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a b s t r a c t 

Tungsten is the primary candidate materials for the high neutron flux, high temperature components of a fu- 
ture demonstration fusion reactor. Despite this, there is a lack of data on W under fusion relevant neutron doses 
and irradiation temperatures. 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) and Scanning Trans- 
mission Electron Microscopy (STEM). Bulk chemical and isotopic concentration predictions were validated by 
analysing the mass spectrum from APT experiments. A post irradiation composition of W-1.26 ± 0.15 at.%Re - 
0.08 ± 0.02 at.%Os - 0.01 ± 0.01 at.%Ta was measured in the single crystal sample, whereas W-1.09 ± 0.07 at.%Re 
- 0.08 ± 0.02 at.%Os - 0.01 ± 0.01 at.%Ta was measured for the polycrystalline. APT and STEM showed that a 
high number density of Re and Os rich precipitates had formed under neutron irradiation. These typically con- 
sisted of 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 the centres of some of the precipitates 
had a rod shaped core which were rich in both Re and Os. Line profile analysis suggests that in the centre of 
the precipitates, the threshold composition for 𝜎 phase formation may have been reached, as has been observed 
in higher transmutation rate experiments. In addition, dislocations, sub grain boundaries and dislocation loops 
were all shown to be decorated with both Re and Os, in agreement with predictions from DFT simulations. 
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. Introduction 

Understanding the interaction between neutron induced transmuta-
ion products and microstructural features such as dislocations and grain
oundaries is vital for the development of reliable components for both
 demonstration fusion power station (DEMO). Transmutation of ele-
ents in reactor components leads to the production of light elements

such as H and He) and elements adjacent the parent in the periodic
able, through a sequence of neutron reactions and subsequent nuclide
ecays. For materials such as tungsten, which has a relatively high cross
ection for neutron absorption reactions [1,2] , transmutation to the ad-
acent elements is significant [3,4] , and results in components which
ave a strongly time dependant chemical composition [3] . Transmuta-
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ion reactions are also most significant in the high neutron flux regions
f the reactor where the deployment of W is envisaged, such as in the
rst wall (FW) and divertor regions which together make up the plasma

acing components (PFCs). 
W has a number of attractive properties which make it the pri-

ary candidate for use in the PFCs, including a comparatively low in-
uced long-term activity after neutron irradiation (in pure form [5] ),
 high melting temperature (3695 K [6] ), good thermal conductivity
165 Wm 

−1 K 

−1 at room temperature [7] ) and a high resistance to sput-
ering under H/He plasma exposure [8] . Tungsten is not a commonly
sed engineering material within the nuclear industry because of its in-
erently poor mechanical properties (Ductile-to-Brittle Transition Tem-
erature (DBTT) ≈623–723 K [9,10] and brittle behaviour at room tem-
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erature [11] ), its tendency to undergo inter-granular fracture [12,13] ,
nd due to difficulties in its forming. Furthermore, neutron irradiation
f W has been linked to a significant degradation in thermal and me-
hanical properties. A shift in the DBTT of between 500 and 1000 K has
een observed in neutron irradiated tungsten from the HFR and BR2
eactors [9,14] . Both nanoindentation and microindentation have been
lso used to measure irradiation induced hardening in ion implanted
amples [15–20] , and in neutron irradiated samples from various fission
pectrum reactors [21–26] . The change in thermal diffusivity of W is an-
ther important factor which could limit the lifetime of the PFCs, and a
umber of studies have measured a significant decrease following neu-
ron [23] and ion irradiation [27,28] . The production of solute elements
hrough transmutation, and subsequent radiation-induced precipitation,
s one of the key contributors to the degradation of these properties un-
er neutron irradiation, along with the formation of dislocation loops
nd voids [21] . 

In W, transmutation leads to the production of Re and Os, through
 sequence of ( 𝑛, 𝛾) neutron absorption reactions and 𝛽− decays. Ta is
lso produced primarily via the 𝛽+ decay of isotopes which have under-
one ( 𝑛, 2 𝑛 ) neutron loss reactions [29] . The amount of transmutation
s strongly dependant on the incident neutron energy spectrum, with
ower energy neutrons having a higher cross section for absorption. This
akes comparison between samples irradiated at different reactors very
ifficult, as there are major differences in the neutron energy spectrum
aused by the design of the reactor, the presence of adjacent samples
nd the physical location of the samples within the reactor core. How-
ver, on average, reactors with a higher proportion of thermal neutrons
enerate samples with transmutation levels significantly greater than
s expected for a DEMO reactor, per unit of damage in displacements
er atom (dpa). For more information on the calculation of dpa, the
eader is referred to Nordlund et al. [30] , 31 ]. Reactors with a high
roportion of fast neutrons, or experiments in which the thermal neu-
ron population has been decreased through canister design, generate a
maller quantity of transmutation products per dpa of damage [22,32] ,
ut still significantly higher than is expected for a DEMO reactor [3] .
ven at DEMO transmutation levels, the W components the reactor are
xpected to generate a significant quantity of Re and Os during their
ifetime [4,29,33,34] . The presence of Ta is not thought to have a major
etrimental impact on mechanical properties [17] . 

Alloying W with Re (up to a maximum of around 8 at.%Re) is known
o reduce the DBTT [12,35–38] and results in a decrease in hardness
35] . Increasing the Re content further results in an increase in hard-
ess which is associated with the formation of the brittle, intermetallic
-phase (WRe) [35] . Under irradiation the benefits of Re alloying are
eversed due to radiation induced segregation of Re. Studies between
he 1960s and 1980s were performed on neutron irradiated W-Re alloys
35–38] . Subsequent studies focused on the irradiation of pure W sam-
les, as its application within the PFCs of a fusion reactor was explored.
eutron irradiation of pure W samples at the EBR-II reactor led to the
bservation of the Re rich 𝜒 phase (WRe 3 ), rather than the expected 𝜎
hase [39] . In subsequent studies a mixture of 𝜎 or 𝜒 phase has been
eported [40] . Transmission Electron Microscopy (TEM) and Scanning
ransmission Electron Microscopy (STEM) analysis of these precipitates
enerally find a needle or rod shaped morphology. Microstructural char-
cterisation of samples from various reactors have found a combination
f dislocation loops, voids and Re rich precipitates, the ratio of which
epends on the irradiation temperature and dose. At higher doses where
e and Os production is significant, the hardening response is primarily
aused by these Re rich precipitates [21] . 

Atom Probe Tomography (APT) analysis of samples irradiated in ex-
eriments with comparatively low transmutation rates found Re rich
lusters, rather than precipitates consistent with either 𝜎 or 𝜒 phase
32] . APT analysis of samples from HFIR with higher levels of transmu-
ation have found needle shaped precipitates that have contain approx-
mately 20 at.%Re and 13 at.%Os [41] . STEM-EDX analyses performed
n samples irradiated at the BR2 reactor, producing relatively low trans-
2 
utation rates, found clear evidence for both 𝜎 and 𝜒 phase, including
vidence for an Os rich, intermetallic 𝜒 phase (WOS 3 ) [40] , which is not
resent in the binary W-Os phase diagram [42,43] . 

Ion irradiation does not induce transmutation reactions, and has
een carried out in pure-W, W-Re, W-Re-Ta and W-Re-Os alloys [15–
7,20,44] . In general Re and Os clustering has been consistently ob-
erved using APT, but not the formation of phases with a composition
onsistent with either the 𝜎 or 𝜒 phase. 

Computational studies suggest that kinetic transport of Re, via
ixed-interstitial dumbbell mediated migration is responsible for the

bserved precipitation of Re, well below the expected solubility limit
45,46] . However, these studies focus on binary W-Re, and do not fully
ccount for void formation. The impact of Os on the microstructure is
ess clear, but DFT modelling suggests that Os may play a more signif-
cant role than Re, due to its stronger binding with point defects. Os
as also found to decorate dislocations in APT of unirradiated W-Os in
983 by Eaton and Norden [47] . Xu et al. observed that Os had a strong
mpact on the cluster structure, with the addition of 1 at.%Os acting to
uppress Re clustering, by preferentially forming small Os rich clusters
16] . 

In this study, neutron irradiated W samples from the HFR reactor are
tudied with the overarching aim of understanding the distribution and
ocation of the primary transmutation products, rhenium and osmium,
ith respect to both the pre-existing defects, such as grain boundaries;
nd irradiation induced defects such as dislocation loops and clusters of
ransmutation atoms. Microstructural analysis is performed using a com-
ination of APT and STEM - High Angle Annular Dark Field (HAADF)
maging. These complementary techniques were used to investigate the
ifferent distribution of microstructural features, as well as the concen-
rations of Re and Os transmutation products. This approach allows for
 better understanding of the sensitivities of each technique to different
eatures. In several previous studies of similar ion and neutron irradi-
ted W samples, only a single imaging method has been used to study
icrostructural evolution, which can lead to unintentional misrepre-

entations of the dominant features observed. Furthermore, computa-
ional modelling of microstructural evolution under neutron irradiation
equires a full understanding of the influence of the various features
n the behaviour of Re and Os atoms produced by transmutation. The
bjectives of this study were therefore as follows: 

1. APT will be used to analyse the microstructure of both single crys-
tal and polycrystalline material, to analyse the structure of the pre-
cipitates which are formed. The composition of the clusters will be
measured to determine whether they are consistent with the forma-
tion of 𝜎 or 𝜒 phases that are seen in other low transmutation rate
neutron irradiation experiments. 

2. The number densities of different microstructural features such
as voids, loops and precipitates will be investigated using STEM-
HAADF imaging. This will be compared to the number densities of
precipitates given by APT. Characterising the number densities of
these features will give a better understanding of the observed dif-
ferences between samples with comparable irradiation conditions. 

3. The interaction of transmutation products with grain boundaries and
dislocation loops will be investigated by using targetted APT. Density
Functional Theory (DFT) modelling of dislocation loops in W will be
used to support the observed segregation of Re/Os to these features.

. Methodology 

.1. Samples and neutron irradiation 

The samples used in this study were irradiated between 2008 and
009 as part of the ExtreMat-II programme at the High Flux Reac-
or (HFR) in Petten, Netherlands. Samples of commercially pure single
rystal and polycrystalline W were purchased from Metal Crystals and
xides Limited, Cambridge UK (no longer trading). The samples were
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Fig. 1. Local neutron energy spectrum re- 
ceived by samples in the two reactor locations 
in HFR (C7 and C3), overlaid over the averaged 
neutron energy spectrum for the reactor. 
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Table 1 

Bulk sample solute concentration from transmutation mea- 
sured using APT with an uncertainty quantified using mass- 
to-charge peak under and over ranging approach, details 
of which are given in Lloyd et al. [32] . Also given is the 
FISPACT-II results [32] and EDX measurements from these 
samples [9] . 

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

Single Crystal 1 . 26 ± 0 . 15 0 . 08 ± 0 . 02 0 . 01 ± 0 . 01 
Polycrystalline 1 . 09 ± 0 . 07 0 . 08 ± 0 . 02 0 . 01 ± 0 . 01 
FISPACT-II 1.4 0.1 0.02 
EDX [9] 1.2 0.1 Undetectable 
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00 mm long rods, 10 mm in diameter. The polycrystalline sample had
 fine grained microstructure dominated by elongated grains oriented
long the rolling direction. Previous analysis of these samples showed
hat there was an average grain size of 100 × 10 um with sub grains ap-
roximately 20 × 2 um [48] . The samples were polished using a series
f successively finer SiC grit papers, diamond suspension paste diluted
ith water (6 um, 3 um and 1 um) and finally using colloidal silica. The

amples were then annealed at 1673 K for 24 h. 
The samples underwent neutron irradiation at HFR, starting in 2008.

echnical problems resulted in neutron irradiation being stopped in the
ummer of 2008, and resumed in the spring of 2009. Irradiation ended
n April 2009. The samples were loaded alongside others into the HFR
eactor and received a 208 full power day irradiation in 2 locations at
173 K. The specimen temperature was controlled during irradiation us-
ng a gas-mixture technique. The samples were located in positions C7
nd C3 in drums 3 and 4. In total the samples received a neutron flu-
nce of 1 . 21 × 10 26 m 

−2 ( 6 . 5 × 10 25 m 

−2 at an energy above 1 × 10 −1 MeV):
 . 8 × 10 18 m 

−2 s −1 in the first location and 6 . 6 × 10 18 m 

−2 s −1 in the sec-
nd location. The presence of an adjacent, strong thermal neutron ab-
orber caused local modification of the neutron energy spectrum, re-
ucing the thermal neutron population, as shown in Fig. 1 . Following
rradiation the samples had a specific activity of 8.2 MBqkg −1 after 5
ears of cooling. 

The dose in dpa received by the sample and the transmutation level
ere quantified via nuclear inventory modelling using FISPACT-II [49] ,

n simulations carried out using a displacement threshold energy of
5 eV. The simulations used the TENDL-2015 [50] nuclear cross sec-
ion data library and accounted for self-shielding effects in the material
sing appropriate probability tables (see [29] for details), and also in-
luded the impact of the two different locations (C7 and C3) within the
eactor via appropriate use of the local energy spectrum ( Fig. 1 ). The
imulations were performed for the 208 days of exposure and 6 years of
ecay following removal from the reactor [32,51] . 

A total dose of 1.67 dpa and a post-irradiation composition of
.4 at.%Re - 0.1 at.%Os - 0.02 at.%Ta was predicted. This composition
as experimentally verified by Abernethy et al. using 𝛾-ray spectroscopy
f the 186 Re decay and SEM-EDX measurements [9,48,51] , and by Lloyd
t al. using APT [32] . Both EDX and APT of the single crystal sample
 p  

3 
howed good agreement with the FISPACT-II modelling (as shown in
able 1 ). 

.2. Post-irradiation sample preparation 

APT relies on the fabrication of sharp needle shaped samples in order
o maximise the evaporation field at the tip. In this research, a Focused
on Beam (FIB) liftout technique was used to prepare site specific and
ulk samples. FIB work was carried out remotely in hot cell facilities
t the Materials Research Facility (MRF), United Kingdom Atomic En-
rgy Authority (UKAEA), using an FEI Helios dual beam FIB-SEM sys-
em. The calculated activity from an individual lift-out was < 1 Bq which
llowed for non-active APT/TEM analysis in facilities at the David Cock-
yne Centre for Electron Microscopy (DCCEM), and Research Group in
tom Probe Tomography at Oxford Department of Materials. 

The cantilever was removed from the sample surface using an Om-
iprobe micromanipulator and cross sections were mounted onto silicon
osts on a 22 grid coupon, using Pt deposition. An initial electron beam
eposited Pt layer was used to protect the sample surface during subse-
uent ion beam Pt deposition. The samples were sharpened into needles
sing a series of successively smaller annular milling patterns and lower
eam currents (1.5 nA - 40 pA) and an acceleration voltage of 30 kV. At
 tip diameter of between approximately 50–100 nm in diameter, a final
olishing stage using an acceleration voltage of 2 kV and a beam current
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Table 2 

Comparison between the calculated distribution of isotopes and the measured 
distribution from APT produced by transmutation as a percentage of the total 
number of atoms in the simulation and the total number of ranged ions in APT. 
The 11 most commonly occurring isotopes from the simulation are included, 
isotopes with lower concentration could not be separated from background us- 
ing APT. Uncertainty on the concentration from APT is estimated by comparing 
different ranging approaches, background-to-background and at FWHM. 

Isotope FISPACT-II (at.%) Single crystal (at.%) Poly-crystalline bulk (at.%) 

184 W 30.97 31 . 9 ± 0 . 9 31 . 9 ± 1 . 1 
186 W 26.99 26 . 1 ± 0 . 8 26 . 6 ± 0 . 3 
182 W 25.35 24 . 8 ± 0 . 6 24 . 1 ± 1 . 3 
183 W 15.02 15 . 4 ± 0 . 6 15 . 0 ± 0 . 5 
187 Re 1.34 1 . 24 ± 0 . 06 1 . 03 ± 0 . 05 
188 Os 0.10 0 . 08 ± 0 . 02 0 . 08 ± 0 . 03 
180 W 0.10 0 . 11 ± 0 . 01 0 . 08 ± 0 . 01 
185 Re 0.09 0 . 11 ± 0 . 01 0 . 11 ± 0 . 01 
181 Ta 0.02 0 . 01 ± 0 . 01 0 . 01 ± 0 . 01 
186 Os 0.01 Undetectable Undetectable 
189 Os 0.002 Undetectable Undetectable 
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c  
f 300 pA was used to remove approximately 500 nm of Ga implanted
aterial from the top of the needle. 

Targeted APT was performed on grain boundaries of the polycrys-
alline sample, using a site-specific FIB lift-out procedure. The bound-
ry of a grain was chosen (the size of which indicated that it was a
ub-grain boundary) and a protective layer of Pt was deposited using
he procedure outlined above. The grain boundary was positioned cen-
rally within the needle during sharpening, using the contrast between
djacent grains in the electron and ion images. The GB was positioned
o that it was within the top 100–300 nm of the tip. As the thickness of
he tip was reduced, the contrast between the adjacent grains became
eaker. Therefore, when the GB was within approximately 500 nm of

he apex, a 2 kV polishing stage was applied until the distance between
he GB and the apex of the tip was removed from the sample. 

.3. Atom probe tomography 

APT was carried out in a CAMECA LEAP 5000 XR at the University
f Oxford in laser-assisted mode, using a sample temperature of 55 K, a
aser pulse energy of 80–125 pJ and a pulse frequency of 100–200 kHz.
 medium sensitivity fast emission control (FEC) setting, with a voltage
tep of 5% was used in order to mitigate against sudden increases in
on evaporation observed during the evaporation of a Re rich area. Pa-
ameters were chosen primarily to increase the yield of data from each
pecimen, as a high sample fracture rate occurred in both single crys-
al and polycrystalline samples. The highest rate of failure was in the
olycrystalline samples. 

In total, 10 samples were obtained from the single crystal sample
iving a total count of 2 . 141 × 10 7 ranged ions. For the polycrystalline
ample, 2 samples containing a section of a grain boundary were ob-
ained, and 4 without grain boundaries, with a total count of 1 . 371 × 10 7 
ons. The data was reconstructed and visualised using IVAS 3.8.2, using
 under/over peak ranging method described in a previous publication
32] . Reconstructions were carried out using a tip radius estimated by
he voltage curve in IVAS as an input, unless specified otherwise. The
ass spectra of multiple APT data sets were analysed using the Composi-

ionFromPosList.m Matlab script in the AtomProbeLab software package
52] . 

.4. Density functional theory calculations 

DFT calculations were done within the projector augmented wave
PAW) method as implemented in the Vienna ab initio simulation pack-
ge VASP [53,54] . The exchange-correlation functional is described by
he generalized gradient approximation (GGA) of PBE [55] . For the self
nterstitial atom (SIA) loop calculations, 1458 bcc positions supercells
ere used with Gamma point representation of the Brillouin zone (re-

erred to as 1 kpt calculations). A selected number of configurations
ere also calculated using 2 × 2 × 2 kpoints. All atomic relaxations were
erformed under constant volume condition. A perfect 1∕2 ⟨111 ⟩ loop
ontaining 37 SIA has been introduced in the middle of the supercell
nd the binding energy of different solute atoms determined for various
ositions of the solute. The formation 1∕2 ⟨111 ⟩ dislocation loops under-
oing quantum mechanical one-dimensional glide diffusion in irradiated
ungsten has been discussed recently from both experimental and theo-
etical points of view [56] . The influence of the pressure due to the use
f constant volumes has been evaluated using the method proposed by
arvenne et al. [57] to take into account long range interactions. Once
oint defect energies have been calculated using VASP, they are cor-
ected by subtracting artificial interaction energy arising from periodic
oundary conditions. The calculations were done using the minimal set
egular PAW which considers s and d electrons as valence electrons. We
stimated the error for not taking into account the semi-core states and
nly 1 kpt to be around 0.1 eV, the uncertainty being always the highest
or Os and Ta. 
4 
. Results 

.1. Mass spectrum analysis 

The predicted isotopic concentrations were compared to the mea-
ured peak concentrations from APT, using the method outlined in pre-
ious publications [32] . A total of 6 samples each were used for the sin-
le crystal and polycrystalline material, with a total ranged ion count
f 1 . 626 × 10 7 and 1 . 371 × 10 7 respectively. For the polycrystalline mate-
ial, 2 samples contained a portion of the sub-grain boundary, the other
 did not. 

Mass peak identification and ranging of APT data relies on manual
perator input to define the peak width and corresponding element,
nd is an important source of uncertainty to consider in the reported
ample composition [58,59] . Here we apply a under and over raning
pproach, details of which are given in Appendix A . The standard ap-
roach to separating the contributions to an individual mass peak, and
orrectly labelling the overlapping peaks with the corresponding ele-
ents in APT data, is to use the heights of the adjacent non-overlapping
ass-to-charge-state peaks to determine the ratio of the elements in the
eak. In samples in which transmutation has not occurred, this is possi-
le because the heights of the individual isotopic peaks for an element
re distributed according to the natural abundance for that element. In
he case of the samples discussed here this approach cannot be used be-
ause the Re and Os are introduced “artificially ” via neutron reactions
ith isotopes of W. The predicted distribution of isotopes from FISPACT-

I calculations indicate that overlap in mass-to-charge-state peaks cor-
esponding to isotopes of W, Re and Os with equivalent atomic mass
umber is, in fact, minimal, and allowed peak ranging without decon-
olution. This is in contrast to situation in Edmondson et al. [41] , where
igher transmutation levels in those experiments meant that deconvo-
ution was required. 

In general there was good agreement on the Re, Os and Ta con-
entrations between APT, FISPACT-II and EDX measurements [9] for
oth samples. The bulk concentration measurments are summarised in
able 1 . The single crystal sample had a higher average Re concentra-
ion than the polycrystalline by around 0.2 at.%. The concentration of
ndividual isotopes was measured by ranging each mass peak individu-
lly and showed also showed a good agreement between the predicted
nd measured values. The results are summarised in Table 2 . 

.2. Precipitation of transmutation products 

Precipitation of Re and Os was observed in both single and poly-
rystalline samples. As demonstrated in Figs. 2–6 , both the precip-
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Fig. 2. Summary of the 6 reconstructed APT data sets, taken from the single crystal neutron irradiated sample. W atoms are plotted in blue, with between 5 and 
20% of atoms shown for visual clarity. Re isoconcentration surfaces at 5 at.%Re are shown in red to highlight the positions of the precipitates. 100% of Os atoms 
are plotted in green but are not strongly visible because they are located primarily within the Re clusters. Each atom map shows a different sample analysed using 
APT. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

5 
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Fig. 3. APT Reconstruction of samples taken from single crystal neutron irradiated sample. Equivalent data to that shown in Fig. 2 , however, for visual clarity, only 
Re atoms (red spheres, 0.1 nm in diameter) are shown, together with Os isoconcentration surfaces at 1.5 at.%. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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tation of Re and Os, as well as the core shell Os structure ob-
erved previously has been formed in both single and polycrys-
alline samples. In this section an overview of the observed clus-
ers is given before further analysis of the compositions is given in

ection 3.3 . c

6 
.2.1. Single crystal 

Fig. 2 shows reconstructions of 6 successful APT needles taken from
he single crystal sample. The location of the clusters can be seen by the
ed isoconcentration surfaces at 5 at.%Re. Ta was present in very small

oncentrations and was not shown to be correlated with the clusters and 
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Fig. 4. (a) STEM HAADF image of dislocation loops, voids and Re/Os rich precipitates in the single crystal neutron irradiated sample. Higher magnification image 
given in (b) shows a ⟨111 ⟩ dislocation surrounded by Re/Os rich precipitates shown by the contrast in the HAADF and Annular Dark Field (ADF) image in (c). In 
the lower right is an illustration of the appearance of different features, with the measured number densities. The small unknown features are potentially clusters of 
Re/Os. 

Fig. 5. APT Reconstruction of samples taken from polycrystalline neutron irradiated sample, showing ≈1% of the detected W atoms in blue for visual clarity and red 
isoconcentration surfaces at 5 at.%Re. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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herefore is not shown in Fig. 2 . Large clusters of Re and Os (relative to
he reconstruction) were observed in all of the 6 single crystal samples
nalysed, as shown in Fig. 2 . Fig. 3 shows the equivalent data from
ig. 2 , with all of the W atoms hidden, and only the Re atoms shown.
00% of the detected Re atoms are plotted, and the location of the Os
s highlighted with an iso concentration surface at 1.5 at.%Os. 
7 
The map of Os and Re atoms in Fig. 3 clearly shows the strong seg-
egation of these elements. These maps also highlight that Re and Os
toms are not evenly distributed throughout the cluster. The majority
f the clusters shown in Fig. 3 have a core which is rich in Re and Os,
urrounded by a diffuse cloud of Re, as has been highlighted in other
tudies [32,40] . The Os isoconcentration surfaces at 1.5 at.%Os indicate
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Fig. 6. APT Reconstruction of samples taken from the polycrystalline neutron irradiated sample. Equivalent data to that shown in Fig. 6 , however, for visual clarity, 
only Re atoms (red spheres, 0.1 nm in diameter) are shown, together with green Os isoconcentration surfaces at 1.5 at.%. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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hat very strong precipitation of Os has occurred, given that the nominal
oncentration of Os in the sample is only 0.08 at.% (see Table 1 ). 

HAADF imaging of the single crystal sample also showed the pres-
nce of a high number density of Re/Os rich precipitates, as shown in
ig. 4 . Re/Os precipitates were identified by their mostly oblong appear-
nce, often with sharp edges and solid contrast, and are visible in both
he HAADF and Annular Dark Field (ADF) images shown in Fig. 4 . These
recipitates were 5–10 nm in length, had a density 2- 3 × 10 22 m 

−3 and
ppeared elongated along the ⟨011 ⟩ directions. 

In the ADF image shown in Fig. 4 , a high density of small defects were
isible, but are invisible in the corresponding HAADF image. Several
f the defects appear needle like in appearance, elongated along ⟨011 ⟩
irections. The number density of these small clusters 5 × 10 23 m 

−3 and
hey were typically between 2 and 3 nm in size. 

.2.2. Polycrystalline 

Fig. 5 shows the reconstructed samples with between 5 and 20 at.%
f the detected W atoms shown in blue, 100 at.% of Os atoms in green,
nd with 5 at.%Re isoconcentration surfaces shown in red. Fig. 6 shows
he same data that is plotted in Fig. 5 , with all of the W atoms removed.
00% of the Re atoms are plotted and the location of the Os atoms is
ighlighted with isoconcentration surfaces at 1.5 at.%Os. 

The morphology and structure of the clusters in the polycrystalline
aterial shown in Figs. 5 and 6 , are similar to those observed in the

ingle crystal material ( Figs. 2 and 3 ). Large clusters of Re (relative
o the size of the reconstruction) can be seen which contain a Re/Os
ich core. The segregation of Os is strongest, relative to its low nominal
oncentration in the sample (0.08 at.% Os). In both samples, the pre-
ipitate diameter varied between around 5 and 30 nm, however, some
8 
f the clusters did not have a spherical morphology. Some of the clus-
ers were elongated in one direction, indicating more of a rod shaped
orphology. 

HAADF imaging of the samples measured a cavity number density
f 2 . 4 × 10 22 m 

−3 for the polycrystalline material and 5 × 10 21 m 

−3 for
he single crystal. Voids were identified from HAADF images, mainly
n thicker regions where diffraction contrast is less prominent in the
AADF images. In thinner regions of the crystal, Re/Os segregation
round voids is visible via diffraction contrast; in HAADF images as a
hite halo around a dark centre, and in ADF images by the uniform

ontrast throughout the void. Voids in the single crystal sample were
etween 5-10nm in diameter. Previous TEM measurements found cav-
ty number densities of 4 . 0 × 10 21 for the polycrystalline and 2 . 5 × 10 21 
or the single crystal material [51] . By comparison, in the reconstructed
PT data the number density of Re and Os rich precipitates was mea-
ured to be 1 . 5 × 10 23 m 

−3 and 9 . 65 × 10 22 m 

−3 for the polycrystalline
nd single crystal material respectively. 

EDX analysis of these samples in previously published work clearly
hows the decoration of voids with Re and Os [32,51] . Atomic density
rtefacts associated with Re and Os clusters in both of these samples
uggests that some of these features within the APT reconstruction were
n fact associated with voids. Trajectory focusing aberrations of the ions
mitted from the periphery of voids leads to regions of higher than ex-
ected atomic density in reconstructed APT data [60,61] . The effect of
hese features on the reconstructed data is strongly dependant on the
aterial system being studied, the size of the void and the chemical
ature of any segregation effects. Furthermore, precipitates with a low
eld evaporation threshold are expected to result in an increase in the

ocal atomic density during reconstruction, thus it is generally not possi-
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Table 3 

Number density of different microstructural features measured after neutron irradiation in 
the single crystal sample using STEM-HAADF and APT. The size of the precipitates in the APT 
data are defined by the radius of gyration calculated using the maximum speration method 
outlined in Section 3.3.1 . The loop size in the APT data was taken from the single loop shown 
in Fig. 10 . 

Feature 
HAADF APT 

Number density (m 

−3 ) Size (nm) Number density (m 

−3 ) Size (nm) 

Dislocation Loops 10 20 20–70 – 15–20 
Voids 5 × 10 21 5–10 – –
Precipitates 2 × 10 22 5–10 1 . 5 × 10 23 4.5 
Unknown Clusters 5 × 10 23 2–3 – –
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le to unambiguously distinguish decorated voids and these precipitates
n the reconstruction based on associated atomic density artefacts alone.

The number densities of different microstructural features in the sin-
le crystal sample are summarised in Table 3 . The higher number den-
ity of Re and Os rich features in the APT data compared with the STEM
nalysis suggests that not all of the clusters can be associated with voids.
ome of the clusters in the APT data are either isolated, or attached
o voids too small to be resolved using STEM. It should be noted that
he number density of precipitates measured using APT is based on a
ery small analysis volume, and some local variations in the precipitate
umber density are to be expected, particularly in the vicinity of grain
oundaries. 

Re/Os precipitates were visible in both ADF and HAADF images (see
ig. 4 ), and appeared also elongated along the ⟨011 ⟩ directions. Some
recipitates appeared as more circular or square in appearance, simi-
ar to the voids, but without a dark centre as would be expected of a
e/Os-decorated void viewed in HAADF. Though one might interpret
uch a precipitate as being elongated in the view-direction (i.e. along
001]), we can rule this out on the basis that no such precipitates were
bserved elongated along [010] or [100]. These precipitates were 5–
0 nm in length, and had a density 2- 3 × 10 22 m 

−3 . The average size of
he clusters in the APT data was characterised by the radius of gyration,
easured using a maximum separation method (the method for which

s outlined in Section 3.3.1 ). In the ADF images (see Fig. 4 (c)), a high
ensity of small defects were visible, but invisible in HAADF ( Fig. 4 (b)).
he number density of these unknown clusters was 5 × 10 23 m 

−3 and
hey were typically between 2 and 3 nm in size. The number densities
f the different microstructural features imaged in this study using both
TEM and APT are summarised in Table 3 . 

The reconstructions summarised in Figs. 2–6 also contained a small
oncentration of Ta, as reflected in Table 1 . This Ta was also produced
uring neutron irradiation but via different nuclear reactions to that of
e and Os. Mapping the positions of the Ta atoms showed no visible seg-
egation within the clusters, or any of the other microstructural features
nalysed in this study such as grain boundaries or dislocations. 

.3. Cluster composition analysis from APT 

.3.1. Maximum separation algorithm 

Analysis of the composition of the clusters shown in Figs. 2–6 was
rst performed using a conventional Maximum Separation Method
MSM) in which an atom is defined to be within in a cluster if the
istance between two solute atoms is within a pre-defined separation
istance, 𝑑 max . This is based on the notion that two nearest neighbour
olute atoms are more closely seperated within a cluster than if they
ere to occur in the W matrix. Discrete clusters are defined by creat-

ng networks of mutually clustered solute atoms. Additional parameters
sed for the analysis include the minimum number of ions in a cluster,
 min , an envelope distance, 𝐿 , and an erosion distance, 𝑑 𝑒 . For further
etails on the definitions of these parameters the reader is referred to
ault et al. [62] . A maximum separation distance 𝑑 = 1 nm, an en-
max 

9 
elope parameter, 𝐿 = 0 . 7 nm, an erosion distance of 𝑑 𝑒 = 0 . 25 nm and
 minimum cluster size of 𝑁 min = 20 ions was used, assuming a cluster
ore comprised of Re and Os atoms and a matrix of W. These parame-
ers were defined using a combination of visual inspection of the clusters
efined in this way, and comparison with previous analyses of ion im-
lanted W-Re samples [16] . Practically, this method was implemented
ithin the posgen [63] program, which is available within the APTTools

oftware package [64] . 
The average Re/Os concentrations in clusters from the single and

olycrystalline samples are summarised in Table 4 , with results from
xperiments at JOYO and HFIR [41,44,65] . The samples have a similar
verage cluster composition (W-8.6Re-0.6Os for the single crystal and
-6.9Re-0.6Os for the polycrystalline) to the pure-W samples irradiated

t JOYO (W-7.6Re-0.2Os), which underwent irradiation with a similar
ransmutation rate to the HFR samples. The clusters measured in the
FIR sample are on average higher in Re and Os, which can be attributed

o the higher transmutation level in that reactor, and the higher nominal
ost-irradiation Re and Os concentration. 

The Re and Os concentration in individual clusters varies signifi-
antly with respect to the mean cluster concentration, as shown by the
arge standard deviations, 𝜎Re and 𝜎Os given in Table 4 . Each cluster
dentified using the MSM is plotted as a black point in Fig. 8 , which
hows the spread of different cluster compositions that were measured.
he cluster compositions vary within a range of ≈ 2 –20 at.%Re, with Os
arying between 0 and 5 at.%. 

The composition of the clusters measured using MSM is not consis-
ent with the formation of 𝜎 (black region in Fig. 8 ) or 𝜒 phase. In sam-
les irradiated at Joyo to a dose of 0.96 dpa, clusters were also identified
n APT data using a MSM. Analysis of the cluster compositions showed
hat they also did not have a Re and Os concentration that is consistent
ith the formation of 𝜎 phase [44,65] . 

The cluster composition is highly sensitive to the cluster search pa-
ameters, as well as the method used to define the clusters. Another
ethod of measuring the cluster composition is to create isoconcentra-

ion surfaces within which the composition is measured. As with the
SM method, the composition measured using a isoconcentration sur-

ace depends on how this boundary is defined, and at what composition.
o illustrate this, the composition of the clusters in the single crystal
ample were measured using Re-Os isoconcentration surfaces at 1.5, 12
nd 25 at.%, as shown in Table 4 . The average cluster composition given
y this method varies between 8.80 at.%Re - 0.61 at.%Os for the 1.5%
soconcentration surface; and 31.66 at.%Re - 6.61 at.%Os for the 25%
soconcentration surface. 

Analysis of samples from HFIR using 12 at.%Re-Os isoconcentation
urfaces gave an average cluster composition of W-19.62Re - 13.03 Os
41] . A similar Re concentration is seen in the HFR samples studied here
21.13 at.%Re), despite the higher nominal post-irradiation concentra-
ion in the HFIR samples (W-6.38Re-3.23Os after 1.8dpa compared to

-1.3Re-0.1Os after 1.67dpa in the samples considered in this study).
he level of Os in the HFIR clusters is much higher than in the HFR sam-
les (13.03 at.%Os compared to 6.61 at.%Os respectively). This could
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Table 4 

Average cluster composition in the single crystal and polycrystalline neutron irradiated samples, measured using various 
methods. The average composition measured in the sample from JOYO and HFIR were also calculated on APT data using 
a maximum separation algorithm, details of which are given in Hwang et al. [44] . The samples irradiated at JOYO and 
HFIR are polycrystalline pure-W and pre-alloyed W-10 at.%Re [65] . The standard deviation of the clusters around the 
average concentration, 𝜎𝑥 , for the concentration of 𝑥 is also given, unless marked by a † symbol in which case the value 

represents the standard error on the mean calculated using 𝜎∕ 
√
𝑁 , where 𝑁 is the sample size. 

Reactor Sample dpa Analysis method Re (at.%) 𝜎Re Os (at.%) 𝜎Os 

HFR Pure-W (Single Crystal) 1.67 Maximum Separation 8.6 3.4 0.6 0.6 
Pure-W (Polycrystalline) 1.67 Maximum Separation 6.9 3.6 0.6 0.5 
Pure-W (Single Crystal) 1.67 Line Profile 24.6 12.4 3.4 2.9 
Pure-W (Polycrystalline) 1.67 Line Profile 19.5 6.7 1.8 1.4 
Pure-W (Single Crystal) 1.67 Isoconcentration (1.5 at.%Re-Os) 8.80 4.81 0.61 0.66 
Pure-W (Single Crystal) 1.67 Isoconcentration (12 at.%Re-Os) 21.13 3.90 2.33 0.56 
Pure-W (Single Crystal) 1.67 Isoconcentration (25 at.%Re-Os) 31.66 4.98 6.61 1.60 

Joyo Pure-W [44] 0.96 Maximum Separation 7.6 – 0.2 –
W-10Re [44] 0.96 Maximum Separation 20.9 – 3.0 –

HFIR Pure-W [44] 0.90 Maximum Separation 13.4 – 2.6 –
W-10Re [44] 0.90 Maximum Separation 16.6 – 7.7 –
Pure-W [41] 0.10 Isoconcentration (1 at.%Re-Os) 11.25 0.83 † 0.70 0.08 †

Pure-W [41] 1.80 Isoconcentration (12 at.%Re-Os) 19.62 0.41 † 13.03 0.46 †
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e due to a higher nominal concentration of Os in the HFIR sample, or
ue to a higher degree of transmutation within the cluster cores due to
he lower average neutron energy in the HFIR spectrum. 

Fig. 7 (a) and (b) shows a close-up image of a volume extracted from
ne of the APT data sets shown in Figs. 2 and 3 . The volume was ex-
racted using a Re isoconcentration surface at 5 at.%Re, and all of the
 atoms are removed for visual clarity. The positions of the Re and Os

toms are plotted separately in red and green respectively. The cluster
hown in Fig. 7 (a) and (b) has a central rod shaped region surrounded
y a cloud of Re. This can be observed in several of the clusters shown
n Figs. 2–6 . Re-isoconcentration surfaces at 25 at.%Re indicated that in
he central rod shaped region of the cluster shown in Fig. 7 , the composi-
ion is higher than 25 at.%Re. The variation of Re and Os concentration
ithin the clusters were investigated using a line profile analysis tech-
ique which is discussed in the following section. 

.3.2. Line profile analysis 

Fig. 7 (c) shows the variation in Re and Os concentration along the
luster shown in (a) and (b). The cluster core was first identified using
 25 at.%Re isoconcentration surface and the variation in Re/Os across
he cluster was measured using a cylindrical ROI centred on this feature.
or each bin, the counting errors exported from IVAS were averaged to
ive the mean counting error for each of the new bins. 

The Re concentration of the cluster shown in Fig. 7 was determined
o by < 20 at.%Re using the MSM. The corresponding concentration in
he central region of this precipitate was measured to be approximately
0 at.%Re using the line profile method. Over the equivalent distance,
he Os concentration was around 7 at.%Os. The composition taken at
he plateau region of this cluster would place it within the 𝜎 phase re-
ion of the diagram shown in Fig. 8 , whereas the MSM would give a
omposition within the bcc solid solution region. This is likely due to
he MSM incorporating a greater proportion of the Re cloud which sur-
ounds the centre of the precipitates, which has a lower concentration
f Re in comparison to the core. To analyse the full set of clusters shown
n Figs. 2–6 and automated approach to performing line profile analyses
as applied. 

.3.3. Automated line profile analysis 

An automated method for performing line profile measurements was
sed to determine the Re/Os concentration in the centres of the pre-
ipitates. The position of the clusters were first identified used a MSM
66] using a 𝑑 max of 0.7 nm, bulk distance of 0.7 nm, and a N min of
0. The MSM was performed using a modified version of the posgen
63] , code patch available as supplementary material. The modification
roduces line profiles scaled to the radius of gyration of each cluster,
10 
he same method as applied elsewhere [67] . If the cluster radius is 𝑟 ,
hen the total volume of the line profile is 5 . 2 𝑟 3 , where the length of

he line profile parallel to the Z -direction is twice 1 . 3 ≈
√ 

5 
3 above and

elow the centre of mass of the cluster, and the line profile has a square
ross section ± 

𝑟 

2 in both X and Y . This volume is sectioned into 100 bins

ach with a Z -height of 5 . 2 𝑟 100 . The raw files, one per atom probe volume,
re processed by the processLineProfiles.R script in R which
ggregates all the composition and density line profile data together. 

In total 102 clusters were detected and analysed using this method.
or each line profile exported using the automated program, a peak
etection method was applied in order to generate a measure of the
eak concentration. The data was first rebinned into 20 groups with
 width of 5 nm to improve counting statistics. The mean of each bin
as calculated and the highest 85% of these bin means were selected
nd averaged. The Os concentration was calculated separately using the
ame method for each of the Re bins included in this analysis. 

The results from the line profile analysis along with the MSM results
re plotted in Fig. 8 , with the ternary W-Re-Os phase diagram at 1873 K
verlaid. The results from the line profile analysis are plotted as circles,
ith the blue points representing data taken from the single crystal sam-
le and red from the polycrystalline. As was observed using the MSM,
he overall Re and Os concentration in the clusters is lower for the poly-
rystalline sample than the single crystal, as is shown by the average
luster composition given in Table 4 . The range of compositions from
he line profile analysis is greater than for the MSM, with the maximum
luster composition being reported as 59 at.%Re and 12 at.%Os. The
verage cluster composition calculated with this method is within the
cc + 𝜎 phase region, with some clusters from the single crystal sample
ithin the 𝜎 phase region. This indicates that in the centres of some of

he precipitates, the threshold composition for 𝜎 phase formation may
ave been reached. 

.4. Dislocation decoration 

As shown in Table 3 , voids and precipitates had the highest number
ensity, but a smaller quantity of loops were also measured. Fig. 4 shows
AADF and ADF images from a region of the single crystal sample con-

aining several dislocation loops. A single ⟨111 ⟩ loop is shown in the high
agnification HAADF image in (b). The distinction between dislocation

oops and Re/Os-precipitate is made challenging due to the fact the lat-
er appear at a high density, and the decoration of Re/Os around dis-
ocation loop cores makes interpretation of g.b = 0 conditions difficult.
ecause of this, only rough estimates of the number densities of the var-

ous microstructural defects are summarised in Table 3 , based on their
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Fig. 7. Shown in (a) and (b) are close-up images of the Re and Os atoms in the precipitate analysed in (c), with atoms plotted as spheres of radius 0.05 nm. 100% 

of Re and Os atoms are shown respectively with all other atoms hidden for visual clarity. The boundary of the cluster was defined using a 5 at.%Re isoconcentration 
surface. (c) Line profile taken through rod-shaped cluster in APT data, centred on a 25 at.%Re isoconcentration surface. Cylindrical ROI of dimensions 1.64 nm 

radius, 15 nm long, binned into 152 bins along the z -direction of width 0.1 nm in IVAS, rebinned into 20 bins. Errors plotted are both counting error from IVAS and 
the standard deviation on each bin. 
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ppearance in the [100] projection of the foil. Dislocation loops were
dentified as those defects with a distinctive elliptical-shape. The ma-
or axis of the ellipse indicates the likely habit plane; all elliptical loops
ppeared elongated alone the ⟨011 ⟩ directions, as would be expected of
ure-edge dislocation loops with Burgers vector ⟨111 ⟩. No defects were
bserved elongated along the ⟨100 ⟩ directions, indicating no ⟨100 ⟩ dislo-
ation loops were present, nor ⟨111 ⟩ loops lying on {110} habit planes.
he dislocation loops ranged from 20 to 70 nm in size, and had a number
ensity 10 20 m 

−3 . 
Fig. 9 (a) shows one of the APT reconstructions show in Figs. 2 and

 which was taken from the single crystal material. In Fig. 9 (a), 100%
f the detected Re atoms are plotted in red and 100% of the detected
s atoms are plotted in green. A line of Os atoms is visible within the
ighlighted square in Fig. 9 (a), which is more clearly highlighted by the
.5 at.%Os isoconcentration surface in the higher mangnification image
hown in Fig. 9 (b). Composition line profiles taken perpendicular and
arallel to the dislocation are shown in Fig. 9 (c) and (d) respectively,
hich clearly show the segregation of Re and Os to the discloation.
ig. 9 (d), which is taken along a ROI orientated along the dislocation
11 
hows a Re concentration of between 4–5 at.%Re and 1–3 at.%Os. This
uggests that Os segregates most strongly to dislocations, as the con-
entration here has increased by over a factor of 10 with respect to the
ominal concentration (0.08 at.%) whereas Re has increased by around
 factor of 3 from the nominal concentration (1.2 at.%). 

Fig. 10 (a) shows another APT reconstruction from the single crys-
al neutron irradiated material, in which 8% of the detected W atoms
re plotted in blue and 100% of the Re and Os atoms are plotted sepa-
ately as red and green spheres respectively. In comparison to the clus-
ers shown in Fig. 7 (a) and (b), the central region of the Re rich feature
hown in Fig. 10 (a) has a more diffuse interface, and is less dense in
he core. Furthermore, the Os atoms in Fig. 10 (a) are distributed only
round the periphery of the Re rich region. As shown in Fig. 10 (c), they
orm a ring around the edge of the Re suggesting that this feature is a
islocation loop. The Os ring is highlighted by the 0.5 at.%Os isoconcen-
ration surface in Fig. 10 (b). The size of the feature is consistent with
hose measured using STEM. STEM imaging of both the single crystal
nd polycrystalline samples found that the majority of the loops formed
ithin these samples were orientated in the ⟨111 ⟩ directions. 
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Fig. 8. Partial ternary phase diagram for W-Re-Os at 1873K isotherm, with the region in which 𝜎 phase formation is predicted highlighted in black. Overlaid are 
individual cluster compositions calculated from APT using various methods. The black points were obtained using conventional MSM, whereas the red and blue 
points were obtained using the line profile analysis method. The red points represent clusters in the single crystal sample, whereas the blue points are cluster from 

the polycrystalline material. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 10 (d) and (e) show line profiles taken using ROIs positioned
hrough the centre of the loop and tangentially to the edge of the loop re-
pectively. In both cases the ROIs were aligned manually with the plane
f the Os atoms shown in Fig. 10 (c). Fig. 10 (d) and (e) show the segrega-
ion of Re and Os to the loop. The Re segregation to the loop is stronger
han was observed for the line dislocation in Fig. 9 , with a central Re
omposition of between 10 and 12 at.%Re. The two peaks in the Os con-
entration visible in Fig. 10 (d) correspond to the two points at which the
OI crosses the Os isoconcentration surface shown in Fig. 10 (b). In the
entre of the loop where the Re concentration is highest, no Os atoms
re visible. The concentration of Os at the periphery of the loop is mea-
ured as between 1 and 4 at.%Os, which is similar to the level observed
or the line dislocation in Fig. 9 (c) and (d). 
12 
.5. Grain boundary decoration 

A reconstruction of the targeted grain boundary APT sample, taken
rom the polycrystalline material, is shown in Fig. 11 (c) and (d). The
rain boundary is located centrally within the reconstructed volume
nd is clearly highlighted by the red Re atoms and green Os atoms.
ig. 11 (d) shows the reconstruction rotated by 90 degrees with respect
o Fig. 11 (c). In the rotated view, there are individual lines of Os atoms
isible. The structure within the grain boundary confirms that this is a
ow angle grain boundary, and that the lines visible in Fig. 11 (d) are
ndividual dislocations. Fig. 11 (a) and (b) show line profiles taken per-
endicular and parallel to, the grain boundary shown in Fig. 11 (c). The
ine profiles were taken using ROIs positioned through the centre of a
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Fig. 9. Segregation of Re and Os transmutation products to a line dislocation in W-1.4Re-0.1Os irradiated to 1.67 dpa at 1173 K, measured using APT. Shown in (a) 
is the full data set with Re atoms plotted in red and Os atoms in green, with (b) a higher magnification section of the sample with the line dislocation highlighted 
with a 0.5 at.%Os isoconcentration surface. Plotted in (b) are the ROIs used to analyse the segregation of Re and Os to the discloation. The plots shown in (c) and (d) 
show the line profile concentrations from the ROIs shown in (b) for the transverse and in-line directions respectively. In (c) and (d), the circular red points represent 
Re and the square green points represent Os. The error bar is given by the standard error, 𝜎�̄� for each of the bins, calculated using 𝜎�̄� = 𝜎∕ 

√
𝑁 where 𝑁 is the number 

of points in each bin, and 𝜎 is the standard deviation of the bin concentration. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 10. Segregation of Re and Os transmutation products to a dislocation loop in W-1.4Re-0.1Os irradiated to 1.67 dpa at 1173 K, measured using APT. Shown in 
(a) is the full reconstructed volume showing 8% of W atoms for visual clarity and Os atoms as green spheres 0.2 nm in diameter, and Re atoms as red spheres of 
0.1 nm diameter in order to highlight the respective positions of these atoms. Shown in (b) and (c) are higher magnification views of the loop shown in (a), with the 
position of the Os atoms highlighted with a 0.5 at.%Os isoconcentration surface in (b) with two cylindrical ROIs defined across the middle of the loop and on the 
periphery. Shown in (c) is a volume extracted with a Re isoconcentration surface at two different orientations which are rotated 90 ◦ with respect to one another, with 
all W atoms removed. The Re atoms are plotted as small red points and the Os atoms are plotted as spheres of 0.1 nm diameter in order to highlight there position 
within the volume. Plotted in figures (d) and (e) are the line profile analyses from the central and peripheral ROIs respectively, with Re plotted as red circles and Os 
plotted as green squares. The error bar is given by the standard error, 𝜎�̄� for each of the bins, calculated using 𝜎�̄� = 𝜎∕ 

√
𝑁 where 𝑁 is the number of points in each 

bin, and 𝜎 is the standard deviation of the bin concentration. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

13 
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Fig. 11. Decoration of a grain boundary in the polycrystalline neutron irradiated sample, with Re and Os transmutation products. (a) and (b) show line concentration 
line profiles taken across the grain boundary shown in figures (c), perpendicular to and parallel to the boundary respectively (note that the x -axis on (a) and (b) are 
plotted using different scales). (d) shows the reconstruction in (c), but rotated by 90 degrees. The data was extracted from IVAS in bins of width 0.1 nm, and then 
re-binned into (a) 30 and (b) 60 concentration bins. The error bar is given by the standard error, 𝜎�̄� for each of the bins, calculated using 𝜎�̄� = 𝜎∕ 

√
𝑁 where 𝑁 is the 

number of points in each bin, and 𝜎 is the standard deviation of the bin concentration. 
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egion defined around the boundary using a iso-concentration surface
t 1.5 at.%Re. The maximum concentration is between 5–6 at.%Re and
.5–1 at.%Os. The variation due to individual dislocations within the
rain boundary is shown clearly in the parallel line profile in Fig. 11 (b).

. Discussion 

.1. Transmutation product precipitation 

The APT measurements of bulk sample compositions summarised in
able 1 show a good agreement with the predicted Re/Os concentrations
rom FISPACT. The APT samples taken from the polycrystalline sample
ad a lower overall Re concentration than those taken from the single
rystal sample, but this is likely due to the APT samples being taken
rom the area near to the grain boundary shown in Fig. 11 . As shown in
ig. 11 , both Re and Os atoms segregate to grain boundaries under ir-
adiation, and the concentration is therefore lower in the samples taken
earby, such as those shown in Figs. 5 and 6 , that do not contain a
ortion of the grain boundary. This highlights the site specific nature
f APT and represents an additional source of uncertainty which is not
uantified here. In addition to the variation in measured composition
ue to fluctuations within the sample, changes in the laser pulse energy
etween APT samples also introduces some smaller variation in the mea-
ured composition. Overall however, the bulk measurements support
he use of FISPACT-II calculations for assessing post-irradiation sample
ompositions. 

The modelling predicts that mass-to-charge-state overlaps for the ir-
adiation conditions experienced by this sample were minimal due to
he short half-lives of the other isotopes formed under irradiation ( 185 W
nd 187 W isotopes have half-lives of 75.1 days and 23.72 hours respec-
ively [3] ). Both of these isotopes are produced, during and after irra-
iation, via transmutation reactions, but do not overlap with the 185 Re
14 
nd 187 Re mass-to-charge-state peaks because they decay quickly. Re
nd Os are produced after irradiation as the unstable precursor isotopes
roduced during the irradiation decay over time. Because the time be-
ween sample removal from the reactor and analysis is several years, the
ontribution to the 185 Re and 187 Re mass-to-charge-state peaks is mini-
al. FISPACT-II predicts that 187 Os should account for only 0.01% of the
87 mass peak, with the rest of the counts coming from 

187 Re and zero
ontribution from 

187 W. Again with the 185 peak, minimal overlap is
redicted with only 3 . 54 × 10 −6 % predicted to arise from isotopes other
han 185 Re. There is slight deviation between the predicted and mea-
ured 187 Re signal, that could indicate slight inaccuracies in the nuclear
ata, variation in the local neutron spectrum or because of artefacts in
PT. 

Precipitates were observed with a Re and Os core shell structure,
s seen in previous analyses [32] . The majority of the clusters anal-
sed contained Os, with only a small percentage containing only Re, as
hown in Fig. 8 . A subset of the precipitates exhibit a rod shaped mor-
hology, with some of the clusters containing an elongated core region.
his is unlike the clusters observed under ion irradiation which are typi-
ally spherical in morphology [16] . The clusters do not appear as needle
haped as in other APT analyses of neutron irradiated W [40,41] . In the
AADF images shown in Fig. 4 the clusters showed either an oblong or
ircular shape. The ADF image shown in Fig. 4 , also shows a high den-
ity of small defects of unknown origin. These defects are invisible in the
orresponding HAADF image and are more needle like in appearance,
longated along ⟨011 ⟩ directions. These are unlikely to be dislocation
oops; they have a very different length scale to the larger loops previ-
usly identified, and they are unlikely to be loops from FIB damage since
he sample was flash-electropolished. If these features were dislocation
oops they would be lying close to 110 planes. However, in this case we
ould also expect to see defects elongated along [100] or [010] since

hese habit planes would be equally likely. We might also expect good
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ontrast from small dislocation loops in HAADF, which is closer to the
weak ” criterion than ADF (as indicated by the sharp line contrast of the
islocation loop in the HAADF image of Fig. 4 ), however, these defects
re not visible in HAADF image. It is possible that these features could
e small Re/Os clusters, however, EDX analysis was unable to confirm
his directly. The high number density of Re rich features present in the
PT supports the suggestion that these smaller features may be Re/Os
lusters. 

Decorated voids were observed in the HAADF imaging of the sam-
les. The impact of voids on the APT data was unclear, but the combina-
ion of complementary STEM and atomic density measurements in the
econstruction of the APT data suggest that decorated voids are likely to
e present in the analysed volume of material. Correlative microscopy
ith APT and TEM is required to fully understand the impact of voids
n the formation of Re and Os rich precipitates in these materials. 

Analysis of the cluster compositions using a MSM shows that the pre-
ipitates are similar to those observed in other APT analyses of low trans-
utation rate neutron irradiation experiments, as is reported elsewhere

68] . Analysis shows an average cluster composition of W - 8.5 at.%Re
nd 0.6 at.%Os, which is well within the solid solution bcc region of the
ernary W-Re-Os phase diagram. The cluster compositions are highly
ariable, as reflected in the standard deviation for the Re and Os cluster
omposition, which is 3.4 and 0.6 respectively. 

The rod shaped core of the precipitates was a denser region of Re and
s rich surrounded by a more diffuse Re cloud, as shown in Fig. 7 (a) and

b). Line profile analysis of the central region of the precipitate shown
n Fig. 7 (a) and (b), plotted in Fig. 7 (c), shows that the central region
f this precipitate has a composition consistent with 𝜎 phase, something
hat has not been previously reported for this material with APT. 

Statistical analysis was performed on the full set of data shown in
igs. 2–6 using a line profile and concentration peak fitting method. The
esults are summarised in Fig. 8 , along with the MSM data. Comparing
he data from these different methods, the line profile analysis returned
 higher maximum concentration, with one cluster from the single crys-
al sample having as high as 59 at.%Re and 11 at.%Os. As summarised
n Table 4 , the average cluster composition reported from the line pro-
le method is considerably higher than with the MSM, at approximately
 - 25 at.%Re and 3.4 at.%Os. The data is also more variable, with a

arger standard deviation calculated for the line profile method. This is
eflected in the data plotted in Fig. 8 , where some of the clusters are
ithin the solid solution bcc region of the phase diagram, and others

xtend well into the 𝜎 phase region and beyond. The structure of the
lusters, shown in Fig. 7 , suggest that the MSM of this material gives an
verage cluster composition that accounts for both the Re and Os rich
ore and the diffuse Re cloud around this. 

These results highlight that the precipitates are not homogeneous re-
ions of Re and Os. The data shows that in the centre of the precipitates
ither the formation of 𝜎 phase or the onset of 𝜎 phase formation has
ccurred. However, diffraction pattern analysis of these clusters was in-
onclusive. This is likely due to the small size of the region in which
phase formation has occurred. This is in contrast to the precipitates

nalysed in samples from the BR2 reactor by Dürrschnabel et al. [40] .
he BR2 samples have similar dose, with a similar transmutation rate
t the BR2 reactor (2 dpa, 2 at.%Re, 0.2 at.%Os) but showed a com-
aratively low number density of voids when compared to the samples
resented in this study. The precipitates in the BR2 samples were much
arger and more highly concentrated in Re and Os than those discussed
n this paper. The reason for the differences are not fully understood
ut one possibility is that the higher number density of voids provide
 higher number density of point defect sinks at which segregation can
ccur. The W-Re and W-Os mixed interstitial dumbbells are particularly
mportant for the transport of these transmutation products. It is likely
hat the continued transport of Re and Os to these sinks increase the
ocal concentration until the threshold for 𝜎 or 𝜒 phase formation is
eached. Because of the higher number density of segregation sites in
he HFR sample, the level of Re and Os decorating these features af-
15 
er irradiation is comparatively low, and therefore the concentration at
hich 𝜎 or 𝜒 phases can precipitate has not yet been reached. 

It is to be expected that the difference in microstructure between
he single crystal and polycrystalline samples would have an impact of
he post-irradiation microstructure observed using APT and TEM. The
resence of grain boundaries in the polycrystalline sample are decorated
ith transmutation products, as is shown in Fig. 11 . In the single crystal

ample where no boundaries are present, but the level of transmutation
s the same, it would be expected that both voids and clusters would be
ore enriched in Re/Os. By comparison in the polycrystalline sample

rain boundaries remove some of the Re/Os available to segregate to
lusters and voids. This is something that can be seen in the comparison
f average cluster compositions plotted in Fig. 8 . The polycrystalline
ample has a high number density of sub-grain boundaries, such as the
ne imaged in Fig. 11 , which are sinks for point defects. 

.2. DFT interpretation of dislocation decoration 

Both APT and STEM HAADF was used to show the decoration of dis-
ocation loops with transmutation products. The majority of the loops
maged in the single crystal sample were orientated in the ⟨111 ⟩ direc-
ions. Though it was not possible to directly confirm the nature of these
efects from the HAADF images (such as via the inside-outside method),
he large void population implies a large population of interstitial de-
ects must be contained somewhere in the microstructure. Given the
ack of grain boundaries for interstitials to migrate to, it is reasonable
o assume these dislocation loops are interstitial-type. Some curved dis-
ocations were also observed, some of which might be dislocation loops
hat intercept the foil surface, and some which may be network disloca-
ions that have undergone helical-climb via interactions with interstitial
r vacancy defects, and thus may “contain ” a proportion of the intersti-
ials, however, this was not confirmed. 

The loop was clearly distinguishable from precipitates in the APT
ata due to the difference in the Re and Os atom distribution. Os atoms
ormed a ring around the edge of the loop, as shown by the Os isocon-
entration surfaces in Fig. 10 (b) and atom maps in Fig. 10 (c). This agrees
ith APT studies of W-Os in which Os was found to decorate disloca-

ions in unirradiated W [47] . Re segregation to the dislocations was also
bserved, but this was not as strong as for the Os relative to the nominal
oncentration for each element. This highlights that dislocations will act
s potential nucleation sites for precipitates. 

Fig. 12 shows the binding energy of Ta, Re and Os with a 37 SIA ⟨111 ⟩
oop in bcc-W versus the distance to the loop center. For all solutes, the
nteraction inside the loop is either small (below 0.5 eV) or repulsive
n the case of Ta. For Os and Re, the interaction becomes meaningful
nd in fact quite high for Os (1.3 eV) at the loop periphery, i.e. on the
ast shell of the loop, and more precisely at the corner of the last shell.
hese are sites which are in compression and the local volume available
or the solute is smaller than in the bulk. A similar behaviour had been
bserved for solutes such as P, Mn, Ni and Si in Fe [69] . Outside the
oop, the interaction is attractive but it quickly becomes negligible: the
ange of the interaction between the solutes and the loop is very short. 

For Ta, the interaction remains negligible whatever its position (in-
ide or outside the loop). The trends in the binding energies nicely follow
he periodic table: for these three elements, the smaller the atom, the
arger the interaction with the loop. Ta atoms being larger than W atoms,
re not attracted by the loop, whereas Re and Os which are smaller
toms than W atoms are attracted by the loop. The contribution of the
ize effect to the interaction is thus non negligible in that case. Fig. 13
hows the binding energy of a single solute atom with the solute for
ifferent position of the solute. As already exemplified in Fig. 12 , one
ees that the interaction is the strongest for the solute at the periphery
f the loop and more precisely at the corner of the loop where the strain
s the highest. Os is the solute for which the interaction is the highest.
ote also that as mentioned in the methodology section, the binding
nergies are very similar whether calculated with 1 or 2 kpts (See more
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Fig. 12. Plot of the binding energy calculated 
using DFT with elastic correction between Re, 
Os and Ta solute atoms within a 37 SIA ⟨111 ⟩
loop in bcc-W, versus distance to the loop cen- 
ter. The data have been obtained using 2 × 2 ×
2 kpoints.The red arrow indicates the loop pe- 
riphery.Within our reference, a positive bind- 
ing energy indicates an attractive interaction. 
(For interpretation of the references to colour 
in this figure legend, the reader is referred to 
the web version of this article.) 

Fig. 13. Binding energy between single Ta, Re or Os solute atoms, with a SIA ⟨111 ⟩ loop in bcc-W, in various positions. The positions are coloured by their respective 
binding energy, where a negative binding energy indicates a repulsive interaction. The small black points for the 2 kpts figure represent positions for which the 
binding energy was not calculated. The atoms of the loops are represented with larger radius. 

d  

i
 

d  

T  

a  

s  

u  

a  

e  

a  

a  

t  

d  

l  

l  

p  

t
 

i  
etailed analysis of binding energy using a different scale for each solute
n Appendix.) 

The APT results are fully in agreement with the DFT results which in-
icates that Os atoms have the strongest binding with the loop and that
a does not bind at all. We propose that the reason Os is mostly seen
t the periphery of the loops is because it is the solute species with the
trongest interaction with the loop, and because the most stable config-
ration for solute atoms that bind with the loop is at the periphery. Os
toms therefore occupy these sites at the periphery of the loop prefer-
ntially to Re, which binds less strongly. Re atoms are present in larger
16 
mounts in the sample and thus are found at the periphery of the loop
s well as on other binding sites. Re atoms are therefore found inside
he loop, even if there it is less favourable. We checked whether intro-
ucing another Re or Os atom in the vicinity of Re or Os atom in the
oop for various positions would change the binding energy of the so-
ute with the loop and it just decreases it moderately. Thus within the
resent study, it seems to be no real co-segregation effect between the
wo solutes in the loop 

It is worth emphasising that the systematic trend of increasing bind-
ng energy for the three solute elements interacting with dislocation



M.J. Lloyd, A.J. London, J.C. Haley et al. Materialia 22 (2022) 101370 

l  

f  

R  

v  

t  

t  

b

5

 

n  

l  

t  

w  

i  

s  

i  

a  

p  

s
 

l  

O  

n  

s  

t  

fi  

2  

v
 

u  

p  

U  

a  

w  

g  

i  

l
 

R  

t  

b  

g  

 

m  

n  

t  

t  

d  

e  

s

D

 

i  

t

A

 

H  

m  

i  

p  

c  

K  

a  

w  

s  

U  

c  

t  

s  

E  

t  

i  

2  

e  

m  

P  

l  

s  

h  

c  

w  

t

A

 

i  

l  

t  

w  

1  

t  

g
 

p  

t  

p  

i  

t  

e  

t  

T  

s

𝑥  

w  

r  

d
 

s  

F  

t  

I
 

a  

p  

w  

c  

u  

v  

o  

p  

i  

t

oops shown in Figs. 12 and 13 is very consistent with those obtained
rom both DFT and Monte-Carlo simulations of voids decorated by Ta,
e and Os [70,71] . The presence of both rhenium and osmium inside
oids induced by neutron irradiation [32,51] is seen to be sensitive
o the concentration of transmutation elements and the correlation be-
ween their positions can be interpret in term of short-range order effect
etween Re and Os [70] . 

. Conclusion 

This paper summarises the characterisation of high temperature,
eutron irradiated W. Neutron irradiation to a dose of 1.67 dpa at 900 ◦C
ed to the formation of voids, discloation loops and Re/Os rich precipi-
ates, with different number densities. Both voids and disclocation loops
ere decorated with Re and Os. FISPACT-II simulations were generally

n good agreement with the measured abundances, both in terms of bulk
ample composition and with respect to individual W, Re, Os and Ta
sotopes produced via transmutation. This shows that FISPACT can be
 reliable and effective means of assessing post-irradiation sample com-
osition in W, provided an accurate description of the neutron energy
pectrum is available. 

Production of Re and Os under low transmutation rate conditions
ed to the formation of Re and Os rich precipitates. The segregation of
s to various microstructural features was strongest, relative to its low
ominal concentration. The precipitates consisted of a Re/Os rich core,
urrounded by a diffuse cloud of Re. The composition in the centre of
hese was in some cases consistent with 𝜎 phase. Automated line pro-
le analysis found that on average the clusters had a composition of
4.6 at.%Re and 0.6 at.%Os, but that the individual cluster composition
aried significantly about this mean value. 

HAADF imaging of the samples found dislocation loops had formed
nder irradiation, though with a lower number density than voids and
recipitates ( ≈ 10 20 m 

−3 for loops compared with 10 21 m 

−3 for voids).
sing APT, dislocation loops were shown to be decorated with Os, and
 diffuse cloud of Re. The Os formed a ring around the edge of the loop,
ith a maximum concentration of ≈2 at.%Os. A systematic DFT investi-
ation of interaction between solutes and the SIA ⟨111 ⟩ dislocation loop
n W demonstrates that Os had the strongest binding energy with the
oop in agreement with the present experimental findings. 

Low angle grain boundaries were shown to be decorated with both
e and Os transmutation products. Re was present in a higher concen-

ration but the relative increase in the concentration with respect to the
ulk composition was highest for Os. A maximum concentration at the
rain boundary of between 5–6 at.%Re and 0.5–1 at.%Os was observed.

These observations have important ramifications for the develop-
ent of W fusion reactor components. In particular, the finding that low
ominal Os concentrations can significantly alter the precipitate struc-
ure highlights the importance of understanding the early (low transmu-
ant concentration) stages of transmutation in a reactor. It also clearly
emonstrates the need for more representative samples, with fusion rel-
vant transmutation rates, to properly understand the competing and
ynergistic roles of Os and Re in precipitate formation. 
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ppendix A. Validation of FISPACT-II results 

The post-irradiation composition of the samples was predicted us-
ng FISPACT-II nuclear inventory modelling. To validate these calcu-
ations, analysis of the APT mass spectrum was performed to measure
he chemical composition and isotopic abundance. In total, 6 samples
ere obtained from the single crystal sample giving a total ion count of
 . 626 × 10 7 ranged ions. For the polycrystalline sample, 2 samples con-
aining a section of the grain boundary were obtained, and 4 without
rain boundaries, with a total ion count of 1 . 371 × 10 7 ions. 

Mass peak identification in APT data relies on manual operator in-
ut to define the corresponding element and peak ranging width, and is
herefore an important source of uncertainty in the overall sample com-
osition [58,59] . To quantify this uncertainty, two approaches of rang-
ng the mass peaks are applied: one which is defined from background-
o-background and another which only accounts for the central part of
ach mass peak, as outlined in Lloyd et al. [32] . This process was applied
o all of the data sets obtained and averaged to give a bulk composition.
he reported value for bulk composition of solute component, 𝑥 , in this
tudy is therefore given by: 

 = 

1 
𝑁 

𝑁 ∑
𝑖 

𝑥 𝑖 ± 

|𝑥 𝑖 over − 𝑥 𝑖 
under 

|
2 

(1)

here 𝑥 𝑖 over and 𝑥 𝑖 
under 

refer to the measured composition using the two
anging approaches outlined above, and 𝑁 is the total number of APT
ata sets used for analysis. 

The averaged bulk compositions from the single and polycrystalline
amples are summarised in Table 1 , alongside the predictions from
ISPACT-II and EDX measurements carried out elsewhere [9] . Overall
he measured composition compares well to both EDX [9] and FISPACT-
I, with only a slight overestimation in the Re content detected. 

The distribution of isotopic abundances was analysed further by cre-
ting a range file in which individual isotopes were identified as inde-
endent custom defined elements. This file describes the location and
idth of the region in the mass-to-charge data for which counts are asso-

iated with a particular element or ionic species. The same approach to
nder and over ranging peaks in the mass spectrum data described pre-
iously was used to evaluate the uncertainties such that the composition
f an isotope is given by Eq. (1) . Table 2 shows the isotopic abundances
redicted by FISPACT-II modelling as well as the measured abundances
n the single and polycrystalline samples from APT (a further 60+ iso-
opes were predicted by FISPACT in lower concentrations). 

https://doi.org/10.13039/501100000266
https://doi.org/10.13039/501100000266
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Fig. 14. Binding energy between single Ta, Re or Os solute atoms, with a SIA ⟨111 ⟩ loop in bcc-W, in various positions, each coloured using a separate scale. The 
positions are coloured by their respective binding energy, where a negative binding energy indicates a repulsive interaction. The small black points for the 2 kpts 
figure represent positions for which the binding energy was not calculated. The atoms of the loops are represented with larger radius. 
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ppendix B. Automated line profile analysis tools for APT data 

Included in the supplementary data are the files which make up the
atch for the posgen [63] code used to conduct the automated line pro-
le analysis in Section 3.3.3 . Included are a range file (WReOsPP.rrng)
hich defines the mass-to-charge peak labelling, a.xml file used to run
osgen [63] and the.txt output files for each of the data sets processed
n Section 3.3.3 . 

ppendix C. Detailed analysis of DFT binding energy for 

nteraction between loops and each of solute elements 

Fig. 14 shows the binding energy between a single Ta, Re or Os solute
tom with the 37 SIA ⟨111 ⟩ loop in bcc-W, shown in Fig. 13 . In Fig. 14 ,
he colour bar for each solute element is plotted separately, whereas in
ig. 13 all are plotted with the same scale. Fig. 14 shows that for Re, the
ighest binding energy is at the periphery of the loop, as is the case for
s, but that the Os binding is far stronger than for Re. 

upplementary material 

Supplementary material associated with this article can be found, in
he online version, at doi: 10.1016/j.mtla.2022.101370 . 
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