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Full Length Article 

Microstructural evolution and transmutation in tungsten under ion and 
neutron irradiation 

Matthew J Lloyd a,b,h,*, Jack Haley a,b, Bethany Jim a, Robert Abernethy a, Mark R Gilbert b,a, 
Enrique Martinez c,d, Khalid Hattar e,f, Osman El-Atwani g,i, Duc Nguyen-Manh b,a, 
Michael P Moody a, Paul A.J. Bagot a, David E.J. Armstrong a,** 

a Department of Materials, University of Oxford, Parks Road, Oxford OX13PH, United Kingdom 
b UK Atomic Energy Authority, Culham Science Centre, Abingdon, Oxfordshire OX14 3DB, United Kingdom 
c Department of Mechanical Engineering, Clemson University, Clemson, SC 29634, USA 
d Department of Materials Science and Engineering, Clemson University, Clemson, SC 29634, USA 
e Center for Integrated Nanotechnologies, Sandia National Laboratories, Albuquerque, NM 87185, USA 
f Department of Nuclear Engineering, University of Tennessee, Knoxville, TN 37996, USA 
g Materials Science and Technology Division, Los Alamos National Laboratory, Los Alamos, NM, USA 
h School of Metallurgy and Materials, University of Birmingham, Elm Rd, Birmingham B15 2SE, United Kingdom 
i EED, Pacific Northwest National Laboratory, Richland, WA 99353, United States   

A R T I C L E  I N F O   

Keywords: 
Neutron irradiation 
Ion irradiation 
Tungsten 
Tungsten rhenium osmium alloys 

A B S T R A C T   

This study aims to compare the effects of neutron and self-ion irradiation on the mechanical properties and 
microstructural evolution in W. Neutron irradiation at the HFR reactor to 1.67 dpa at 800 ◦C resulted in the 
formation of large Re and Os rich clusters and voids. The post-irradiation composition was measured using APT 
and verfified against FISPACT modelling. The measured Re and Os concentration was used to create alloys with 
equivalent concentrations of Re and Os. These alloys were exposed to self-ion irradiation to a peak dose of 1.7 
dpa at 800 ◦C. APT showed that self-ion irradiation leads to the formation of small Os clusters, wheras under 
neutron irradiation large Re/Os clusters form. Voids are formed by both ion and neutron irradiation, but the 
voids formed by neutron irradiation are larger. By comparing the behaviour of W-1.4Re and W-1.4Re-0.1Os, 
suppression of Re cluster formation was observed. Irradiation hardening was measured using nanoindentation 
and was found to be 2.7 GPa, after neutron irradiation and 1.6 GPa and 0.6 GPa for the self-ion irradiated W- 
1.4Re and W-1.4Re-0.1Os. The higher hardening is attributed to the barrier strength of large voids and Re/Os 
clusters that are observed after neutron irradiation.   

Introduction 

The development of reliable, high-performance tungsten-based 
plasma-facing components (PFCs) for the divertor and first wall of a 
prototype fusion reactor, requires a detailed understanding of the effects 
of Re and Os solute elements produced by transmutation. Design re-
strictions due to high operating temperatures and a desire to minimise 
activation of reactor components severely limits material selection. Pure 
W is currently the leading candidate material, however, there is a lack of 
performance data under realistic reactor conditions. Tungsten is chosen 
primarily due to its high temperature operating window [1], low 

activation [2], good thermal conductivity and resistance to sputtering 
under He/H plasma exposure. The combined effects of radiation damage 
and transmutation result in an increase in the inherent brittleness of W, 
and in a significant increase in its ductile to brittle transition tempera-
ture [3–7], thereby restricting the safe operating window. Precipitation 
of transmutation products, and the formation of voids and interstitial 
loops, are major contributors in neutron irradiated material [8–11], but 
the relative proportions of these features [9] and their impact on ma-
terial properties is sensitive to a number of irradiation parameters. 

Transmutation occurs through a sequence of interactions between 
the incident neutrons and the material, followed by beta or alpha decay 
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of the resulting isotopes. Beta decay of unstable W isotopes results 
mainly in the production of Re, as well as Ta to a lesser extent. Os is 
produced via neutron absorption and beta decay of Re nuclei. The active 
transmutation pathways in a material depends on the composition, 
irradiation temperature, the level of isotopic enrichment and the inci-
dent neutron energy spectrum. The neutron energy spectrum can vary 
significantly between different reactors and experiments. The rate of 
transmutation per dpa of damage is expected to be lower for a DEMO 
reactor when compared with fission spectrum reactors, due to the high 
proportion of 14 MeV neutrons which have a lower capture cross section 
than thermal neutrons. Inventory simulations predict a Re production 
rate of 0.1 at.% / dpa for a DEMO reactor [2]. This rate is much higher in 
fission test reactors (typically between 1 and 15 at.% / dpa [12] 
depending on the type of reactor and the position of the sample). 

The neutron energy spectrum in irradiation experiments in fission 
reactors typically contains a high fraction of thermal neutrons such as 
the High Flux Isotope Reactor (HFIR) [13–17]), which results in a higher 
ratio of transmutation products to damage in dpa, than would be ex-
pected in a fusion reactor. To supress transmutation irradiation experi-
ments have been carried out using neutron shielding (shielded Belgian 
Test Reactor 2 (BR2) irradiations [3,10,18–24] and HFIR experiments 
[25,26]), and in reactors with a large fast neutron population (e.g. Joyo 
[9]). Local modification of the neutron flux by adjacent strongly neutron 
absorbing materials can also decrease the proportion of thermal neu-
trons, as in the High Flux Reactor (HFR) irradiations [20,27,28]. 

Despite the solid solution softening effect of Re in unirradiated W 
[29–32], the precipitation of Re under irradiation is detrimental to 
thermal and mechanical performance [3,18]. At high levels of trans-
mutation, in materials irradiated at HFIR, large needle-shaped Re/Os 
precipitates are observed [13]. Large voids have been observed in ma-
terials irradiated under a range of conditions [9,12,17,18,20,28], 
including in low transmutation rate experiments. In polycrystalline 
samples irradiated at HFR to 1.67 dpa at 900 ◦C, with a measured 
post-irradiation composition of 1.1 and 0.1 at.% Re and Os, respectively, 
Re/Os-rich clusters were observed with APT and TEM [27] as well as 
voids decorated with Re and Os [28]. In samples irradiated at BR2 to 
1.25 dpa at 800 ◦C, large needle shaped σ and χ phase precipitates were 
observed, despite the Re and Os concentration being just 2 and 0.2 at.% 
post-irradiation [18,21]. The precipitates in the BR2 sample are signif-
icantly larger (in some cases several hundred nanometres long, 
compared with 10–20 nm in the HFR sample) and are shown to attach to 
facetted voids. In both HFR and BR2 samples, the precipitates contain a 
concentrated Re and Os-rich core, surrounded by a diffuse cloud of Re. 

It is clear from these studies that the features formed under irradi-
ation in W are highly sensitive to the parameters used in the irradiation, 
but systematically analysing the effects of different conditions with 
neutron irradiation is challenging. Heavy-ion irradiation is a commonly 
used surrogate for neutron damage as it does not induce activation of the 
material and can be used to quickly investigate different irradiation 
parameters. However, the changes observed under heavy-ion irradiation 
are often different to those observed after neutron irradiation [33]. In 
the majority of studies using ion irradiation of W-Re alloys, no σ and/or χ 
phase formation is observed, with the exception of alloys close to the 
threshold for the formation of sigma phase (~25 at.%Re) [34]. The 
formation of small voids has been observed in some ion irradiated ma-
terial [33,35–37], and can be enhanced by co-implantation with H/He 
ions [38]. In 100 dpa Si ion irradiation experiments of W-Re alloys 
containing between 1 and 10 wt.% Re, voids were only observed in 
W-3Re [37], whereas under neutron irradiation the presence of Re is 
thought to supress void formation [39]. More data is available on loop 
formation, but under neutron irradiation at high doses and at elevated 
temperatures the number density of loops is significantly lower than the 
number density of voids [40]. 

Xu et al. studied the clustering of Re and Os in W-Re-Os and W-Re-Ta 
alloys after high dose self-ion irradiation at 300 and 500 ◦C [41,42]. APT 
was used to show that Re clustering was suppressed by the presence of 

Os, which preferentially formed small clusters. Re clusters were also 
found to be larger at higher temperatures likely due to enhanced 
diffusion of point defects. In general, differences between ion and 
neutron irradiation are thought to be a result of high dose rates and 
enhanced atomic mixing by displacement damage. The high dose rates 
limit diffusional processes, whereas ballistic mixing can enhance the 
dissolution of secondary phases formed as a result of irradiation. This is 
significant in ion irradiation experiments in which a large number of 
cascades are in close proximity [43,44]. More work is needed to inves-
tigate these effects in W and W-Re alloys, including atomistic simula-
tions that can account for transmutation effects. 

Computational studies using electronic structure calculations have 
shown that there exists a strong binding between Re/Os solute atoms 
and fast moving self-interstitial dumbbells in W [45–48]. The rapid 
three-dimensional migration of W-Re mixed-interstitial dumbbells in-
creases the rate of solute transport to point defect sinks [46,48,49]. 
Atomistic Kinetic Monte Carlo (AKMC) studies of W-Re have predicted 
the formation of Re-rich clusters due to the migration of these defects 
[50–52]. Other studies have highlighted the importance of the 
vacancy-solute interactions in W-Re, with the Re-vacancy configuration 
having the lowest energy. Simulations performed with a cluster expan-
sion Hamiltonian for the W-Re system have predicted the formation of 
small voids decorated with Re solute atoms [53]. A solute and concen-
tration dependant Ising model was also used to predict the formation of 
voids decorated with Re and Os transmutation products in Metropolis 
Monte Carlo simulation [54]. 

In this study, radiation damage and transmutation were investigated 
in neutron and heavy-ion irradiated W-(Re,Os) alloys. Neutron irradia-
tion produced Re and Os directly via neutron absorption. Alloys were 
produced with the same concentration of Re and Os and used for heavy- 
ion implantation. The properties and microstructural characteristics of 
the materials was compared using nanoindentation, Atom Probe To-
mography (APT) and Transmission Electron Microscopy (TEM). 

Methodology 

Materials 

Single-crystal (SC) bars of commercially pure W, measuring 1 × 1 ×
12 mm in size were sourced from Metal Crystals and Oxide Ltd. (Cam-
bridge, UK). The samples were cut into rectangular bars to be used as 
four-point bend specimens, with the faces cut along the [001] directions, 
details of which are available in previously published work [55]. In this 
study, samples irradiated in three different facilities will be discussed, as 
summarised in Table 1. Samples were made for ion irradiation by arc 
melting oversized billets which were then machined into rods and cut 
into 1–2 mm thick discs. The high-purity powders were produced by: 
ACI (California, US) for W-1.4Re-0.1Os and W-2Re samples and Good-
fellow (Huntingdon, UK) / AEE (New Jersey, US) for W-1.4Re. Samples 
were ground and polished with SiC paper of progressively finer grade 
and diamond paste to a 1 µm finish, before polishing with colloidal silica 
to achieve a stress-free surface suitable for implantation. The micro-
structure of the arc-melted samples consists of large grains approxi-
mately 100 μm in diameter, meaning that on the scale of the 
measurements performed in this study, the material can be considered 
single crystal. APT of the W-Re-Os alloys before irradiation found no 
evidence of clustering. 

Neutron irradiation 

Neutron irradiation was performed at the High Flux Reactor at Pet-
ten, Netherlands to a dose of 1.67 dpa over a total of 208 full power days 
in two reactor positions. Further details of the irradiation are available 
in previous published work [27]. Irradiation was carried out for 148 and 
60 full power days, providing a neutron flux of 6.8 × 1018 m− 2 s− 1 (3.2 ×
1018 m− 2 s− 1 E> 0.1 MeV) and 6.6 × 1018 m− 2 s− 1 (3.2 × 1018 m− 2 s− 1 
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E> 0.1 MeV) in each location, respectively. The specimen temperature 
was controlled during irradiation using a gas-mixture technique. 
FISPACT-II simulations were performed using a displacement threshold 
energy of 55 eV for W to calculate the damage in dpa, as outlined in [56]. 
The level of transmutation predicted by FISPACT-II was 1.4 at.%Re and 
0.1 at.%Os, compared with a measured concentration of 1.26±0.15 at.% 
Re and 0.08±0.02 at.%Os [27]. The level of transmutation was reduced 
due to the local absorption of thermal neutrons. Irradiation conditions 
are summarised in Table 1. The measured and predicted compositions 
are given for the neutron irradiated material [27,28]. 

Ion irradiation 

Irradiation was carried out in two facilities: 1) the Joint Accelerators 
for Nano-science and Nuclear Simulation, CEA Saclay Frane (JANNuS) 
and 2) the 6 MV HVE Tandem Accelerator at Sandia National Labora-
tories, USA (SNL). For each irradiation the dose was estimated using 
calculations performed with the 2013 version of the Stopping Range of 
Ions in Matter (SRIM) program. To enable comparison between previous 
studies, calculations were made using a standard approach to estimating 
the damage with SRIM, using the “Ion distribution and Quick calculation of 
damage” mode with a lattice binding energy of 0 eV, and a minimum of 
10,000 incident ions. Due to the range of displacement threshold en-
ergies used in the literature, SRIM calculations were performed using 

different values from the literature: 55, 68 and 90 eV A value of Ed = 55 
eV was used in the calculation of the dose for the neutron irradiated 
material using FISPACT. The Ed given in ASTM E521 for W is 90 eV [57]. 
The peak dose varies between 1.7 and 1.0 dpa, as shown in Fig. 1, 
depending on the value of Ed used. The dose in dpa was estimated using 
the sum of the vacancies produced by incident ions and recoils in the 
vacancies output file. The difference in peak dose produced by different 
Ed highlights an important source of uncertainty between irradiation 
experiments. Table 1 summarises the irradiation conditions used in each 
experiment and includes data on previously published self-ion irradia-
tions for comparison. Approximate irradiation times are included for 
W-1Re-1Os material irradiated at the Surrey Ion Beam Centre and was 
calculated from the provided flux and fluence values [54]. Note that the 
dose in these materials was calculated using full-cascade mode, whereas 
the dose in the JANNuS and SNL samples was determined using SRIM in 
“quick calculation of damage” mode. Irradiation temperature for the 
HFR samples is approximate and was controlled during irradiation using 
a gas-mixture technique 

It is well understood that the damage level from SRIM calculations 
varies depending on the calculation method used. In the present study, 
the quick calculation method is used to enable comparison between 
previous studies. For comparison, running SRIM in full-cascade mode 
following the method outlined by Agarwal et al. [58] gives a peak dose 
of around 3.1 dpa. For these calculations a lattice binding energy of 

Table 1 
Summary of the sample compositions and irradiation conditions used in this study. Doses for the ion implanted materials is taken as the maximum dose at the Bragg 
peak calculated using SRIM whereas neutron doses are through-thickness.  

Facility Composition 
(at.%) 

Incident 
Particle 

Energy 
(MeV) 

Peak Dose 
(dpa) 

Flux 
(m− 2s− 1) 

Fluence 
(m− 2) 

Tirr ( ◦C) Time (s) Peak 
Dose Rate (dpa/ 
s) 

Ref. 

Re Os 

JANNuS 1.4 – W9+ 24 1.70 7.06 × 1014 8.1 × 1018 800 1.16 × 104 1.47 × 10− 4 – 
SNL 1.4 0.1 W2+ 8 1.70 2.80 × 1014 3.0 × 1017 900 1.07 × 103 1.59 × 10− 3 – 
SNL 2 – W2+ 8 1.70 2.80 × 1014 3.0 × 1017 900 1.07 × 103 1.59 × 10− 3 – 
HFR 

(FISPACT) 
1.4 0.1 n N/A 1.67 6.6–6.8 ×

1018 
1.21 × 1026 900 1.8 × 107 9.28 × 10− 8 – 

HFR 
(APT) 

1.3 0.1 n N/A 1.67 6.6–6.8 ×
1018 

1.21 × 1026 900 1.8 × 107 9.28 × 10− 8 – 

SIBC 1 1 W+ 2 33.0 3.06 × 1014 2.5 × 1019 500 8.17 × 104 4.04 × 10− 4 [42] 
SIBC 25 – W+ 2 33.0 3.06 × 1014 2.5 × 1019 500 8.17 × 104 4.04 × 10− 4 [42]  

Fig. 1. Dose as a function of depth into the sample surface estimated for the self-ion irradiation experiments SNL and JANNuS. Dose profiles were calculated using 
SRIM, in Quick Kinchin Pease mode, with a lattice binding energy of 0 eV and three displacement threshold energies, Ed: 55 eV, 68 eV and 90 eV, obtained from 
different literature sources for W. 
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13.654 eV was used, as the sum of the formation energies for a 〈111〉
self-interstitial atom (10.086 eV) and a vacancy (3.568 eV) in W. A 
displacement threshold energy of 55 eV was used and the dose in dpa 
was estimated using the Norgett-Robinson-Torrens (NRT) model which 
relates the number of Frenkel pairs generated in a cascade to the energy 
transferred in elastic collisions, and Ed. The energy transfer Tdam was 
calculated as a function of depth using by subtracting the phonon energy 
produced by the incident ion from the phonon energy produced by recoil 
ions, both of which are output in the phonon output file. 

From this point onwards, the dose received by each sample will be 
discussed in terms of those calculated using 55 eV using the quick 
cascade method. This enables comparison with the neutron irradiated 
material as well as previously published ion irradiation studies. It should 
be noted however that full cascade SRIM calculations give a damage 
level approximately 1.8 times higher than those conducted in the quick 
mode. 

A sample with a composition of W-1.4 at.%Re was irradiated at 
JANNuS with W9+ ions accelerated to 24 MeV using a 3 MV Pelletron 
accelerator (Épiméthée). Aluminium degrader foils of varying thickness 
were used to flatten out the irradiation profile and provide a damage 
plateau at approximately 1.7 dpa, as shown in Fig. 1. Irradiation was 
carried out at a temperature of 800 ◦C, with a total ion flux of 7.0 × 1014 

m− 2s− 1, over an implantation time of 11,580 s or around 3.5 h. 
W-1.4Re-0.1Os and W-2Re samples were implanted at SNL using 8 

MeV, W2+ions. A Bragg peak of 1.7 dpa was predicted at approximately 
450 nm into the sample surface, as shown in Fig. 1. Irradiation was 
carried out at a temperature of 900 ◦C which was achieved using a 
button heater mounted on the underside of the specimen during im-
plantation. The temperature of the sample was monitored using an 
annular thermocouple mounted on the edge of the specimen. The ion 
beam had a circular spot that was positioned in the centre of the spec-
imen during implantation. The position of the beam relative to the 
specimen was not translated during irradiation. Analysis was performed 
on samples taken from the centre of the specimen. A total flux of 2.8 ×
1014 m− 2s− 1 was achieved over an implantation time of 1071s or 
approximately 30 min. The range in dose at the Bragg peak calculated 
using different displacement threshold energies from the literature are 
summarised in Table 2. 

Nanoindentation 

Nanoindentation was performed using a G200 Nanoindenter (XLS, 
USA) with a Berkovich diamond indenter calibrated against fused silica. 
The continuous stiffness measurement (CSM) mode was used, which 
allows the hardness and elastic modulus to be determined as a function 
of depth by imposing small, high-frequency oscillation [59]. An oscil-
lation of 2 nm at 45 Hz was used. Indents were made to 2000 nm final 
depth at a target indentation strain rate of 0.05 s− 1 (ε̇ = dh /h where h is 
indenter displacement). Arrays of 25 indents were performed for each 
sample and condition. Irradiation hardening was calculated at 500 nm 
for comparison between different samples. Although the measurement 
of nanohardness may vary with grain orientation in W [60] it is small 
compared to the hardening observed due to irradiation, as such the ef-
fect of orientation has not been explored in this study. 

Atom probe tomography 

APT specimens from both ion and neutron irradiated samples were 
produced using a standard Focussed Ion Beam (FIB) lift-out procedure. 
For the ion implanted samples, this was performed using a dual beam 
Zeiss NVision FIB-SEM, at the University of Oxford’s David Cockayne 
Centre for Electron Microscopy (DCCEM), equipped with a Kleindeik 
Nanotechnik W manipulator. For the neutron irradiated specimen, 
sample activity required the use of remote handling facilities at the 
Materials Research Facility (MRF), United Kingdom Atomic Energy 
Authority (UKAEA). The lift-out was performed using a dual beam FEI 
Helios FIB-SEM, equipped with an Oxford Instruments Omniprobe. A 
protective layer of C or Pt was first deposited on the surface of the 
samples, between 1 and 1.5 μm thick, in order to provide contrast during 
thinning. Trenches were milled using an acceleration voltage of 30 kV 
and a beam current of 3 nA. The cantilever was then undercut using 
these same conditions. The cantilever was then joined to a Cameca 22 
post silicon microcoupon array, using GIS deposited W or Pt as a binding 
material. 

For the ion implanted specimens, the APT needles were shaped using 
a range of successively lower beam currents between 700 pA and 10 pA 
until a cross section of approximately <100 nm was achieved at the 
contrast boundary between the carbon protective layer and W sample. A 
2 kV, 300 pA beam was then used to polish the carbon protective layer 
away from the surface and remove a depth of the sample which depends 
on the implantation condition. In each of the ion irradiated samples, the 
samples were polished using this beam condition to the approximate 
location of the Bragg peak. The neutron irradiated samples were 
sharpened until <75 nm in diameter at the tip, as a greater degree of loss 
from the surface was acceptable. In the neutron irradiated samples, the 
tip of the sample was made at <500 nm depth from the surface of the 
sample to remove any surface effects. As before, a 2 kV, 300 pA polishing 
stage was then applied to remove Ga implantation from the surface. 

APT was carried out using a Cameca LEAP 5000-XR. Samples were 
loaded into the load lock chamber within 12 h of removal from the FIB 
and were left for >12 h before proceeding to the higher vacuum buffer 
chamber. Samples were analysed in laser mode using a laser beam en-
ergy of 100 pJ, a specimen temperature of 55 K and a pulse frequency of 
100 kHz. The detection rate was varied between 1% and 0.1% 
depending on the tip and lowered in some cases to improve ion yield. 
Reconstruction of the data was done using IVAS version 3.8.4, using a 
voltage mode reconstruction method. 

Transmission electron microscopy (TEM) 

TEM foils were prepared via the FIB lift-out method [61] at the 
UKAEA Materials Research Facility. To remove 30 kV Ga+ FIB damage, 
for final thinning 5 kV and 2 kV Ga+ was used; however, this was 
insufficient to adequately remove dislocation-type FIB-damage in the 
ion-irradiated sample, and also introduced curtaining artefacts to the 
foil. This meant the ion irradiated foil was not suitable for 
irradiation-induced dislocation analysis, but analysis of voids was still 
possible. 

TEM imaging of voids was conducted at DCCEM, Oxford using a 
JEOL 2100 L LaB6 source and 200 kV accelerating voltage. Voids were 
imaged using the under/over-focus technique [62], and capturing a 
focal series between − 2 µm and +2 µm in steps of 500 nm. Images at 
±500 nm were used for sizing voids, whereas all images were used to aid 
counting voids. Images were captured far from a strong two-beam 
condition, but - specifically for the ion-irradiated sample - diffraction 
contrast from preparation artefacts (curtaining and FIB-induced dislo-
cations) remained strong in comparison to the voids. In order to accu-
rately identify small voids within the ion-irradiated sample, the 
remaining diffraction contrast in the images was suppressed by pro-
ducing a new image from the difference between the under and 
over-focus images. Since the contrast of voids is inverted in 

Table 2 
Peak doses at the Bragg peak calculated using SRIM, using the “Ion distribution 
and Quick calculation of damage” mode with a lattice binding energy of 0 eV, 
and a minimum of 10,000 incident ions for the SNL irradiation, using 3 different 
settings for the displacement threshold energy, Ed.  

Displacement Threshold Energy (eV) Dose at Bragg Peak (dpa) 

55 1.70 
68 1.40 
90 1.06  
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under/over-focus pairs, the difference between these images enhances 
the contrast of voids, while suppressing background contrast due to 
diffraction. An issue with this approach is that the subtle change in 
magnification due to differences in the objective lens strength is enough 
to shift the relative positions of voids in the micrograph, resulting in the 
difference-image appearing distorted at the edges. To correct for this, 
the magnification of the under- and over-focus pairs were corrected via 
an affine-transform alignment to the in-focus condition [63]. A 
demonstration of these steps is shown within the provided supplemen-
tary material. The large voids of the neutron-irradiated sample were 
much more clearly visible than those in the ion-irradiated sample, and so 
these steps were not required. 

Foil thicknesses were measured via Electron Energy Loss Spectros-
copy (EELS), using a JEOL ARM200F equipped with a cold Field Emis-
sion Gun (FEG) operating at 200 kV, and Quantum Gatan Imaging Filter 
(GIF). Convergence and collection half angles were 31.5 mrad and 41.0 
mrad, respectively. The log-ratio method was used to compute the 
thickness from zero-loss spectra [64,65]. Voids were characterised ac-
cording to their volume fraction, F, calculated as ΔV/Vi. 

Results 

Irradiation hardening 

Fig. 2 shows the hardness as a function of depth for indents in W- 
1.4Re and W-1.4Re-0.1Os before and after ion irradiation to 1.7 dpa at 
800 ◦C and 900 ◦C, respectively, as well as the hardening produced by 
neutron irradiation of single crystal W at HFR. Hardening can be 
observed in both ion implanted samples with the W-1.4Re sample from 
JANNuS having the highest hardening of the two. To compare between 
samples, the hardness was measured before and after irradiation at an 
indenter displacement of 500 nm. This depth corresponds to the 
approximate location of the Bragg peak in the SNL sample where the 
dose is 1.7 dpa. The dose at 500 nm in the JANNuS sample is approxi-
mately 1.5 dpa, but there is uncertainty in the SRIM data due to the use 
of different degrader foils. 

In the neutron irradiated material the dose of 1.67 dpa is constant 
with depth. The hardness at 500 nm is summarised in Fig. 3. In the 

unirradiated condition the hardness of each of the materials is roughly 
equivalent - the W-1.4Re has a slightly higher hardness (5.7 GPa) 
compared to the W-1.4Re-0.1Os (5.5 GPa) and pure-W (5.5 GPa), but 
these values are within the measurement uncertainty. Following irra-
diation, the neutron irradiated material experienced the greatest hard-
ening ΔH = 2.7 GPa, increasing from 5.5 to 8.2 GPa. In the W-1.4Re 
sample the hardening was also significant but not as high as in the 
neutron irradiated material at ΔH = 1.6 GPa, increasing from 5.7 to 7.3 
GPa. By comparison, the hardening measured in the W-1.4Re-0.1Os 
sample was lower at ΔH = 0.6 GPa, increasing from 5.5 GPa to 6.1 GPa 
after irradiation. 

Transmutation 

Mass peak identification in APT data relies on manual peak ranging 
and labelling of peaks in the resulting spectra. The standard approach to 
separating the contributions to an individual mass peak, is to use the 
heights of the adjacent non-overlapping mass peaks to determine the 
ratio of the elements in the peak. This is possible because the heights of 
the peaks for a particular element are distributed according to the nat-
ural abundance for that element. The dynamic production and con-
sumption of isotopes during neutron irradiation results in a different 
distribution of isotopes. As discussed in our previous work, mass peak 
labelling and ranging must therefore rely on inventory calculations to 
identify overlaps in the mass spectrum. 

Fig. 4 shows a portion of the mass spectrum between 58 and 65 Da 
containing the W 3+, Re3+, Os3+ and Ta3+ ions. The coloured regions 
highlight the peaks corresponding to different elements. Fig. 4(a) shows 
data from the neutron irradiated specimen (W-1.3Re-0.1Os), whereas 
(b) and (c) data from the JANNuS (W-1.4Re), SNL (W-1.4Re-0.1Os) 
samples, respectively. The spectrum shown in (d) is from a W-1Re-1Os 
sample ion irradiated at the Surrey Ion Beam Centre (SIBC) to a peak 
dose of 33 dpa by Xu et al., and is included here for comparison [42]. For 
the spectra shown in (a) and (c) which have a similar composition, there 
is a clear difference between the position and relative intensities of the 
Re and Os peaks. Because the samples shown in Fig. 4(b), (c) and (d) 
were alloyed prior to ion irradiation, the isotopes are distributed ac-
cording to the natural abundances of each isotope, as shown in Table 3. 

Fig. 2. Average hardness versus displacement curves for indentations during continuous stiffness measurement (CSM) mode in (a) unirradiated W and W alloys and 
(b) ion and neutron irradiated W and W alloys. Indentation data is plotted for unirradiated single crystal W before and after neutron irradiation at HFR, and 
polycrystalline, arc-melted W-1.4 at.% Re and W-1.4 at.%Re - 0.1 at.%Os before and after heavy-ion implantation at JANNuS and SNL, respectively. In the post- 
irradiation condition, the Re and Os concentration in the neutron irradiated W sample was 1.3 at.%Re and 0.12 at.%Os. 
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The bars plotted above the peaks in Fig. 4 show the expected peak po-
sitions and relative intensities for each element, which for (b), (c) and 
(d) align with the ranged peaks. Only minimal overlap is expected be-
tween the 186Os and 187Os peaks with 186W and 187Re, respectively. As 
the proportion of the Os atoms expected to be 186Os and 187Os is only 

1.59 and 1.60%, respectively, and the overall concentration of Os is 0.1, 
and 1 at.% for the samples shown in (c) and (d), deconvolution of the 
peaks was not performed as the Os contribution to the 62 and 62.3 Da 
peaks is negligible. 

To compare the distribution of isotopes, each peak was ranged as a 

Fig. 3. Hardness values for neutron irradiated single crystal tungsten and self-ion implanted W-1.4Re and W-1.4Re-0.1Os from JANNuS and SNL, measured at 500 
nm indentation depth. 

Fig. 4. Portion of the APT mass spectra between 58 and 65 Da, showing the 3+ charge state ions taken from (a) HFR neutron irradiated (b) W-1.4Re JANNuS ion 
irradiated (c) W-1.4Re-0.1Os SNL ion irradiated and (d) W-1Re-1Os sample ion irradiated at the Surrey Ion Beam Centre (SIBC) to a dose of 33 dpa [46]. Each mass 
peak is coloured according to the ranged element and the bar above indicates the relative isotopic natural abundances. The thicker the coloured bar above the mass 
peak, the higher the abundance of that isotope. 
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separate species using IVAS. The concentrations are summarised in 
Table 3. Two ranging approaches were used to estimate the uncertainty 
introduced by different techniques. Each mass peak was ranged from 
background-to-background, and using a narrow region at the peak. The 

concentration given by these two extreme cases was used to determine 
the range of concentration for each element or isotope. This uncertainty 
was then combined with the counting error by adding in quadrature. For 
onward analysis of segregation of these elements the peaks were ranged 

Table 3 
Comparison between neutron and ion irradiated specimens from SNL and HFR, showing isotopic abundances compared with the natural abundance of each isotope in 
unirradiated W [2]. Undetectable refers to isotopes that were predicted in small quantities by FISPACT but were below the detection limit of APT within the volume of 
material analysed. Uncertainty in the measured isotopic concentration from APT is estimated by comparing the values at under and over ranged mass peak ranges.  

Nuclide Natural Abundance (%) [2] Measured Abundance (%) 

SNL HFR (Single Crystal) HFR (Polycrystalline) FISPACT 
(%) 

180W 0.12 0.12 ± 0.01 0.11 ± 0.01 0.11 ± 0.01 0.10 
182W 26.50 27.08 ± 0.59 25.32 ± 0.57 26.32 ± 0.38 25.79 
183W 14.31 14.09 ± 0.36 15.53 ± 0.48 14.32 ± 0.65 15.21 
184W 30.64 32.02 ± 1.47 32.26 ± 0.76 33.39 ± 2.16 31.45 
186W 28.43 26.68 ± 1.70 26.77 ± 0.68 25.85 ± 1.77 27.45 
185Re 37.40 37.19 ± 0.40 8.36 ± 0.93 9.17 ± 0.72 9.33 
187Re 62.20 62.81 ± 0.40 91.64 ± 0.93 90.83 ± 0.72 90.67 
184Os 0.02 Undetectable Undetectable Undetectable <0.01 
186Os 1.59 Undetectable Undetectable Undetectable <0.01 
187Os 1.60 Undetectable Undetectable Undetectable <0.01 
188Os 13.29 15.36 ± 4.80 99.64 ± 0.38 94.88 ± 1.85 92.24 
189Os 16.21 18.97 ± 0.51 0.64 ± 0.38 5.12 ± 1.85 1.76 
190Os 26.36 25.21 ± 2.16 Undetectable Undetectable 0.11 
192Os 40.93 40.45 ± 4.27 Undetectable Undetectable <0.01  

Fig. 5. APT reconstructions showing Re (red) and Os (green) atoms from neutron and ion irradiated W-Re-Os with a dose of 1.7 dpa. (a)-(d) show different ion 
irradiated materials whereas (e) shows a reconstruction from the neutron irradiated material from HFR. 
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at approximately the full-width at half maximum. 
For the SNL sample in which transmutation did not occur, the 

measured abundances are in agreement with the expected natural 
abundances. For the neutron irradiated sample the W isotopes are also 
largely in agreement with the natural abundances, with a slight deple-
tion of 186W measurable. The large resonance peak in 186W makes it a 
particularly strong neutron absorber. For the Re, 90% of the measured 
ions are 187Re, whereas in the SNL sample this is just 60%, likely due to 
the high neutron absorption efficiency of 186W, which initiates the 
transmutation to 187Re. The neutron absorption cross sections of 186W 
and 184W are shown in provided in the appendix. Transmutation to 187Re 
and 185Re occurs via the neutron absorption of 186W and 184W, followed 
by the beta decay of the products, 187W and 185W, both of which are 
unstable with half-lives of 23.8 h and 75.1 days, respectively. The large 
absorption resonance, and higher overall cross section at low neutron 
energies of 186W result in a higher rate of 187Re production. In natural Os 
sample, only 13.3% of the Os atoms are 188Os. As shown in Table 3 the 
ratio between Os isotopes in the SNL sample agree with the natural 
abundances. In the neutron irradiated material the 188Os is between 94 
and 99% of the Os ions detected. A small amount of 189Os ions were 
detected, though in the single crystal material the number of these ions 
was very small. As such the percentage of 189Os ions in the single crystal 
material cannot be distinguished from the background. 

Re and Os clustering 

In all of the samples analysed in this study, clustering of Re and/or Os 
was observed. Fig. 5 shows a comparison of the Re and Os clustering 
between ion and neutron irradiated material, all irradiated to a dose of 
1.7 dpa. All of the reconstructions are plotted using the same scale bar to 
highlight the differences in cluster sizes. Full atom maps are used 
without cropping the data, and use red and green spheres with a radius 
of 0.1 nm to show the positions of Re and Os atoms respectively. 
Comparing Fig. 5(a) and (b), which show W-1.4Re and W-2Re irradiated 
at JANNuS and SNL to 1.70 dpa, there is clearly a tendency for Re to 
form clusters. The samples show in (a) and (b) were irradiated at SNL, at 
1073 and 1173 K respectively. The Re concentration is enriched in some 
regions and depleted in others, rather than forming distinct, spherical 
clusters. In the ion irradiated materials containing Os, Re clusters does 
not occur and the clusters that form consist primarily of Os, as shown in 
Fig. 5(c) and (d). Os clustering occurs preferentially to Re despite the 
lower bulk composition (0.1 at.% Os compared with 1.4 at.%Re). Fig. 5 
(c) and (d) both show the same sample with 1.4 at.% Re and 0.1 at.%Os, 
but are taken at different depths from the specimen surface. The needle 
shown in Fig. 5(c) was taken from a shallower depth than (d) but it is not 
possible to determine exactly the depth from which it was obtained. 

In the neutron irradiated sample shown in Fig. 5(e), the clusters 
contain both Re and Os atoms, exhibiting a central Re/Os core sur-
rounded by a diffuse cloud of Re atoms. Fig. 6 highlights the difference in 
the clustering behaviour of Re between the neutron irradiated sample 
from HFR and the W-1.4Re sample irradiated at JANNuS. The clusters 
are highlighted by isoconcentration surfaces plotted at 3, 5 and 10 at.% 
Re for each sample. At a contour concentration of 5 at.% and above, the 
regions highlighted in the JANNuS are no longer visible, indicating that 
the internal concentration of these clusters is below 5 at.%Re. For the 
HFR sample, the clusters are clearly visible even at 10 at.% Re iso-
concentration surfaces. The reduction in Re isoconcentration surface 
size at increasing Re concentrations, shows that there is a diffuse 
boundary between the enriched and depleted regions. As highlighted in 
previous work, the internal concentration of the clusters may in some 
instances exceed 50 at.%Re in the neutron irradiated HFR sample. For 
the JANNuS sample, the interface between the clusters and the bulk is 
more diffuse and the exact boundary between individual clusters is 
harder to distinguish. Some of the Re concentrated regions appear 
interlinked, rather than as discrete clusters. 

To provide a measure of the difference in cluster composition under 
irradiation with ions and neutrons, the compositions of the clusters were 
analysed using a standard maximum separation method (MSM) [66]. 
When using a MSM to study cluster compositions, the region from which 
the concentration is calculated is determined independently for each 
cluster, based on a set of parameters. These parameters were optimised 
for each material and then applied to multiple data sets using the posgen 
program, within the APTTools software package. This method defines a 
boundary between cluster and matrix using this set of parameters. The 
cluster concentration is then calculated using all of the atoms contained 
within this boundary. 

This method relies on the assumption that a pair of Nearest Neigh-
bour (NN) solute atoms within a cluster are separated by a distance, 
dmax, less than their counterparts in the matrix. The maximum separa-
tion distance dmax was estimated using the nearest neighbour distribu-
tion of Os atoms in the SNL and Surrey samples. The value of dmax was 
chosen at the NN distance of maximum difference between the sample 
data and a complementary spatially randomised dataset. The same 
approach was applied to the cluster subtracted data to check whether 
any clustering was still measurable. A minimum cluster size Nmin (in 
terms of the number of atoms), was also defined using a histogram of 
experimental and spatially randomised data. Nmin was defined at the 
cluster size at which the randomised distribution falls to zero counts. An 
envelope distance, L, was set to dmax/2 and an erosion distance, de, 
defined as approximately L/2. Once optimised for the ion irradiated 
samples, similar parameters were then applied to the neutron irradiated 
samples. The optimised parameters used in each data set analysis are 

Fig. 6. Re isoconcentration surfaces plotted at 3, 5 and 10 at.%Re for the neutron irradiated sample from HFR on the left and the ion irradiated W-1.4at.%Re sample 
ion irradiated at JANNuS on the right. 
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summarised in Table 4. 
To compare the segregation mechanisms between the ion and 

neutron irradiated materials, the Re and Os concentrations for each 
cluster is plotted in Fig. 7. This enables us to study the correlation be-
tween Re and Os atoms inside the clusters. The composition was ob-
tained using the MSM with the parameters shown in Table 5. This 
method does not distinguish between decorated voids and Re/Os clus-
ters, as both features appear as Re/Os concentrated regions in the APT 
reconstruction. Each datapoint shown in Fig. 7 corresponds to a different 
Re/Os rich region identified using the MSM. For illustrative purposes, 
the size of each datapoint is scaled by the size of the Re/Os rich region 
identified in the APT dataset measured using the radius of gyration. The 
trajectory aberrations induced by voids means that a quantitative 
analysis of the cluster sizes is not currently possible. For comparison 
Fig. 7 also includes clusters from a W-1Re-1Os sample ion irradiated to a 
peak dose of 33 dpa at 500 ◦C [42]. It should be noted that 33 dpa was 
calculated using the full-cascade mode in SRIM which typically over-
estimates the damage level when compared with the quick mode. 

In the ion irradiated material, the Os concentration inside the clus-
ters is higher with a fairly constant Re concentration. The clusters 
formed in the SNL sample are more highly concentrated in Os, despite 
the fact that the bulk concentration of the sample is a factor of 10 
smaller. Fig. 7 shows that there are differences in composition between 
the SNL and HFR samples. The clusters formed in the HFR sample are 
much larger than under ion irradiation to the sample dose and have a 
higher Re concentration. In the HFR sample, clusters with a higher Re 
concentration also have a higher Os concentration. This trend is not 
clearly observed in the ion irradiated materials. 

The composition of the clusters in the neutron irradiated sample is 
consistent with the solid solution bcc region of the W-Re-Os phase dia-
gram [67]. It should be noted however that the slow kinetics of these 
materials means that low temperature data on the equilibrium phases is 
limited. However, APT was performed on the as-received 
W-1.4Re-0.1Os sample which also showed no clustering of Re or Os. 
As we have highlighted in previous publications [27] the clusters formed 
under neutron irradiation have a higher concentration of Re and Os in 
their centre compared with the periphery. The composition returned by 
the maximum separation algorithm is therefore sensitive to the location 
of the boundary between cluster and matrix. 

Void formation 

During APT of the neutron irradiated material, high density artefacts 
in the reconstructed APT data were indicative of voids [28,68]. These 
artefacts are areas in the reconstructed APT data created when the tra-
jectory of ions from the specimen are deflected due to changes in the tip 
morphology [69]. High density regions in reconstructed APT data have 
been used to identify the positions of voids and He bubbles, therefore 
enabling quantification of segregation to the surface [70–74]. Specimen 
inhomogeneity can also lead to variations in reconstructed atomic 
density and care must be taken interpreting these features without 
complimentary techniques. 

APT of the ion implanted materials was performed and atomic den-
sity isosurfaces were used to map variations in atomic density. Using this 
approach, abnormally high density regions were observed in the neutron 
irradiated material which are indicative of voids. In the ion irradiated 
materials no significant density artefacts were observed in the recon-
structed volume. This suggested that no voids were present in the 

volume of material sampled by APT, but TEM showed that small voids 
(~1–2 nm) were present in the material. The inter-void spacing in Fig. 8 
shows that either no voids are present in the APT data or that small voids 
formed by ion irradiation were not large enough to induce ion trajectory 
aberrations that are visible after reconstruction. The impact of voids on 
the reconstruction of APT data would benefit from correlative TEM 
measurements. 

This is something that was commonly observed in the neutron irra-
diated material. Fig. 8 shows a comparison between the voids observed 
under ion and neutron irradiation at SNL and HFR, respectively (further 
images of these are provided as supplementary material). As observed in 
previous studies, the neutron irradiated sample contains larger voids 
(~5–10 nm). Voids formed under ion irradiation are considerably 
smaller at the same irradiation temperature, dose and Re/Os concen-
tration. As summarised in Table 1, the dose rate used in the SNL irra-
diation is four orders of magnitude higher than the dose rate of the 
neutron irradiation experiment. Achieving a peak dose of 1.7 dpa took 
less than an hour at SNL, whereas the neutron irradiation took place over 
208 days (~5000 h). In the SNL sample, void sizes were correlated with 
the dose received at different depths. Fig. 9 shows a stitched TEM image 
at different depths from the sample surface. The lower right-hand side of 
the image corresponds to the approximately 300 nm from the original 
sample surface. The depth from the original sample surface increases 
towards the upper left-hand side of the image. The volume fraction of 
voids is plotted as a function of depth in Fig. 10 alongside the calculated 
dose profile from SRIM. It shows that the highest volume fraction occurs 
at the approximate position of the Bragg peak where the dose is highest. 

Discussion 

Nanoindentation measurements showed that before irradiations 
there was little difference in hardness between the SC pure W and W-Re/ 
W-Re-Os alloys. Because the hardness of SC W is expected to be lower 
than that of polycrystalline material, it is possible that the Re and Os has 

Table 4 
Optimised parameters used for quantification of clusters using MSM.  

Sample dmax Nmin L de Ref. 

HFR 1 20 0.7 0.25 This study 
SNL 1 13 0.5 0.25 This study 
SIBC 1.1 20 0.7 0.3 [42]  

Fig. 7. Ratio of Re to Os concentration in clusters formed in ion and neutron 
irradiated W, determined using a MSM. Points plotted in blue correspond to 
clusters formed under neutron irradiation in the HFR sample, after 1.67 dpa at 
900 ◦C. Red and black points both represent clusters formed during ion irra-
diation. Red points are clusters from W-1Re-1Os sample irradiated to 22 dpa at 
SIBC at 500 ◦C [42]. The black points correspond to clusters in W-1.4Re-0.1Os 
irradiated to 1.7 dpa at 900 ◦C at SNL. The points are scaled by their radius 
of gyration. 
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had some solid solution softening effect. It should be noted that mea-
surements performed using Vickers indentation in single crystalline 
tungsten typically results in lower hardness when compared with 
polycrystalline materials [75]. Under irradiation, the presence of Re and 
Os causes hardening in the material due to the formation of clusters. The 
highest hardening occurs in the neutron irradiated material, which is 
consistent with the microstructural characterisation. The microstructure 
contains large voids, and dense Re/Os-rich clusters, both of which are 
barriers to dislocation movement. Compared to voids, previous analyses 
of the SC sample also found a lower number density of 〈111〉 loops in the 
SC sample, (1020 m− 3 compared with 1021 for voids) [27]. According to 
the Dispersed Barrier Hardening (DBH) model, the change in hardness is 
proportional to where N is the number density of defects and d is the 
average diameter. The smaller voids observed in the ion implanted 
material result in less hardening, which is consistent with the DBH 
model. Comparing the contributions to hardening from Re/Os clusters 
and precipitates is more challenging due to differences in the composi-
tion and the diffuse nature of the cluster/matrix interface. In addition to 
the size difference, small precipitates likely form in the centre of the Re 
rich zones in the neutron irradiated material which would affect the 
barrier strength. 

In the self-ion irradiated samples, the highest hardness was in the W- 
1.4Re followed by the W-1.4Re-0.1Os. By contrast, Xu et al. observed 
that 1 at.% Os caused an increase in hardening following self-ion irra-
diation to 33 dpa. This could suggest that the smaller and less concen-
trated Os clusters shown in Fig. 5, and the small voids shown in Fig. 9, 
are weaker obstacles than those observed by Xu et al. However, it is 
difficult to compare between these studies due to the different implan-
tation depths. The Bragg peak depth in these samples was only 125 nm 
which could also have introduced surface effects due to sample prepa-
ration or indentation size effects which may have affected the hardness 
measurements. A deeper understanding of the effect of Os requires a 
systematic investigation of different alloy compositions under equiva-
lent conditions. 

There are microstructural similarities between these samples and the 
W-1Re-1Os samples irradiated by Xu et al. Here we observe that Os 

supresses the formation of the Re clusters that can be seen in the W- 
1.4Re sample. Here we observe this effect with an Os concentration of 
just 0.1 at.%. 

Comparing hardening between the W-Re and W-Re-Os samples, 
nanoindentation shows that the Os clusters formed in the W-1.4Re- 
0.1Os sample cause less hardening than the Re enriched regions formed 
in the W-1.4Re sample. The JANNuS sample has a deeper Bragg peak 
depth than the SNL samples (see Fig. 1). The region of plastic defor-
mation below the indent is larger than the displacement of the indenter, 
which means for a shallow indent the hardness measured is affected by 
both irradiated and unirradiated material. At lower depths the response 
from the SNL and JANNuS samples are similar but deviate at greater 
depths. 

Hardening in the neutron irradiated materials is clearer higher, 
despite the same composition. This is due to the larger voids and clusters 
in the neutron irradiated material. Furthermore the clusters formed by 
neutron irradiation are likely to be stronger barriers to dislocation 
movement. In addition to being larger, there may be precipitation of an 
incoherent sigma phase in the centre of these clusters which would also 
inhibit dislocations. There is no evidence to suggest that the sigma has 
precipitated in the Re/Os rich regions produced by ion irradiation under 
the present conditions. 

The causes of the differences between neutron and ion irradiated 
materials are not easy to ascertain due to the large number of variables 
involved in performing irradiation experiments. Here we have attemp-
ted to minimise the number of variables by using samples with a similar 
Re and Os concentration and have irradiated the materials to an 
equivalent dpa, at the same irradiation temperature. Therefore, we 
hypothesise that the differences in the ion and neutron irradiated ma-
terials are a result of 1) the difference in dose rate, 2) the occurrence of 
ballistic dissolution in the ion irradiated material and 3) the occurrence 
of transmutation reactions in the neutron irradiated material. 

A key difference between the segregation observed in these alloys 
and those which undergo conventional radiation-induced segregation 
(RIS) is the occurrence of transmutation reactions. In the case of the 
neutron irradiated W studied here, the segregating elements Re and Os 

Table 5 
Summary of average Re and Os concentrations, xRe and xOs inside clusters formed under neutron irradiation at HFR and ion irradiation at SNL and SIBC. The standard 
deviation in the average concentrations of Re and Os, σRe and σOs, are also given. The average cluster size is given in terms of the total number of ranged ions in the 
cluster, NT, and in terms of the radius of gyration, rg, given by the cluster search algorithm.  

Sample Re (at.%) Os (at.%) Dose (dpa) Tirr xRe σRe xOs σOs NT rg Ref. 

HFR 1.3 0.1 1.70 900 7.23 4.42 0.36 0.50 26,979 4.3 This Study 
SNL 1.4 0.1 1.70 900 2.32 0.72 9.28 1.52 473 1.6 This study 
SIBC 1.0 1.0 33.0 500 1.18 0.51 5.12 1.18 828 1.6 [42]  

Fig. 8. Comparison between voids formed in W-1.4Re-0.1Os by ion irradiation and by neutron irradiation. Images (a) and (b) show the same regions of the ion 
irradiated sample (irradiated at SNL to a dose of 1.7 dpa at 900 ◦C). Image (a) is captured at − 500 nm defocus, and (b) depicts the difference between defocus 
conditions +500 nm and − 500 nm (see methods section). Image (c) shows the initially pure, single crystal W (neutron irradiated at HFR to a dose of 1.67 dpa at 900 
◦C) with a post irradiation composition of W-1.3Re-0.1Os, with a defocus of − 1500 nm. Images are plotted on the same scale and voids are visible as bright regions. 
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are produced continuously via transmutation during irradiation, unlike 
the ion irradiated samples which have a constant Re and Os concen-
tration during irradiation. Therefore in the neutron irradiated material 
the hardening is associated with the strength of transmutation induced 
segregation via the interaction of Re and Os atoms with both vacancies 
and self-interstitial atoms. This leads to a very high activation barrier of 
dissolution of Re and Os from clusters even at very high temperatures. 

Calculations of the transport coefficients between Re/Os and va-
cancies/SIAs predict solute drag can occur for Re except at very high 
temperatures. This points towards a very strong tendency for both ele-
ments to diffuse towards point defect sinks including grain boundaries, 
voids, small Re/Os clusters and dislocation loops. The transport coeffi-
cient is stronger for Os than for Re, suggesting that Os atoms may 
preferentially undergo diffusion, limiting the number of defects avail-
able to drag Re atoms. The presence of Os is correlated with an increase 
in hardening under irradiation in the neutron irradiated sample. The Os- 
vacancy interaction strength is higher than the Re-vacancy interaction 
which could also contribute to an increase in hardness. This is supported 
by previous DFT calculations [76]. 

The clusters formed in the neutron irradiated material consist of a 
denser core of Re and Os atoms surrounded by a diffuse cloud of Re, as 
shown in Figs. 5 and 6. The size and composition of the clusters also vary 
significantly, as summarised in Fig. 7. The core is typically around 10 nm 
in length, and is rod shaped in some instances. However, some clusters 
are roughly spherical. Differences between the clusters in the ion and 
neutron irradiated material can be seen visually in Fig. 5. For both W-Re 
and W-Re-Os the clusters are smaller and more diffuse than those seen in 
the neutron irradiated sample and do not contain an enriched core. It is 
possible that by continuing to increase the dose in the ion irradiation 
experiments Re/Os precipitates could form in the growing clusters with 
increasing point defect creation and diffusion. However, it is not clear 
from the current data if this growth would be balanced by dissolution via 
ballistic mixing and diffusive transport away from sinks. Further studies 
are required to fully understand the competing mechanisms behind Re/ 
Os cluster formation under these conditions. 

Table 5 compares the sizes and compositions of the clusters formed 
under neutron and ion irradiation. In the binary W-1.4Re and W-2Re 
samples from JANNuS and SNL, Re enrichment occurs. Unlike higher 

Fig. 9. Stitched TEM images at different depths into the sample surface, showing voids in bright contrast. The surface of the foil, corresponding to a depth of 
approximately 300 nm from the original sample surface, is in the bottom right of the image. The number density of voids is ~1022 m− 3, with a maximum ~8-9 × 1022 

m− 3 ~300–400 nm from the surface. 
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dose self-ion irradiation experiments carried out by Xu et al. in W-2Re, 
the Re does not form distinct, spherical clusters [41,42]. It is possible 
that at higher doses there is a greater concentration of point defects to 
transport the solute atoms to clusters, however, the effects of dose are 
thought to saturate above a certain dpa. Xu et al. found that in heavy-ion 
irradiation experiments with a dose as high as 33 dpa that Re/Os clusters 
formed, but not the secondary phases seen in neutron irradiation ex-
periments. The effects on cluster formation therefore saturate above 
some dose under ion irradiation. The underlying reasons for this would 
benefit from dedicated experimental studies and atomistic simulations 
using different dose rates and defect concentrations. 

As summarised in Table 1, there is a difference of around four orders 
of magnitude in the irradiation time, and hence dose rate, between the 
SNL and HFR samples. This difference is indicative of most ion and 
neutron irradiation experiments. Both the formation of voids, and Re/Os 
clusters are controlled by the diffusion of point defects. 

Void and cluster formation depend on diffusion and are therefore 
sensitive to the irradiation temperature. Examination of samples 
neutron irradiated at different temperatures found larger voids formed 
at 800 ◦C than at 600 ◦C or 1000 ◦C [77]. Higher temperatures generally 
increase diffusion and therefore promote the growth of larger voids. At 
higher temperatures the concentration of supersaturated vacancies de-
creases thus decreasing the flux of vacancies to voids and preventing 
further growth [78]. 

Despite the significant difference in dose rates, Os clustering was still 
observed in the SNL sample, however, the clusters were smaller and had 
a different composition to that of the HFR sample. Re migration is 
thought to be associated with the diffusion of the W-Re mixed interstitial 
dumbbell. The high irradiation temperature used throughput the ex-
periments in this study would promote diffusion of Re and Os, but 
relatively small clusters and voids were observed in the ion implanted 
materials. The small clusters in the ion irradiated material could be due 
to the distribution of sinks in the material. Re and Os clusters can be 
formed by mixed interstitial clustering, which can subsequently act as 
point defect sinks. Vacancy clusters, interstitial atom clusters and dis-
locations could all act as sinks for point defects around which 

enrichment could occur. If a high number density of sinks were formed, 
there would be a large number of potential destinations for diffusing Re/ 
Os atoms and the lower the enrichment would be at each sink. A high 
dose rate could have led to such a distribution by preventing the clus-
tering of defects. It is challenging to conduct systematic neutron irra-
diation experiments at different dose rates and temperatures. Ion 
irradiation experiments at different temperatures and dose rates, and/or 
atomistic modelling could be performed to understand whether this 
hypothesis impacts Re/Os cluster formation. 

The presence of Re may also affect the point defect concentration in 
the material. Re is understood to promote recombination of vacancies 
and interstitials in collision cascades [46,47,79,80]. This is the mecha-
nism by which alloying W with Re can decrease swelling [39] and 
supress vacancy cluster growth [81]. Self-interstitial atoms move via 
one-dimensional migration, whereas the W-Re mixed interstitial 
dumbbell undergoes three-dimensional migration through a sequence of 
translations and rotations. As a result, separation between interstitials 
and vacancies following a cascade decreases, thus increasing recombi-
nation. This results in a decrease in vacancy concentration, therefore 
supressing vacancy clustering [46]. 

Under neutron irradiation the cascades occur in pure W before the 
build up of Re through transmutation. This occurs in W via neutron 
absorption and subsequent beta decays. The Re alloying additions in the 
ion irradiated material will promote recombination and therefore 
decrease swelling. This may also affect cluster formation by decreasing 
the concentration of point defects that enable diffusion. This may 
therefore contribute to smaller clusters and voids in the ion irradiated 
material. 

Os formation occurs primarily as a result of neutron absorption and 
beta decay of Re atoms. The results shown in Fig. 7 suggest that Os may 
have formed directly inside Re enriched regions such as in clusters or at 
the periphery of voids. Alternatively the Os may have formed by inter-
action with Re atoms in solution and undergone diffusion to these 
clusters. 

In the ion irradiated specimen, Os shows a stronger tendency to form 
clusters than Re. In this case the Os is initially dissolved along with Re in 

Fig. 10. Volume fraction of voids in the ion implanted W-1.4Re-0.1Os sample irradiated at SNL, plotted as a function of depth into the sample surface. Overlaid is the 
calculated dose vs depth profile from SRIM. The uncertainty in each volume fraction point is a propagation of the uncertainty in sizing voids from the TEM images. 
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the W. The tendency to form clusters in this instance is likely therefore 
due to the stronger binding of Os atoms to both interstitials and va-
cancies. This then supresses Re cluster formation due to the preferential 
formation of Os clusters. In the W-Re alloy it is clear that Re clustering is 
still favourable under these conditions. Both transmutation inside Re 
clusters and preferential diffusion contribute to the strong Os segrega-
tion observed under neutron irradiation. 

The addition of Os inside the Re clusters may help to accelerate the 
formation of intermetallics under neutron irradiation. This could explain 
why the clusters in the neutron irradiated material consist of a diffuse Re 
cloud with a more concentrated core. A similar structure with a Re cloud 
and a central precipitate has also been observed in samples irradiated at 
the BR2 reactor [18,21]. 

The data plotted in Fig. 7 shows the ratio of Re to Os concentration 
inside the clusters. In the ion irradiated samples, the clusters composi-
tions are distributed around an average value. The clusters formed by 
neutron irradiation have a linear relationship. The higher the Re con-
centration inside a cluster, the higher the Os concentration. This sup-
ports the idea that transmutation occurs inside the clusters. Fitting the 
data for the neutron irradiated sample gives the following relationship 
between Re and Os concentration: xRe = 7.1xOs + 0.045 

Simulating neutron irradiation of W using ion irradiation remains 
challenging. Transmutation reactions occur under neutron irradiation 
due to the interaction of neutrons with isotopes of the material. In this 
study we have used alloying to introduce representative quantities of Re 
and Os prior to irradiation. It is possible that the Re and Os alloying will 
also affect the irradiation response by increasing vacancy interstitial 
recombination during cascades, and by affecting the diffusion of point 
defects. Re/Os ions could be injected directly into the sample to create 
point defects and simulate transmutation reactions. Achieving the cor-
rect ratio between dose and transmutant concentration observed under 
neutron irradiation would be highly challenging. 

Ballistic dissolution under ion irradiation is also known to affect 
phase stability and cluster formation. The diffuse interface of the clusters 
in the SNL and JANNuS samples could be a result of cascades which 
continuously disrupt the structure of the clusters. Ballistic effects could 
also affect the number density of sinks, preventing large point defect 
clusters from growing thus suppressing the enrichment of Re and Os. 
Ballistic mixing in the ion irradiated material may have contributed to 
the dilute concentration inside the clusters are therefore prevented the 
formation of intermetallic phases which are observed under neutron 
irradiation. 

Void formation is directly affected by the diffusion of vacancies. The 
high dose rate used in the ion irradiation means that less time is avail-
able for vacancy migration, and therefore smaller voids are observed, as 
shown in Fig. 8. The overlap between cascades and vacancy clusters or 
voids may also decrease their size. The results shown in Fig. 10 confirm 
that the void size is coupled with the excess vacancy concentration, 
which is higher at the Bragg peak depth. The results suggest that void 
size is correlated with the dose received by the material. In the present 
study, it was not possible to characterise Re and Os segregation to voids 
due to the small size, and low Re and Os concentrations, but the voids 
likely act as sinks for point defects and therefore sites where Re/Os 
would be enriched. Atomic density artefacts in the APT data can be 
indicative of voids, but no such aberrations were observed in the visu-
alisations reconstructed from the SNL data. 

We have demonstrated that there are clear differences between the 
clusters and voids formed under ion and neutron irradiation, even in 
materials with equivalent Re/Os concentrations and irradiated to 
equivalent damage levels at the same irradiation temperature. The 
causes of these differences are not yet fully understood, but here we 
suggest that the difference in dose rates, the effects of ballistic mixing 
and the occurrence of transmutation reaction under neutron irradiation 
all contribute to these differences. More work is needed investigate the 
competing roles of these effects on the formation of voids, precipitates 
and dislocation loops, as well as the relative strengths at different dose 

rates and temperatures. It is clear from the microstructural comparison 
that differences in the clustering of Re and Os, and the formation of voids 
play a major role in the degradation of mechanical properties under 
irradiation. The features formed by ion irradiation are different to that of 
neutron irradiation under the conditions explored in this study, but if 
caution is taken ion irradiation may still provide a useful tool for the 
screening of different irradiation environments and material systems. 

Conclusion 

In this study we have investigated the effects of radiation damage 
and transmutation reactions on the microstructural evolution of W 
under neutron and self-ion irradiation. Neutron irradiation at HFR was 
used to induce Re/Os production directly via neutron absorption and 
beta decay of the resultant isotopes. The concentration of Re and Os was 
measured using APT and was used to create alloys with equivalent 
concentrations of Re and Os. Using this approach we were able to 
separate the effects of each element, and compare with the neutron 
irradiated material. 

Large clusters of Re and Os formed under neutron irradiation which 
consist of a Re and Os rich core surrounded by a diffuse cloud of Re 
atoms. Self-ion irradiation on the other hand led to the formation of 
small Os clusters. Void formation was observed in both samples, but the 
voids formed under neutron irradiation were larger. By comparing the 
behaviour of W-1.4Re and W-1.4Re-0.1Os, suppression of Re cluster 
formation was observed. 

Our results suggest that differences between ion and neutron irra-
diation are the result of different dose rates, ballistic dissolution and 
transmutation reactions. High dose rates and ballistic dissolution in the 
ion irradiated materials prevents the growth of large voids and clusters. 
Transmutation reactions in the neutron irradiated specimen could lead 
to the formation of Os within Re rich regions such as clusters or void 
surfaces, enhancing the stability of precipitates. Neutron irradiation 
produced a higher hardening than ion irradiation, which is attributed to 
the barrier strength of large voids and Re/Os clusters. 
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[53] J.S. Wróbel, D. Nguyen-Manh, K.J. Kurzydłowski, S.L. Dudarev, A first-principles 
model for anomalous segregation in dilute ternary tungsten-rhenium-vacancy 
alloys, J. Phys. Condens. Matter 29 (2017), https://doi.org/10.1088/1361-648X/ 
aa5f37. 

[54] M.J. Lloyd, E. Martinez, L. Messina, D. Nguyen-Manh, Development of a solute and 
defect concentration dependant Ising model for the study of transmutation induced 
segregation in neutron irradiated W-(Re, Os) systems, J. Phys. Condens. Matter 33 
(2021), https://doi.org/10.1088/1361-648X/ac1ec4. 

[55] A. Giannattasio, S.G. Roberts, Strain-rate dependence of the brittle-to-ductile 
transition temperature in tungsten, Philos. Mag. 87 (2007) 2589–2598, https://doi. 
org/10.1080/14786430701253197. 

[56] M. Fleming, T. Stainer, M. Gilbert, The FISPACT-II User Manual UKAEA-R(18)001, 
UK Atomic Energy Authority, 2018. 

[57] A. E521, Standard practice for neutron radiation damage simulation by charged- 
particle, in: Annual Book of ASTM Standards, 12.02, 2009, pp. 1–21, https://doi. 
org/10.1520/E0521-96R09E02.Copyright. 

[58] S. Agarwal, Y. Lin, C. Li, R.E. Stoller, S.J. Zinkle, On the use of SRIM for calculating 
vacancy production: quick calculation and full-cascade options, Nucl. Instrum. 
Methods Phys. Res. B 503 (2021) 11–29, https://doi.org/10.1016/j. 
nimb.2021.06.018. 

[59] W.C. Oliver, G.M. Pharr, An improved technique for determining hardness and 
elastic modulus using load and displacement sensing indentation experiments, 
J. Mater. Res. 7 (1992) 1564–1583, https://doi.org/10.1557/JMR.1992.1564. 

[60] J.S. Weaver, C. Sun, Y. Wang, S.R. Kalidindi, R.P. Doerner, N.A. Mara, S. Pathak, 
Quantifying the mechanical effects of He, W and He + W ion irradiation on 
tungsten with spherical nanoindentation, J. Mater. Sci. 53 (2018) 5296–5316, 
https://doi.org/10.1007/s10853-017-1833-8. 

[61] L.A. Giannuzzit, J.L. Drownt, S.R. Brown, R.B. Irwin, F.A. Stevie, FOCUSED ion 
beam milling for site specific scanning and transmission electron microscopy 
specimen preparation, (1927). doi:10.1017/S143192760000862X. 

[62] M.L. Jenkins, M.A. Kirk, Characterisation of radiation damage by transmission 
electron microscopy, (2000). doi:10.1201/9781420034646. 
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