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Here, we introduce a discontinuous spinodal reinforcement strategy in the novel candidate plasma facing ma-
terial (PFM) of tungsten-chromium alloys. Thermal ageing of a W-34wt%(Cr alloy at 1250 °C causes nano-scale
lamellae 200-600 nm to form heterogeneously from grain boundaries, which progressively grow into the matrix
fully, then coarsen to 1-2 um after 100 h. The dual-phase microstructure confers exceptional high temperature
compressive strength, maintaining 900 MPa at 1000 °C - double that of polycrystalline tungsten. Further, the

chromium alloying promotes a dense oxide scale that confers a 2 orders of magnitude improvement in resistance
against oxidation at 1000 °C compared to W, which is an important consideration for PFMs under loss of vacuum
accident conditions. The dual-phase W-Cr alloy concept’s combination of high strength and oxidation resistance
represents a new scalable alternative to tungsten, with wide scope for further alloying and process optimisation.

1. Introduction

Despite major recent achievements for various fusion power plant
concepts [1-3], many challenges remain, in particular, how the struc-
ture and materials will survive and extract energy from the 150-million--
celsius plasma, whilst surviving for >20-year design lifetimes. Tungsten
(W) is the leading fusion plasma-facing material (PFM), particularly for
the divertor [4]. W is selected for its high melting point; high ionisation
energy — minimising loss & pollution of the plasma; low solubility for
hydrogen - minimising tritium retention; and low activation following
fusion neutron irradiation - avoiding production of long-lived radioac-
tive waste. However, tungsten has challenges: mechanically, to ensure
sufficient high-temperature strength and creep resistance, and critically
with its high ductile to brittle transition (DBTT) temperature of 300-700
°C [5] — which becomes yet worse following irradiation [6]; further, W
has poor oxidation resistance - in the event of a loss of coolant/vacuum
accident (LOCA / LOVA) [7], with tungsten oxide subliming at tem-
peratures >1000 °C [8], this is a particular concern alongside the high
decay heat from short-lived tungsten isotopes present following opera-
tion, which would lead to hours-to-days at 900-1200 °C after shut-down
[°1.

Tungsten’s performance was greatly improved through the 20th
century, driven notably by the incandescent filament light bulb industry
[5,10]. Beyond purity and interstitial reductions, submicron grain sizes
obtained by drawing optimisation and inclusion control can bring about
ductility at room temperature [11], however, the large strain reduction
levels are only readily obtainable in thin sections, rather than larger
parts, e.g. plates, needed for the fusion first wall & divertor. Other grain
control approaches have achieved some success, notably W fibre + W
matrix composites [12], or multilayer laminates [13], as well as oxide or
carbide dispersion strengthening (ODS/CDS) [5,14-17], which improve
irradiation damage resistance thanks to the high interface density.
However, there are challenges in the scalability and cost of these
approaches.

Alloying is another strategy to bring about improved properties.
Rhenium additions are well known to offer potent improvements in
ductility whilst maintaining high melting point and strength [8,18],
however, Re is expensive ~$2000/kg, and the ductilising benefit is lost
following irradiation at intermediate temperatures due to precipitate
formation [18,19]. Other solid solution alloying elements have been
investigated, as reviewed by Ren et al. [5], e.g. Ta, V, and Ti, but none
confer an analogous benefit to Re. High Entropy Alloy (HEA), may offer
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Fig. 1. W-Cr (a) Binary phase diagram calculated using Thermocalc TCHEA6 database, with the gas phase of Cr omitted. SEM BSE micrographs of the W-Cr alloy (b)
as-cast condition, (c) solution heat treated (Hom) at 1700 °C for 8 h, and then (d) aged 1250 °C 100 h, with (e) corresponding XRD patterns with bcc reflections.

a new design basis addressing the DBTT in body-centred cubic (bcc)
metals, with new ductility criteria being proposed by Mak, Yin & Curtin
[20]. However, there are critically few experimental investigations of
DBTT in refractory HEAs (RHEAs). HEAs may offer further benefits,
notably on reduced irradiation hardening [21-23]. Combining grain size
control with alloying, the works of Park & Schuh et al. [24,25] have
proposed phase-separating nanostructured alloys including W-Cr. This
approach of ‘top down’ refinement uses mechanical alloying to create a
solid solution, with two-phase decomposition on ageing trapping a
nano-scale structure. Single-phase W-Cr has also attracted interest from
groups investing ‘smart’ tungsten alloys to address W’s rapid oxidation
under loss-of-coolant and air ingress accidents in a fusion reactor, as
recently demonstrated in single-phase alloys [26,27].

However, challenges remain across the design strategies to simulta-
neously balance processability, strength, ductility, oxidation and irra-
diation resistance in W-based alloys. Here, we introduce a scalable
approach in the W-Cr system designed to exploit spinodal decomposi-
tion on thermal ageing, following a single-phase solution heat treat-
ment; to simultaneously enhance mechanical properties through
‘bottom up’ nano-scale reinforcement by phase-decomposition; along-
side oxidation resistance against accident scenarios by formation of a
protective chromia scale.

2. Methods

25 g ingots were prepared by vacuum arc melting of pure elements
(> 99.9%) under Ar, by ACI Alloys Inc, to a target compositions of W-
42.1 wt%Cr (28 at.%W-72 at.%Cr) designed to be within the spinodal
miscibility gap between A2 W(Cr) and A2 Cr(W). The density was found
to be 11.2 g cm ™3, determined using the Archimedes method. The ingots
were sectioned and then solution heat treated at 1700 °C in a tungsten
element Thermal Technology LLC high temperature Furnace. An
alumina crucible was used, the chamber was evacuated and backfilled
with Ar gas that was maintained at a pressure between 4 and 10 psi
throughout the heat treatment. The heating rate was 10 °C/min and held
at the temperature for the designated duration; an actuator then trans-
ferred the sample from the upper heating chamber to an unheated lower
chamber, achieving a cooling rate estimated to be 100 °C/min. Sections
for ageing were encapsulated within evacuated glass ampoules back-
filled with argon prior to heat treatment at 1250 °C for various times
followed by water quenching.

Microstructure characterisation was performed using scanning

electron microscopy (SEM) on a Zeiss Sigma operated at 10 kV for im-
aging, and a JEOL 5800 operated at 20 kV for energy dispersive X-ray
spectrometry (EDX). The bulk composition was evaluated using SEM-
EDS by measuring the overall composition of 5 areas scans 200 x 200
um? across the ingot, these were averaged, leading to a composition of
35.8 £ 3.5W-64.2 + 3.5Cr at.% (+ standard deviation). For impurity
analysis, we used a ‘LECO Corporation’ (www.leco.com) combustion
analyser. Interstitials were found to be 57 ppm C, 214 ppm N and 522
ppm O. X-ray diffraction (XRD) was performed using a BRUKER D2
PHASER to determine the phases present in the alloy and their lattice
parameters +0.0001 nm using Cu-K, radiation on flat samples ~ 8 mm
in diameter. The binary phase diagram was calculated using the TCTI3
database in the Thermocalc software to determine the compositions of
phases at equilibrium conditions.

Transmission electron microscopy (TEM) and scanning TEM (STEM)
were performed on a JEOL 2100F microscope operated at 200 kV.
Electron transparent foils were prepared from 3 mm discs to 150 pm
electropolished using a twin-jet electropolishing unit, using a solution of
10 % perchloric acid in methanol at a temperature of —30 °C. Due to the
electropolishing preparation method some W phase was removed leav-
ing dark elongated holes (Fig. 3c). In addition, multiple spots appear
around each plane reflection that are attributed to ‘double diffraction’
[46]. Double diffraction occurs in nano-structures that have a similar
length scale to the TEM foil thickness [45], while some additional re-
flections result from the lattice parameter difference between W(Cr) and
Cr(W) bcc phases, and this may also drive a small misorientation be-
tween the lattices. Atom probe tomography (APT) samples ~100 x 100
x 1000 nm were prepared using a Ga focus ion beam (FIB) extraction
method [30]. The experiments were conducted using pulsing laser mode
in the Cameca LEAP 5000 XS instrument. The temperature was around
40 K, laser energy of 110 pJ, and pulsed rate of 200 kHz.

Hardness testing used a 1 kg load held for 10 s, averaging five indent
measurements, with standard deviations as error bars, as shown in
Fig. 2e. High temperature properties were investigated by compression
testing using a MRF Inc. vacuum furnace maintained with a pressure
below 5.4 x 1078 MPa, heated at a rate of 20 °C/min and equilibrated at
the set-point for 10 min prior to compression, with the temperature
monitored by a W-WRe thermocouple. The load was applied using
graphite push rods attached to an Instron universal tester with a 25 kN
2527 Series load cell. Samples were 2 x 2 x 2 mm cuboids prepared
using electro discharge machining followed by light grinding to remove
surface damage. Samples were sandwiched between 3 mm SiC spacers to
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Table 1

Composition of the two bcc phases in the W-Cr alloy aged at 1250 °C for 100 h
and 30 min. The data from phase diagram were generated using TCTI3 database
in the Thermocalc software.

Ageing time Equilibrium 100 h 30 min
Methods Phase diagram XRD (Vegard’s law) APT

Elements (at.%) w Cr w Cr w Cr
beel 83.7 16.3 86.1 13.9 82.2 17.8
bee2 13.0 87.0 18.6 81.4 19.5 80.3

protect the push rods. Test were carried out at fixed displacement rate of
0.2 mm/min, corresponding to a nominal strain rate of ~107> s, The
compressive proof stress was calculated using the 0.2% offset method.
Compliance of the push rods was accounted for by using a linear fit to
the elastic portion of the load-displacement curve.

Oxidation performance was evaluated on 2 x 2 x 2 mm cuboidal
samples tested in a STA 449 F5 Jupiter Thermogravimetric Analyser
(TGA). The sample was held within an alumina crucible and first heated
to 1000 °C in Ar and held isothermally. After a 10 min temperature
stabilisation period, air was flowed over the sample at rate of 100 ml/
min for a 2 h duration, after which the sample was again purged with Ar
before cooling.

3. Results and discussion
3.1. Alloy design & microstructure

A W-Cr alloy with composition 66W-34Cr (weight percent, wt.%), i.
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e. 36W-64Cr (atomic percent, at.%), was selected to exploit the wide
miscibility gap in the W-Cr binary system between a body-centred cubic
(bee) (W,Cr) and bee (Cr,W) below 1630 °C, as identified on the W-Cr
phase diagram in Fig. 1a. The alloy was produced by arc melting with
interstitial impurities C, N and O found to be 57, 214 and 522 ppm
respectively. It results in an as-cast structure of W-rich dendrites,
revealed by atomic number (Z) contrast backscattered-electron (BSE)
SEM imaging in Fig. 1b. Solution heat treatment for 8 h at 1700 °C, was
successful at interdiffusing the W and Cr to achieve the target single-
phase bcc solid solution, WCr(Hom), with some limited residual
porosity ~5 area% as shown in Fig. 1c. A single-phase bcc solid solution
is an important characteristic for industrial scale-up, to enable bulk
thermomechanical processing of large sections, reproducibility, and
better control of the resulting physical properties. Subsequent ageing at
1250 °C for 100 h resulted in the intended phase separation, producing
two bcc phases, one W-rich (bright owing to high atomic number
contrast), the other Cr-rich (darker), visible in electron micrographs,
Fig. 1d. This was further confirmed by XRD (Fig. 1e), where reflections
for two bec phases, beel and bee2, were observed with lattice parame-
ters apee1 = 0.3131 and apeez = 0.2942 nm +0.001 nm. Lattice misfit §
can be deduced as 8=(aprecipitate-amatrix)/ @matrix [28], with the W-rich
phase as the precipitate phase and the Cr-rich phase as the matrix phase,
leading to a lattice misfit 8 = 6 %. Using Vegard’s law, the composition
of the two bcc phases were 86.1W-13.9Cr and 18.6W-81.4Cr (at.%)
respectively, which are close to the Thermocalc-derived compositions
marked in Fig. 1a. The experimental results are summarised in Table 1,
and are also close to the miscibility boundary predicted by the model of
Turchi et al. [29] of 84.5W-15.5Cr and 14.7W-85.3Cr(at.%). Thus, the
two phases were annotated as becl W(Cr) and bec2 Cr(W). To study the

Distance (nm)

Fig. 2. Microstructure characterisation of the W-Cr alloy aged at 1250 °C for (a) 10 min, (b) 30 min and (c¢) 1 h with high-magnification inset showing the sub-
micrometer lamellar structure. (d) SEM BSE image of an alloy aged for 30 min showing the lift-out area for Atom Probe Tomography (APT) experiment with the
needle sample lifted from the red rectangle area at grain boundaries with lamellae decomposition. Inset SEM image showing a half-milled APT needle with lamellae.
(e) Element maps by APT with (f) line profiles along the corresponding black arrow (out of scale) through a W-rich region.
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Fig. 3. SEM BSE micrographs of the W-Cr alloys following ageing at 1250 °C for (a) 1 h, (b) 10 h, (¢) 100 h and (d) 500 h, and (e) hardness change on ageing (HV 1
kg, with S.D. error bars). Inset image in (c) shows the STEM/HAADF observation with corresponding STEM/EDS element maps and selected diffraction patterns along

(113) zone axis.

bce -> beel+bee2 decomposition reaction in more detail, interrupted
early-stage and extended ageing experiments at 1250 °C were employed,
from 10 min to 500 h.

3.2. Microstructure formation and evolution

Early phase decomposition from 10 min to 1 h ageing developed a
fine lamellae microstructure of 200-600 nm lamellar spacing, initiated
from grain boundaries, Fig. 2 (a—c). Atom probe tomography (APT) was
used to gain insights into the early stages of the nucleation process by
analysing 30 min aged samples. APT specimens from the grain boundary
region were prepared following the protocols in [30] (Fig. 2d). The
target phases bccl W(Cr) and bec2 Cr(W) regions were observed in the
30 min aged APT sample as shown in Fig. 2b, with compositions of
82.2W-17.8Cr and 19.5W-80.3Cr at.% respectively. Contrast to the
near-equilibrium status in the alloy aged for 100 h by XRD, the APT data
of the becel W(Cr) and bee2 Cr(W) phases aged for 30 min indicated a
non-equilibrium composition of the early nuclei at the grain boundaries
(Fig. 1a). In addition, the APT revealed nitrogen-rich nano-domains with
~5 at.% nitrogen (N) in both samples aged for 30 min (Fig. 2e, purple
features). LECO composition measurement found a low bulk nitrogen
concentration of 214 ppm. The manufacturing process, conditions and
raw elements were selected to minimise interstitial contents, as they are
known to have a strong influence on the properties of refractory metals
[31-33]. It is suggested that nitrogen preferentially segregates to grain
boundaries, amplified by a change in solubility with temperature and/or
between decomposing phases, leading to formation of the N-rich do-
mains, which may partially enhance the heterogeneous grain boundary
nucleation [34,35]. In addition to the influence on spinodal nucleation,
the N-rich phases may act as secondary barriers to dislocations and
harden grain and phase boundaries [36].

The long-term evolution of the microstructure with ageing was
tracked from 1 h to 500 h, Fig. 3 (a-d). Performing prolonged heat

treatment durations is important to evaluate the microstructure evolu-
tion under long-term conditions, aligning with the high-temperature
operation in fusion applications. After ageing for 10 h the fine
lamellae continued to grow, gradually consuming the prior single-phase
domains (Fig. 3b). This is suggestive of a discontinuous spinodal
decomposition., initiated from grain boundaries, is similar to the report
of Porter [37], rather than a bulk homogenous spinodal decomposition.
Discontinuous spinodal, or cellular precipitation, whereby nucleation
occurs at grain boundaries (rather than homogeneously in the bulk in a
classical spinodal), and then grows out into the bulk, resulting in a
pearlite-like microstructure [38-41]. It was suggested that, due to grain
boundary-enhanced atomic mobility, discontinuous spinodal decompo-
sition occurs when the grain boundary acts as a moving transformation
front, creating a lamellar microstructure. After 100 h, the prior
single-phase grains were fully consumed by the decomposition, with
much of the earlier finer lamellae of 200-600 nm having coarsened to a
1-2 um lamellar spacing, with the coarsened two-phase structure
becoming the majority microstructure after 500 h, Fig. 3 (c and d). The
anticipated Cr-rich and W-rich separated lamellae in the 100 h aged
sample are evidenced by STEM/EDS mapping in the inset image of
Fig. 3c. Selected area diffraction found close alignment of the two crystal
lattices following a (001)pce (w,cr)//(001)pec (cr,w) Orientation relation-
ship, despite the misfit of 8 = 6 % recorded by XRD (Fig. 1e), which
resulted in separated diffraction spots.

3.3. Mechanical properties

The high-temperature capability of the alloys was assessed using
mechanical and environmental testing. Despite substantial changes in
the microstructure with ageing times up to 10 h, the hardness of the
alloy remained ~750 HV, Fig. 3e. Whilst precipitation age hardening is
expected, minimal change in hardness was observed up to 10 h, which
may be due to an accompanying loss in solid solution strengthening as
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Fig. 4. High temperature behaviour of W-Cr alloy. (a) Hot compression strength at 1000 °C of the W-Cr solution heat treated alloy WCr(Hom) and aged alloy WCr
(aged), with polycrystalline W benchmark, (b) Oxidation performance by thermogravimetric analysis (TGA) in air at 1000 °C, with W and Cr benchmarks, and (c)

respective SEM oxide cross sections after TGA testing.

the decomposed domains form. In contrast, from 10 to 500 h a pro-
nounced loss in hardness occurs, attributed to the coarsening of the two-
phase microstructure and so reduced Orowan strengthening.

The mechanical properties at the macroscopic scale at high tem-
peratures were investigated using hot compression testing performed
under vacuum at 1000 °C. Fig. 4a presents displacement-stress curve of
the single-phase solution heat treated WCr(Hom) alloy, which exhibits a
remarkable 0.2 % proof compressive strength of >600 MPa. This greatly
exceeds the polycrystalline W benchmark (<400 MPa), and the arche-
typical nickel-based superalloys (<200 MPa at 1000 °C) [42,43].
Furthermore, the dual-bcc-phase microstructure WCr(Aged) arising
from the ageing at 1250 °C for 100 h further increases the yield strength
to approximately 900 MPa at 1000 °C, double that of W. This ~300 MPa
increase from the solution heat treated alloy confirms that spinodal
reinforcement is an effective high temperature strengthening strategy,
though the room temperature micro-hardness values remained similar.
For the room temperature hardness there is initial little change with
ageing up to 10 h, attributed to a trade-off between solid solution solute
hardening being lost as the second-phase hardening is gained, as well as
high hardness anticipated due to being below DBTT that may mask some
of the microstructure hardening changes. From 10 to 100 to 500 h the
sequential decrease in hardness is attributed to reducing second-phase
strengthening due to coarsening, and reaching a minimum solid solu-
tion strengthening. While in the high-temperature compression testing,
in the aged versus solutionised condition, the aged alloy has an addi-
tional strengthening mechanism due to the second phase reinforcement
acting as a barrier to dislocations.

3.4. Oxidation resistance

The environmental resistance of the alloy toward a LOVA/LOCA
scenario was evaluated by isothermal oxidation at 1000 °C as shown in
the thermogravimetric analysis (TGA) in Fig. 4b. The aged WCr(spin)
alloy exhibited a parabolic oxidation profile owing to the formation of a
self-protecting chromia scale. This resulted in a 2 order of magnitude
improvement in oxidation performance compared to pure tungsten and
came close (within a factor of 10) to the pure Cr control sample. The
parabolic rate constants of the W, WCr(spin) and Cr were about 10, 0.07
and 0.005 mg?/cm*/min respectively. The cross-sectional micrographs
in Fig. 4c support the TGA data, showing scale thickness of ~700, 5 and
1 pm respectively. Meanwhile the oxide scale of the WCr spinodal alloy
is dense and homogenous, indicating it will continue to provide pro-
tection for longer durations, unlike the scale of pure W, which is porous.
It is likely that the region labelled “internal oxidation” is depleted in Cr
due to its light contrast; further high-magnification images of this region
are given in Supplementary Fig. 1. In addition chromia in the scale, some
CrayWOg and WO3 could have formed, as was observed for a W-Cr alloy in
[44] at the same oxidation temperature. The TGA data for the sol-
utionised W-Cr sample is shown in Supplementary Fig. 2. It shows clear
evidence of the volatility of some W oxides as the sample lost mass
during the test presumably as the volatilisation occurred at a greater rate
than the mass gain due to tungsten and chromium oxide formation.
Overall, Fig. 4 reveals that this alloy design gives a remarkable
high-temperature property balance, with the yield strength being double
that of W, paired with the oxidation rate constant being two orders of
magnitude lower than W.
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4. Conclusion

In conclusion, we exploited the miscibility gap in a W-Cr alloy for a
controlled phase decomposition at 1250 °C to generate a tuneable
micron/nano-scale microstructure of bee (W,Cr) + bee (Cr,W), following
a single-phase solution heat treatment at 1700 °C. The formation
occurred as a discontinuous spinodal decomposition akin to discontin-
uous precipitation, forming fine lamellae initiated from grain bound-
aries. Atom probe tomography highlighted the influence of 5 nm N-rich
domains at grain boundaries which influence the nucleation &
strengthening. The two-phase microstructure provided the alloy with an
exceptional high temperature compressive strength of ~900 MPa at
1000 °C, greatly exceeding the benchmark performance of W. Oxidation
resistance was found to be two orders of magnitude slower compared to
pure W, coming close to elemental Cr, owing to the formation of a dense
and protective chromia-rich scale on the W-Cr alloy. Spinodal W-Cr al-
loys can be further alloyed to improve their properties; for oxidation
properties with Ti or Y [7,26], or reinforcement via oxide/carbide par-
ticle dispersion strengthening (ODS/CDS) [5,14] or precipitate
strengthening [45]. Further work will help balance oxidation resistance
& strength alongside the other properties of the alloys, such as toughness
and irradiation resistance.
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