurements were car-
ried out by nanoindentation, the results are shown in Fig.
15. The hardening effect from displacement damage of
self-ions can be clearly seen. He implantation causes a
much larger increase in hardness, due to helium embrittle-
ment, but seems to be mitigated by the presence of
irradiation damage. This suggests that helium is being
trapped by radiation defects and no longer contributes
to hardening. Gibson ez al.®' carried out high-tempera-
ture indentation of helium-implanted tungsten and
showed that the hardening effect was significantly
decreased at 673 K and above.

Future work

Overall there are still many unanswered questions as to
the performance of tungsten within a fusion environment.
Some of the key gaps in the existing literature for exper-
imental work on irradiated tungsten have been identified
below.

Embrittlement of tungsten

The combined effect of helium, neutron irradiation and
high temperatures has not yet been determined and
further study is still required. One important parameter
that has not yet been investigated for irradiated tungsten
is the brittle to ductile transition temperature (BDTT).
Irradiation has been shown to increase the BDTT in fer-
ritic-martensitic steels®” and so is expected to have a simi-
lar impact on tungsten.

The BDTT in tungsten has been shown to be associated
with the kink pair mechanism for motion of screw dislo-
cations®® and so is dependent on dislocation motion
rather than nucleations.** Although it is not immediately
apparent as to how this mechanism would change as a
result of irradiation damage, the work by Gibson
et al.®® suggested that irradiation damage was impeding
dislocation motion, rather than reducing source activity,
as so an increase in BDTT would be expected.
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15 Hardness measurements from tungsten irradiated with
self-ions to 0.02 dpa (LDW) or 0.25 dpa (HDW) and He to
300 appm (LDHe) or 3000 appm (HDHe)?®



This increase in BDTT is particularly critical for the use
of tungsten within a fusion reactor. Although tungsten
will be operating at high temperatures as a plasma-facing
material, the outer side must be sufficiently cool to allow
for a structural heat sink material, likely copper based, to
be joined directly to the tungsten. The minimum operat-
ing temperature of tungsten will be dependent upon its
BDTT following irradiation, and so a thorough study
repeating the work of Giannattasio et al.® to investigate
any change in dislocation behaviour following irradiation
would be prudent.

Comparing ions and neutrons

Ton irradiation is used primarily as a surrogate for neutron
irradiation, however, results from neutron and ion
irradiation in tungsten are not well correlated. For
example, the results of hardness testing from ion and neu-
tron irradiation are presented in Figs. 16 (Pure tungsten)
and 17 (W-5% Re). It is clear from these graphs that a
higher level of irradiation hardening is observed for neu-
tron irradiation than ion irradiation. This is particularly
confusing since the ion irradiation took place at a lower
temperature.

In order to reconcile these data there are several poss-
ible explanations. First, transmutation due to neutron
exposure has not been accounted for, this would explain
why the difference between neutron and ion irradiation
appears greater in pure tungsten than W — 5% Re.
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Table 2. Hardness measurements of W and W-5% Re before

irradiation®®-2¢
Hardness/

Author Fabrication GPa

Tungsten Armstrong Plansee 7.62

Tungsten He/Tanno  Arc Melted and 3.72
Annealed

W-5% Re Armstrong Arc Melted and 6.45
Annealed

W-5% Re He/Tanno Arc Melted and 3.23
Annealed

Second, although at a higher dose rate there is less time
of radiation damage to be annealed and so greater
increases in hardness would be expected, investigations
in Fe-Cr systems have shown that greater segregation
occurs at lower dose rates,® resulting in larger increases
in hardness. This would explain the lower increase in
hardness for the ion-irradiated W—5% Re and matches
the microstructural observations where clustering was
only observed for the ion irradiated W-5% Re at > 10
dpa whereas precipitates were observed in W-5% Re at
around 1 dpa.’!

Finally, the difference in measurement of hardness,
microindentation compared to nanoindentation, resulted
in vastly different values for initial hardness and so will
lead to some difference in the measurement of change in
hardness (see Table 2). A careful investigation of ion-
and neutron-irradiated material using the same technique
would go some way to clarifying this difference and would
play a critical role in validating the use of ion irradiation
as a proxy for neutron irradiation across a range of
materials.

Dislocation loops in neutron-irradiated
tungsten

It is also striking that TEM work identifying the nature of
dislocation loops in ion-irradiated tungsten®' is used to
parameterise and validate models,”*> which in turn provide
an insight into the nature of displacement cascades, but
has not been compared to defects in samples that have
undergone neutron irradiation. Given the strong depen-
dence of pka energy on neutron interaction type,®’ the
difference in cascade evolution between collisions
strongly interacting ions and more weakly interacting
neutrons may produce significant differences in resultant
microstructure.

Reproducing the work of Yi et al. on neutron-irradiated
material is likely to clarify the effect of neutron irradiation
on tungsten, assist with producing models to predict the
effects of irradiation, and potentially help explain the
differences observed between ion and neutron irradiation.
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