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ABSTRACT
Tungsten is a primary candidate materials for the high neutron flux, high temperature components
of a future demonstrate fusion reactor. Despite this, there is a lack of data on W under fusion rele-
vant neutron doses and irradiation temperatures. Transmutation reactions result in the production of
Re and Os solute atoms. In this study, single crystal and polycrystalline W samples irradiated at the
High Flux Reactor (HFR) at 900 ◦C were characterised using Atom Probe Tomography (APT). Bulk
chemical and isotopic concentration predictions were validated by analysing the mass spectrum from
APT experiments. A post irradiation composition of W-1.263±0.149at.%Re-0.083±0.017at.%Os-
0.009±0.004at.%Ta was measured in the single crystal sample, whereas W-1.090±0.067at.%Re-
0.080±0.016at.%Os-0.009±0.004at.%Ta was measured for the polycrystalline. APT showed that a
high number density of Re and Os rich precipitates had formed due to neutron irradiation. These
typically presented with a core rich in Re and Os, surrounded by a less dense Re rich cloud. Multiple
analysis methods were applied to investigate the composition of these clusters. APT showed that in
the centres of some of the precipitates, a dense rod-shaped Re and Os rich region was correlated with
these higher compositional measurements obtained using line profile analysis. Line profile analysis
suggests that in the centre of the precipitates, the threshold composition for � phase formation may
have been reached, as has been observed on a larger scale in higher transmutation rate experiments.
Line dislocations and dislocation loops were observed to be decorated with both Re and Os, in agree-
ment with predictions from DFT.

1. Introduction
Understanding the interaction between neutron induced

transmutation products and microstructural features includ-
ing dislocations and grain boundaries is vital for the devel-
opment of reliable components for use in a demonstration fu-
sion power station (DEMO) and future power stations. Trans-
mutation of elements in reactor components leads to the pro-
duction of light elements such as H and He, as well as other
elements adjacent the parent in the periodic table, through
a sequence of neutron reactions and subsequent nuclide de-
cays. For materials such as tungsten, which has a relatively
high cross section for neutron absorption reactions [1, 2],
transmutation to adjacent elements is significant [3, 4], and
results in components which have a time dependant compo-
sition [3]. Transmutation reactions are also most significant
in the high neutron flux regions of the reactor, such as in the
first wall (FW) and divertor regions which together make up
the plasma facing components (PFCs). It is in these regions
that the deployment of tungsten components is envisaged.

W has a number of attractive properties which make it
the primary candidate for use in the PFCs, including a com-
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paratively low induced long-term activity after neutron irra-
diation (in pure form [5]), a highmelting temperature (3695K
[6]), good thermal conductivity (165Wm−1K−1 at room tem-
perature [7]) and high resistance to sputtering under H/He
plasma exposure [8]. Tungsten is not a commonly used en-
gineering material within the nuclear industry because of its
inherently poor mechanical properties (DBTT≈623-723 K
[9, 10] and brittle behaviour at room temperature [11]), its
tendency to undergo inter-granular fracture [12, 13], and due
to difficulties in its forming. Furthermore, neutron irradi-
ation of W has been linked to a significant degradation in
thermal and mechanical properties. A shift in the DBTT of
between 500 and 1000K has been observed in neutron ir-
radiated tungsten from the HFR and BR2 reactors [9, 14].
Both nanoindentation and microindentation have been also
used to measure irradiation induced hardening in ion im-
planted samples [15–20], and in neutron irradiated samples
from various fission spectrum reactors [21–25]. The ther-
mal diffusivity of W is another important consideration for
the PFCs, and various studies have measured significant de-
creased following neutron [23] and ion irradiation [26, 27].
The production of solute elements through transmutation,
and subsequent radiation-induced precipitation, is one of the
key contributors to this property degradation under neutron
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irradiation, alongwith the formation of dislocation loops and
voids [21].

In W, transmutation leads to the production of Re and
Os, by a sequence of (n,) neutron absorption reactions and
�− decays. Ta is also produced primarily via the �+ de-
cay of isotopes which have undergone (n,2n) neutron loss
reactions [28], but is not thought to have a major impact on
mechanical properties [17]. The amount of transmutation is
strongly dependant on the incident neutron energy spectrum,
with lower energy neutrons having a higher cross section for
absorption. This makes comparison between samples irradi-
ated at different reactors very difficult, as there are major dif-
ferences in the neutron energy spectrum caused by the design
of the reactor, the presence of adjacent samples and the phys-
ical location within the reactor core. However, on average,
reactors with a higher proportion of thermal neutrons gen-
erate samples with transmutation levels significantly greater
than is expected for a DEMO reactor, per dpa of damage.
Reactors with a high proportion of fast neutrons, or experi-
ments in which the thermal neutron population has been de-
creased through canister design, generate a smaller quantity
of transmutation products per dpa of damage [22, 29], but
still significantly higher than is expected for a DEMO reactor
[3]. Even at DEMO transmutation levels, theW components
the reactor are expected to generate a significant quantity of
Re and Os during their lifetime [4, 28, 30, 31].

AlloyingWwith Re (up to amaximumof around 8at.%Re)
is known to reduce the DBTT [12, 32–35] and results in a de-
crease in hardness [32]. However, increasing the Re content
further results in an increase in hardness which is associ-
ated with the formation of the brittle, intermetallic �-phase
(WRe) [32]. Under irradiation the benefits of Re alloying are
reversed, due to radiation induced segregation of Re. Stud-
ies between the 1960s and 1980s were performed on neutron
irradiated W-Re alloys, as this system was investigated for
use in high temperature thermocouples for nuclear applica-
tions [32–35]. Subsequent studies began to focus more on
the irradiation of pure W samples, as its application within
the PFCs of a fusion reactor was explored. Neutron irra-
diation of pure W samples at the EBR-II reactor led to the
observation of the Re rich � phase (WRe3), rather than the
expected � phase [36]. Several subsequent studies have also
observed this phenomena, with a number reporting a mix-
ture of � or � phase. TEM and STEM analysis of these pre-
cipitates generally find a needle or rod shaped morphology.
Microstructural characterisation of samples from various re-
actors have found a combination of dislocation loops, voids
and Re rich precipitates, the ratio of which depends on the
irradiation temperature and dose. At higher doses where Re
and Os production is significant, the hardening response is
primarily caused by Re rich precipitates [21].

APT analysis of samples irradiated in experiments with
comparatively low transmutation rates found Re rich clus-
ters, rather than precipitates consistent with either � or �
phase. APT analysis of samples from HFIR with higher lev-
els of transmutation have found needle shaped precipitates
that have contain approximately 20at.%Re and 13at.%Os [37].

STEM-EDX analyses performed on samples irradiated at the
BR2 reactor, producing relatively low transmutation rates,
found clear evidence for both � and � phase, including evi-
dence for an Os rich, intermetallic � phase (WOS3), whichis not present in the binary W-Os phase diagram [38–40].

Ion irradiation does not induce transmutation reactions,
and has been carried out in pure-W, W-Re, W-Re-Ta and W-
Re-Os alloys [15–17, 20]. In general Re clustering has been
consistently observed using APT, but not the formation of
phases with a composition consistent with either the � or �
phase.

Computational studies suggest that kinetic transport of
Re, via mixed-interstitial dumbbell mediatedmigration is re-
sponsible for the observed precipitation of Re, well below
the expected solubility limit [41, 42]. However, these stud-
ies focus on binary W-Re, and do not fully account for void
formation. The impact of Os on the microstructure is less
clear, but DFT modelling suggests that Os may play a more
significant role than Re, due to its stronger bindingwith point
defects. Os was also found to decorate dislocations in APT
of unirradiated W-Os in 1983 by Eaton and Norden [43].
Xu et. al observed that Os had a strong impact on the clus-
ter structure, with the addition of 1at.%Os acting to suppress
Re clustering, by preferentially forming small Os rich clus-
ters [16]. Higher temperature ion irradiation by Lloyd et. al
confirmed that this effect was significant, even at lower doses
and lower nominal Os concentrations, as low as 0.1at.%Os
[44, 45].

In this study, a characterisation of the post-irradiation
microstructure of high temperature, low transmutation rate,
neutron irradiated single crystal and polycrystallineW is pre-
sented. In this study, we use APT to focus on the compo-
sition of the observed precipitates and investigate whether
some of the precipitates are consistent with � or � phase
formation. We also investigate the decoration of dislocation
loops and grain boundaries within the irradiatedmaterial and
compare the microstructure between single crystal and poly-
crystalline W. DFT simulations were also performed for W-
Re and W-Os to provide insight into the experimental find-
ings.

2. Methodology
2.1. Samples and Neutron Irradiation

The samples used in this study were irradiated between
2008 and 2009 as part of the ExtreMat-II programme at the
High FluxReactor (HFR) in Petten, Netherlands. Samples of
commercially pure single crystal and polycrystallineWwere
purchased from Metal Crystals and Oxides Limited, Cam-
bridge UK (no longer trading). The samples were 100mm
long rods, 10mm in diameter. The polycrystalline sample
had a fine grained microstructure dominated by elongated
grains oriented along the rolling direction. Previous analy-
sis of these samples showed that there was an average grain
size of 100x10um with sub grains approximately 20x2um
[46]. The samples were polished using a series of succes-
sively finer SiC grit papers, diamond suspension paste di-
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Figure 1: Local neutron energy spectrum received by samples
in the two reactor locations in HFR (C7 and C3), overlaid over
the averaged neutron energy spectrum for the reactor.

luted with water (6um, 3um and 1um) and finally using col-
loidal silica. The samples were then annealed at 1673K for
24 hours.

The samples underwent neutron irradiation at HFR, start-
ing in 2008. Technical problems resulted in neutron irradi-
ation being stopped in the summer of 2008, and resumed in
the spring of 2009. Irradiation ended in April 2009. The
samples were loaded alongside others into the HFR reac-
tor and received a 208 full power day irradiation in 2 lo-
cations at 1173K. The samples were located in positions C7
and C3 in drums 3 and 4. In total the samples received a neu-
tron fluence of 1.21 × 1026m−2 (6.5 × 1025m−2 at an energy
above 1 × 10−1MeV): 6.8 × 1018m−2 s−1 in the first loca-
tion and 6.6 × 1018m−2 s−1 in the second location. The pres-
ence of an adjacent, strong thermal neutron absorber caused
local modification of the neutron energy spectrum, reducing
the thermal neutron population, as shown in figure 1. Fol-
lowing irradiation the samples had a specific activity of 8.2
MBqkg−1 after 5 years of cooling.

The dose in dpa received by the sample and the trans-
mutation level were quantified via nuclear inventory mod-
elling using FISPACT-II [47], in simulations carried out us-
ing a displacement threshold energy of 55 eV. The simula-
tions used the TENDL-2015 [48] nuclear cross section data
library and accounted for self-shielding effects in the mate-
rial using appropriate probability tables (see [28] for details),
and also included the impact of the two different locations
(C7 and C3) within the reactor via appropriate use of the
local energy spectrum (figure 1). The simulations were per-
formed for the 208 days of exposure and 6 years of decay
following removal from the reactor [29, 49].

A total dose of 1.67 dpa and a post-irradiation composi-
tion of 1.4at.%Re - 0.1at.%Os - 0.02 at.%Ta was predicted.
This composition was confirmed by Abernethy et. al using
–ray spectroscopy of the 186Re decay and SEM-EDX mea-
surements [9, 46, 49], and by Lloyd et. al using APT [29].
Both EDX and APT of the single crystal sample showed
good agreementwith the FISPACT-IImodelling (see table 1).

2.2. Post-Irradiation Sample Preparation
APT relies on the fabrication of sharp needle shaped sam-

ples in order to maximise the evaporation field at the tip. In
this research, a Focused Ion Beam (FIB) liftout technique
was used to prepare site specific and bulk samples. FIBwork
was carried out remotely in hot cell facilities at the Materials
Research Facility (MRF), United Kingdom Atomic Energy
Authority, using an FEI Helios dual beam FIB-SEM system.
The calculated activity from an individual lift-out was>1Bq
which allowed for non-active APT/TEM analysis in facilities
at the David Cockayne Centre for ElectronMicroscopy (DC-
CEM), and Research Group in Atom Probe Tomography at
Oxford Department of Materials.

The cantilever was removed from the sample surface us-
ing an Omniprobemicromanipulator and cross sections were
mounted onto silicon posts on a 22 grid coupon, using Pt de-
position. An initial electron beam deposited Pt layer was
used to protect the sample surface during subsequent ion
beam Pt deposition. The samples were sharpened into nee-
dles using a series of successively smaller annular milling
patterns and lower beam currents (1.5 nA - 4.0 × 101 pA)
and an acceleration voltage of 3.0 × 101 kV. At a tip diam-
eter of approximately 50-1.00 × 102 nm in diameter, a final
polishing stage using an acceleration voltage of 2 kV and a
beam current of 3.00 × 102 pA was used to remove approxi-
mately 5.00 × 102 nm of Ga implanted material from the top
of the needle.

Targeted APT was performed on grain boundaries of the
polycrystalline sample, using a site-specific FIB lift-out pro-
cedure. The boundary of a grain was chosen (the size of
which indicated that it was a sub-grain boundary) and a pro-
tective layer of Pt was deposited using the procedure out-
lined above. The grain boundary was positioned centrally
within the needle during sharpening, using the contrast be-
tween adjacent grains in the electron and ion images. The
GB was positioned so that it was within the top 1.00 × 102-
3.00 × 102 nm of the tip. When GB was within approxi-
mately 5.00 × 102 nm of the apex, a 2 kV polishing stagewas
applied until the distance between the GB and the apex of the
tip was removed from the sample.
2.3. Atom Probe Tomography

APT was carried out in a CAMECA LEAP 5000 XR at
the University of Oxford in laser-assistedmode, using a sam-
ple temperature of 55K, a laser pulse energy of 80-125pJ
and a pulse frequency of 100-200kHz. A medium sensitiv-
ity fast emission control (FEC) setting, with a voltage step of
5% was used in order to mitigate against sudden increases in
ion evaporation observed during the evaporation of a Re rich
area. Parameters were chosen primarily to increase the yield
of data from each specimen, as a high sample fracture rate
occurred in both single crystal and polycrystalline samples.

In total, 10 samples were obtained from the single crystal
sample giving a total count of 2.141 × 107 ranged ions. For
the polycrystalline sample, 2 samples containing a section of
a grain boundary were obtained, and 4 without grain bound-
aries, with a total count of 1.371 × 107 ions. The data was
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Table 1
Bulk sample solute concentration from transmutation mea-
sured using APT. Uncertainty quantified using under and over
ranging approach. Compared to FISPACT-II results [29] and
EDX measurements [9].

Sample Re (at.%) Os (at.%) Ta (at.%)

Single Crystal 1.263±0.149 0.083±0.017 0.009±0.004
Polycrystalline 1.090±0.067 0.080±0.016 0.009±0.004

FISPACT-II 1.4 0.1 0.02
EDX [9] 1.2 0.1 Undetectable

reconstructed and visualised using IVAS 3.8.2, using a un-
der/over peak ranging method described in previous publi-
cations [29]. Reconstructions were carried out using a tip ra-
dius estimated by the voltage curve in IVAS as an input, un-
less specified otherwise. The mass spectra of multiple APT
data sets were analysed using the CompositionFromPosList.m
Matlab script in the AtomProbeLab software package [50].
2.4. Density Functional Theory Calculations

The density functional theory (DFT) calculations were
done within the projector augmented wave (PAW) method
as implemented in the Vienna ab initio simulation package
VASP [51, 52]. The exchange-correlation functional is de-
scribed by the generalized gradient approximation (GGA) of
PBE [53]. For the self interstitial atom (SIA) loop calcula-
tions, 1458 bcc positions supercells were used with Gamma
point representation of the Brillouin zone (referred to as 1
kpt calculations). A selected number of configurations were
also calculated using 2 x 2 x 2 kpoints. All atomic relax-
ations were performed under constant volume condition. A
perfect 1∕2 ⟨111⟩ loop containing 37 SIA has been intro-
duced in the middle of the supercell and the binding energy
of different solute atoms determined for various positions of
the solute. The influence of the pressure due to the use of
constant volumes has been evaluated using the method pro-
posed by Varvenne et al.[54] to take into account long range
interactions. Once point defect energies have been calcu-
lated using VASP, they are corrected by subtracting artifi-
cial interaction energy arising from periodic boundary con-
ditions. The calculations were done using the minimal set
regular PAW which considers s and d electrons as valence
electrons. We estimated the error for not taking into account
the semi-core states and only 1 kpt to be around 0.1 eV, the
uncertainty being always the highest for Os and Ta.

3. Results
3.1. Mass Spectrum Analysis

As discussed in the previous section, the post-irradiation
composition of the samples was predicted using FISPACT-II
nuclear inventory modelling. To provide a thorough valida-
tion of these calculations, analysis of the APT mass spec-
trum was performed to measure the chemical composition

and isotopic abundance. Previously published studies have
applied this technique to a small sample volume [29]. In to-
tal, 6 samples were obtained from the single crystal sample
giving a total ion count of 1.626 × 107 ranged ions. For the
polycrystalline sample, 2 samples containing a section of the
grain boundary were obtained, and 4 without grain bound-
aries, with a total ion count of 1.371 × 107 ions.

Mass peak identification in APT data relies on manual
operator input to define the corresponding element and peak
ranging width, and is therefore an important source of uncer-
tainty in the overall sample composition. To quantify this
uncertainty, two approaches of ranging the mass peaks are
applied: onewhich is defined from background-to-background
and another which only accounts for the central part of each
mass peak, as outlined in [29]. This process was applied to
all of the data sets obtained and averaged to give a bulk com-
position. The reported value for bulk composition of solute
component, x, in this study is therefore given by:

x = 1
N

N
∑

i
xi ±

|xiover − xiunder|
2

(1)

where xiover and xiunder refer to the measured composi-
tion using the two ranging approaches outlined above, and
N is the total number of APT data sets used for analysis.
The standard approach to separating the contributions to an
individual mass peak, and correctly labelling the overlap-
ping peaks with the corresponding elements in APT data,
is to use the heights of the adjacent non-overlapping mass-
to-charge-state peaks to determine the ratio of the elements
in the peak. In samples in which transmutation has not oc-
curred, this is possible because the heights of the individual
isotopic peaks for an element are distributed according to the
natural abundance for that element. In the case of the sam-
ples discussed here this approach cannot be used because
the Re and Os are introduced "artificially" via neutron reac-
tions with isotopes of W. The predicted distribution of iso-
topes from FISPACT-II calculations indicate that overlap in
mass-to-charge-state peaks corresponding to isotopes of W,
Re and Os with equivalent atomic mass number is, in fact,
minimal, and allowed peak ranging without deconvolution.
This is in contrast to situation in [37], where higher transmu-
tation levels in those experiments meant that deconvolution
was required. The minimal overlap is due to the relatively
short half-lives of the isotopes in question [3]. There is no
overlap between W isotopes as the 185W and 187W isotopes
have half-lives of 75.1 days and 23.72 hours respectively [3].
Both of these isotopes are produced, during and affect irra-
diation, via transmutation reactions, but do not overlap with
the 185Re and 187Remass-to-charge-state peaks because they
decay quickly. Because the time between removal from the
reactor and APT analysis is several years, the contribution to
the 185Re and 187Re mass-to-charge-state peaks is minimal
and no further peak deconvolution needs to be applied.

The averaged bulk compositions from the single and poly-
crystalline samples are summarised in table 1, alongside the
predictions from FISPACT-II and EDX measurements car-
ried out elsewhere [9]. Overall the measured composition
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