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ARTICLE INFO ABSTRACT

Keywords: Tungsten is considered as a primary material for the divertor and first wall in many fusion reactor designs. There
Refractory metal has been further interest in nano-structured multi-phase tungsten alloys and composites, such as oxide dispersion
Tungsten

strengthened alloys, where interfaces may be harnessed as defect sinks to improve irradiation resilience, whilst
also improving base mechanical strength, and potentially ductility. Here we further investigate the concept of
tungsten-based ‘bce-superalloys’ within the W-Ti-Fe ternary system, comprising W-TiFe, A2-B2, $-f’ nano-
structures. Alloys were produced by arc melting and the microstructure controlled via thermal heat treatments,
by solutionising at 1250 °C, followed by 750 °C ageing.

The alloys were characterised using electron microscopy, including composition measurements, alongside
hardness measurements. Building on our previous work, we have demonstrated that nano-scale B2 TiFe(W)
forms within A2(W,Ti,Fe) in the W-Ti-Fe alloys, creating localised regions of the targeted A2-B2 (-f’) precipitate
reinforced structure. Further, here we evaluated ageing at 750 °C, where within the interdendritic domains
decomposition consistent with B2TiFe(W) -> B2 + A2 and A2(Ti,Fe,W) -> A2 + A3 is proposed. An experi-
mentally validated preliminary W-Ti-Fe ternary phase diagram has been produced, helping to understand the
stable phases present and instructing onward optimisation of W-superalloys as a candidate material for fusion

Bec-superalloy
Phase equilibria
Microstructure

energy.

1. Introduction

Tungsten (W) has the second highest melting point (after carbon) of
all elements, at 3422 °C, and the highest of any metal. This gives
tungsten the potential to provide exceptional high temperature struc-
tural integrity. Fusion reactors with plasma temperatures of 150 million
kelvin represent some of the harshest conditions materials can be
exposed to, and the high melting temperature makes tungsten a primary
selected material, with the temperature of the divertor plate anticipated
to be >1500 °C. Further, tungsten exhibits very low creep rates, low
tritium retention and low sputter yields giving it great potential for
extended use in fusion reactors [1].

However, tungsten has its drawbacks. It exhibits at high ductile to
brittle transition temperature (DBTT), which for plate material can be
200-400 °C [2]. Furthermore, following irradiation the DBTT temper-
ature rises yet higher, even as high at 800 °C. Alloying with rhenium is a
well documented method to dramatically improve the DBTT of tungsten,
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however, this benefit may be lost following irradiation, due to irradia-
tion induced precipitation [3]. New microstructure strategies such as
oxide dispersion strengthened alloys (ODS) have been applied to tung-
sten [4] that could improve toughness and irradiation tolerance whilst
also increasing creep strength, by analogy to ODS steels [3]. However,
consistent large-scale production of ODS alloys remains a substantial
challenge [5]. There is a need to devise new alloying and microstructure
strategies to increase the resilience of tungsten in the fusion first wall.

Alloys based on a disordered A2 (bcc) system, such as tungsten, could
theoretically be strengthened by precipitating an intermetallic phase
that adopts an ordered superlattice structure of A2, such as B2, L2; or
D03, shown in Fig. 1. This is an analogous concept to that more
commonly found in the hugely successful fcc nickel-based superalloys,
in which ordered gamma prime (y’) precipitates form within a disor-
dered gamma (y) fcc matrix. A bee equivalent could therefore be
considered p-p” [6,7].

Our recent work has

demonstrated the ‘bce-superalloy’
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Fig. 1. Crystal structure of bcc A2 W, and superlattice ordered-bcc structure
B2, e.g. TiFe, prototype CsCl.

microstructure concept is possible within beta titanium superalloys [8],
and tungsten-based bece-superalloys [9]. These use alloying additions of
Ti and Fe to produce nanostructured tungsten, exploiting the phase
equilibria in the W-Ti-Fe ternary phase diagram, see Fig. 5. These bcc-
superalloys are intended to increase the strength of tungsten and irra-
diation damage tolerance, whilst further work is needed to understand
the effect on DBTT and ductility. Careful selection of alloying additions
can promote the formation of secondary reinforcing phases with a bcc
matrix, namely the B2 intermetallic phase, forming a ‘bcc-superalloy’
microstructure of fine precipitates with semi-coherent interfaces, which
can potentially act as internal sinks for irradiation damage, prolonging
the operational life of the tungsten alloys in the fusion first wall. Inter-
face sinks can allow the trapping of vacancies, enhancing the recombi-
nation with self-interstitial atoms, and trap He, suppressing bubble
formation on grain boundaries. Furthermore, these second phases also
strengthen and may improve the creep resistance of the alloys. The
purpose of this work is to build on our first demonstration of a bcc
tungsten superalloy in ref. [9] by investigating a different preparation
route and the effect of secondary heat treatments to further optimise the
microstructure.

2. Methods

W-Ti-Fe ternary alloys were made through vacuum arc melting at
Imperial College London, from pure elements (99.9% purity) that were
weighed out according to each alloy’s target composition. These com-
positions were similar to those used in our previous work [9], but which
were manufactured by ACI alloys inc. Due to one of the elements being
tungsten, with a melting point of 3422 °C, it proved challenging to
achieve a homogenous melt pool, with macro-segregation and some
solid pieces of tungsten found in the casting. The ingots were inverted
and remelted in order to improve compositional homogeneity, however
significant macro-segregation remained.

The as-cast alloys were then sectioned appropriately for heat treat-
ments. Each alloy was sectioned as to keep the individual pieces that
were undergoing different heat treatments within the same vicinity of
each other. This was to minimize the effects of macro-segregation from
casting. This would mean that each sample of a given alloying compo-
sition would be much closer to each other, thus providing more com-
parable results between the as-cast and heat-treated conditions. Alloys
underwent heat treatments followed by water quenching. After being
encapsulated in evacuated argon backfilled quartz ampoules to prevent
oxidation, the alloys underwent a 1250 °C for 100 h solution treatment
in order to homogenise the two phases present and eliminate any micro-
segregation, such as dendrite coring. Alloy WT60F was instead solution
heat treated at 1100 °C for 100 h, to avoid melting. In contrast to our
previous W-Ti-Fe work [9], here we then also applied a secondary
ageing heat treatment, at 750 °C for 80 h, to promote further precipi-
tation of the TiFe intermetallic phase. The furnaces used were controlled
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Table 1

Tungsten-titanium-iron alloy with targeted compositions and measured com-
positions by at least six, 200 x 200 pm SEM EDX area scans from the as-cast
condition on the JEOL 6400. Standard deviation shows variability from loca-
tion to location due to macro-segregation.

Target Composition Measured Composition

Alloy W (at. Ti (at. Fe (at. W (at.%) Ti (at.%) Fe (at.%)
%) %) %)
WT60F 20 60 20 9.0 + 1.0 69.9 + 21.1 +
0.4 0.7

WT40F 40 40 20 14.9 + 59.6 + 25.5 +
5.4 0.5 4.9

WT30F 50 30 20 39.4 + 39.8 + 20.8 +
4.0 0.9 1.4

WT20F 60 20 20 97.2 + 26+03 02+0.1
0.3

to an uncertainty of +10 °C. Upon exiting the furnace after each treat-
ment, the ampoules were water quenched, to avoid any unwanted
phases forming on cooling.

Characterization was performed using scanning electron microscopy
(SEM), carried out using a JEOL 6400, for initial imaging and energy
dispersive x-ray (EDX) analysis, and Zeiss AURIGA and SIGMA 300 for
higher resolution images of the nanoscale structures. The alloys were
observed almost exclusively using the backscattered (BS) detector, and
all SEM images contained within this article are in BS mode. This is
because it provides atomic Z contrast imaging, and therefore was
essential in helping to distinguish between the phases present.
Furthermore, EDX area scans and point scans were used to determine
average bulk alloy compositions and phase compositions, respectively.

Transmission Electron Microscopy (TEM) and scanning TEM (STEM)
was also performed on a JEOL 2100+ TEM. Wire electrical discharge
machining (EDM) was used to cut out 3 mm diameter cylinders from the
alloys. From each cylinder three discs of approximately 0.25 mm
thickness were cut and mechanically thinned and flattened, with their
thickness brought to down to around 0.20 mm. The discs were then
electropolished at —30 °C using perchloric acid and an electric potential,
until electron transparent samples were created.

Vickers hardness values were collected, with 1 kg weight and a 10 s

Fig. 2. SEM backscattered micrographs in the as-cast condition of
(a) WT60F, (b) WT40F, (c) WT30F and (d) WT20F. Brightness is proportional to
higher atomic Z.
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dwell. At least six values were collected and averaged. Considerations
were taken to account for any macro-segregation across the samples
surfaces in order to provide the most accurate measurement possible.
Indents were focused in regions with similar microstructures and com-
positions, which were representative of the alloy as a whole homoge-
neous sample, as observed and determined under the SEM.

3. Results and discussion

The tungsten-titanium-iron (W-Ti-Fe) system was selected for
further investigation as a base system capable of producing a tungsten-
based bcc-superalloys microstructure. The Fe content was kept constant
for each alloy, whilst the W content was increased in place of Ti. The
alloys are subsequently referred to as WTxF in which x is the target
concentration of Ti, Fe held constant at 20%, with the balance being W,
all in at.%.

3.1. As-cast

Firstly, the as-cast alloys were observed under SEM, with EDX the
measured bulk area compositions shown in Table 1 (as well as the Target
composition). SEM images of the four alloys in their as-cast state are
shown in Fig. 2, (a) shows a large area of WT60F’s surface where par-
ticles of solid tungsten can be seen with a Ti-rich matrix. For WT40F and
WT30F, Fig. 2 (b) and (c) respectively, the formation of the bright W-
rich dendrites are shown, with around 20-30 at.% Ti and very little
dissolved Fe, around 2-3 at.% (Table 1). Additionally a Ti-rich inter-
dendritic phase could be seen, containing approximately 60-70 at.% Ti
with 20-40 at.% Fe, with ~2 at.% being W, which was found to have a
low solubility in this phase. Moving on to WT20F in Fig. 2 (d) this region
of alloy shows almost pure W, of composition >97 at.% W.

3.2. Solution heat treated

The alloys then underwent a solution treatment of 1250 °C for 100 h,
except WT60F, which was heat treated at 1100 °C due to partial melting
at 1250 °C. After the solution treatments all samples were water
quenched. Fig. 3 shows the results of these treatments. The phase

Fig. 3. SEM backscattered micrographs in the solution treated condition of
(a) WT60F after 1100 °C for 100 h and (b) WT40F, (c) WT30F and (d) WT20F,
all after 1250 °C for 100 h.
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Table 2

Phases identified with individual phase compositions from each alloy in the
solution treated condition. Measured using SEM-EDX point scans reporting
average and standard deviation. (W-rich dendrites bright phase in Fig. 3).

Alloy Phase W (at.%) Ti (at.%) Fe (at.%)
WT60F A2 Ti (inter-dendritic) 6.8 + 0.5 69.2 + 0.9 24.0 +1.3
A2 W Dendrite 51.6 + 0.3 41.1 £ 0.5 7.3+ 0.6
Pure W 98.9 £ 0.5 0.8 + 0.6 0.3+0.3
WT40F A2 Ti (inter-dendritic) 2.4+ 0.6 74.1 + 3.3 23.5+ 3.7
A2 W Dendrite 71.4 + 1.4 271 +1.5 1.5+0.8
WT30F A2 Ti (inter-dendritic) 2.3+0.8 62.2 +£ 0.4 35.5 + 0.4
W Dendrite 83.8+ 29 139+ 24 23+0.7
B2 TiFe (inter-dendritic) 27 +1.4 51.2 + 0.7 46.1 + 0.7
WT20F A2 Ti (inter-dendritic) 2.0 £ 0.2 60.7 + 0.7 37.3 £ 0.5
A2 W Dendrite 81.2 + 2.0 175+ 1.6 1.3+0.6
A2 W Den. (2nd phase) 49.1 +1.2 445 + 1.1 6.4+ 0.9
B2 TiFe (inter-dendritic) 3.0+1.9 52.1+1.5 449 + 0.4

compositions of the four alloys measured by SEM-EDX are shown in
Table 2. WT60F in Fig. 3(a) shows a reduction in pure W pieces previ-
ously seen in the as-cast microstructure (Fig. 2 (a)) and a higher volume
fraction of the Ti-rich inter-dendritic phase. Additionally, W-rich den-
drites were seen to exist and formed while some pure W pieces still
remained, but these have shown signs of beginning to dissolve into the
solution [8]. WT40F, WT30F and WT20F in Figs. 3 (b), (c) and (d) show
the dendritic microstructure increasing in volume fraction with the
increasing W content (bright features in Fig. 3, corresponding to W-rich
compositions in Table 2). Point scans of the dendritic and inter-dendritic
regions showed microsegregation due to coring has been largely elimi-
nated, thus creating two more homogeneous phases in equilibrium with
each other.

3.3. Solution heat treated and aged

Finally, all the alloys underwent the same ageing treatment at 750 °C
for 80 h, and were water quenched, to drive the formation of nano-scale
TiFe intermetallic within the tungsten rich phase. The results of which
are shown in Fig. 4. WT60F in Fig. 4 (a) shows the development of an
additional phase within the inter-dendritic region of the microstructure.
These precipitates were too fine to be analysed by EDX point scans,

Fig. 4. SEM backscattered micrographs in the solution treated +750 °C aged
condition of alloys: (a) WT60F, (b) WT40F, (c) WT30F and (d) WT20F.
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Fig. 5. Isothermal section of the W-Ti-Fe system for 1250 °C calculated using the
thermodynamic description from [9], including SEM EDX data from
Table 2.

however there is the possibility they could be identified using TEM (see
Fig. 6). Inter-dendritic precipitates are seen in WT40F, and in WT20F to
some degree (Fig. 4 (b) and (d)). Additionally, in WT30F, Fig. 4 (c), there
are precipitates found to be forming within the W-rich prior dendrites.
From knowledge of the ternary phase and by observing the composi-
tional contrast, these are thought to be Ti and Fe-rich precipitates, and
more namely the intermetallic TiFe [9] as observed in Ti-Fe-Mo alloys
[11]. This would suggest B2 TiFe precipitates have formed within an A2
W-matrix, which was one of the goals set out of at the beginning of this
project. The main three phases indicated by EDX were W-rich dendrites,
the inter-dendritic Ti-rich phase and, in certain conditions, intermetallic
TiFe. The W-rich dendrites were found to have W contents ranging from
71.4 to 83.8 at.%, Ti contents ranging from 13.9 to 27.1 at.% and very
low Fe contents in the range of 1.3 to 3.5 at.%. The inter-dendritic re-
gions were found to be Ti-rich and W-poor, with W contents from 1.0 to
2.4 at.% (disregarding WT60F because of its lower solution treat tem-
perature), Ti contents of 51.0 to 74.1 at.% and Fe contents of 23.5 to
47.3 at.%. These large ranges of Ti and Fe content may suggest inac-
curacies when measuring the correct phase, or may hint at different
phases that decompose into other separate phases upon further heat
treatments. Investigation with EDX point scans showed these areas have
Ti contents of 49.1 to 52.2 at.% and Fe contents of 44.9 to 48.9 at.%,
with minimal W contents of a few at.%. The formation of TiFe is not
unexpected, as it is shown in the ternary phase diagram (Fig. 5), but it is
one of the desired phases because of its B2 structure.

3.4. W-Ti-Fe ternary phase diagram

The new W-Ti-Fe composition data from SEM-EDX was compared to
a preliminary assessment of the W-Ti-Fe system at 1250 °C after [9],
shown in Fig. 5. The composition of the three-phases identified in
Table 2 can be seen to be in agreement with the preliminary assessment
[9]. A key aspect of this and our previous work [9] compared to the
previous W-Ti-Fe ternary determination and assessment of Qiu & Jin
[10], is the addition of tie lines to the W-rich A2(W,Ti,Fe) phase, with
the three-phase domains and A2-B2 two-phase field found to extend to

International Journal of Refractory Metals and Hard Materials 113 (2023) 106209

Fig. 6. WT60F solution treated and aged, (a) HAADF-STEM micrograph, fol-
lowed by EDX elemental maps for (b) Ti, (c) Fe and (d) W.

A2(W,Ti,Fe) at higher W contents. Further, this prediction integrates in a
more recent Ti—Fe binary assessment that extends the A2(Ti,Fe,W) to
higher Ti content, and includes B2 TiFe(W) off-stochiometric binary and
ternary solubility (no longer considered a line/point compound, as in
[10]1). The ternary prediction at 1250 °C also indicates that while the
prior inter-dendritic regions were considered to be A2(Ti,W,Fe) (by
SEM-EDX and XRD), at the 1250 °C heat treatment temperatures these
are most likely liquid(Ti,W,Fe) that then solidifies to A2 on cooling to
room temperature. These composition results show that at high tem-
perature the W bec solid solution has good solubility for Ti (around 20
at.%) and a lesser amount for Fe (around 5 at.%). The liquid(Ti,W,Fe)
single-phase composition is reported as having Fe solubility around 40
at.% at 1250 °C with some dissolved W 5-10 at.%. Furthermore, the B2
TiFe(W) phase can be seen to include off-stochiometric solubility for
both W and Ti.

Fig. 5 shows a prediction of the three-phase field present between A2
(W,Ti,Fe), liquid(Ti,Fe,W) and TiFe(W) phases at 1250 °C. This region is
therefore surrounded by three two-phase regions, on each of its three
sides. By building up a new ternary determination at 1250 °C, a better
understanding of the phases that form in W-Ti-Fe can be gained, helping
to influence the development of the next W-Ti-Fe alloys, especially when
paired with new thermodynamic modelling assessments [9] and bcc-
superalloys databases to enable Integrated Computational Materials
Engineering (ICME) design [12].

3.5. Transmission Electron Microscopy (TEM)

TEM of an aged WT30F alloy with microstructure similar to Fig. 4
has previously been demonstrated to exhibit a # W(Ti,Fe) with g’ TiFe
(W) bee-superalloy microstructure [9]. This work included STEM-EDX
identifying co-location of Ti and Fe to the precipitates, as well as
diffraction analysis to validate the bcc nature of the W matrix, and B2
ordered-bcc nature of the TiFe(W) precipitates.

Here we have used STEM to study the Ti-rich WT60F alloy in the
aged condition after 80 h at 750 °C Fig. 6. The high-angle annular dark-
field imaging (HAADF) STEM image revealed similar features to those
observable by SEM BS Fig. 4a in the Ti-rich domains (away from the W
dendrites and unmelted W). Further study of these features with STEM-
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Fig. 7. Microhardness values (HV) of all W-Ti-Fe alloys in all conditions, plotted across each heat treatment stage to show progression of their hardness.

EDX found that the precipitates were nearly pure Ti, indicative of a
transformation of A2(Ti,W,Fe) -> A2(Ti,W,Fe) + A3Ti(Fe,W).

3.6. Microhardness

To get basic mechanical properties of these alloys, and to test if they
showed an ageing response, Vickers microhardness tests were carried
out across the entire set. The results are shown graphically in Fig. 7
(values tabulated in Table 3, appendix). The WT30-60F alloys show high
hardness values HV1 of 550 to 650 HV across the series and heat
treatment conditions. No pronouced aged hardening was observed,
apart from for WT20F. However, these findings are used cautiously due
to macrosegregation and porosity within the alloys due to the challenge
of arc melting tungsten. It was noted in a number of tests that some heat
treated samples exhibited the formation of slip-bands on the corners of
the indents, indicating some ductility had occurred in the material.
Additionally, no cracks were observed in the indents as occurs in ce-
ramics or materials with a fracture toughness of <10 MPa.m'/? [1 3,14].
This shows some promising results in regard to reducing the brittle na-
ture of tungsten at room temperature, however, further tests, such as
Charpy impact tests, will need to be carried out to begin to confirm this
and in particular to evaluate the ductile-to-brittle-transition-
temperature. Additionally, more mechanical tests should be carried
out on these samples, such as tensile tests, to better understand each
alloy’s yield strength, ultimate strength and plastic deformation
behaviour.

4. Conclusion

Despite challenges in melting tungsten alloys and the resultant
macro-segregation, W-Ti-Fe has demonstrated the possibility of casting
high W-content alloys to allow for the evaluation of the stable phases
that occur in W-rich W-Ti-Fe alloys. Through heat treatments a two-
phase microstructure of W-rich A2(W,Ti,Fe) (bcc) prior dendritic and
B2 TiFe(W), or A2(Ti,W,Fe) prior inter-dendritic regions, as identified
by SEM-EDX. TEM has previously shown that nano-scale precipitates of
B2 TiFe(W) form in the W-rich dendrites of similar alloys [9]. Here we
used STEM to investigate the A2(Ti,Fe,W) interdendritic regions of the
most Ti rich WT60F alloy aged at 750 °C, where formation of A3 alpha Ti

phase was indicated, suggestive of an transition A2(Ti,W,Fe) -> A2 +
A3. The majority of alloys were shown to possess high hardness values
HV1 of 550 to 650 HV, however, a determination of the ductility in these
alloys is still needed. The W-Ti-Fe ternary system has been identified to
uniquely enable p-p’ (A2-B2) ‘W-superalloy’ microstructures, however,
further work is needed to optimise such alloys and establish their range
properties.
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Appendix A. Appendix

Table 3
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Microhardness values for the tungsten-titanium-iron alloys, in as-cast, solution treated and solution treated and aged
conditions, using 1 kg weight with 10 s dwell. Values averaged over six measurements with S.D.

Alloy Designation As-cast Solution treated Solution treated and aged
Alloy HV1 HV1 HV1

WT60F 604 + 34 652 + 13 664 + 15

WT40F 568 + 20 657 + 17 650 + 16

WT30F 584 + 14 554 + 17 544 + 50

WT20F 360 + 16 372+ 15 515 + 39
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