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Abstract: The Ta-Ru binary phase diagram has not been fully investigated, but shows potential for a
two-phase region of A2 + B2. Given the high melting points of both Ta and Ru, such an alloy would
have the potential for high temperature strength. A Ta72Ru28 alloy was arc melted and investigated
in the as-cast and aged (at 1000 ◦C) states. The as cast alloy was composed of A2 and B2, albeit not
in a superalloy-like morphology. A third phase was found in the aged alloy, which has not been
reported before, and which is also a coherent superlattice phase of the Ta BCC matrix. The structure
of this phase was found to be consistent with the tetragonal Cr2Al prototype structure, with lattice
parameters of (a, a, 3a), where a is the Ta BCC lattice parameter.
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1. Introduction

There is increasing demand for alloys able to operate at temperatures above which
Ni based superalloys can operate. Owing to its higher melting point, tantalum has seen
interest as a potential element to base higher temperature body-centred cubic (BCC, A2)
superalloys around [1–3]. An unconventional alloying element, ruthenium, has been
identified as a potential alloying element to form a Ta based superalloy. The rationale for
which is discussed below.

Ta-Ru Binary System

The Ta-Ru binary system has received significant attention as a shape memory alloy
(alongside the Nb-Ru system) [4–6]. This is due to the martensitic transformation that
occurs in near equiatomic Ta-Ru alloys. Comparatively little attention has been given to
the alloy system for Ta-rich compositions. A recent modelling based study claimed that
a lack of experimental investigation into the Ta-Ru binary remains a significant barrier to
accurately modelling it [7].

A detailed phase diagram for near equiatomic compositions was experimentally
measured by Chen and Franzen [8], shown in Figure 1. The diagram shows that at such
concentrations, hexagonal (h), cubic (c), tetragonal (t) and orthorhombic (o) phases may
be formed dependent upon temperature. To note, the phase labelled as orthorhombic in
Figure 1 was later shown to be monoclinic [6]. For the purposes of this study, what is
interesting to note is that the phase in the Ta-rich, high temperature region of this partial
phase diagram is simply labelled as ‘cubic’. The ‘cubic’ phase is based on a BCC structure,
and typically labelled as B2 in the studies that have looked at it [8,9]. (100) type reflections
can be seen in the XRD trace in ref [8], indicating a B2 structure is present.

Pure Ta is BCC (A2) at all temperatures up to its melting point, and to the authors
knowledge at the outset of the study, there were no other phases, other than those listed
above, in the Ta-rich half of the Ta-Ru binary phase diagram. Thus, there may exist a two-
phase region in the phase diagram where both an A2 and a B2 structure are stable. Such
a combination has the potential to form a super-alloy like microstructure, with coherent
superlattice B2 precipitates dispersed in a BCC matrix. The aim of this paper is to obtain
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such a microstructure. In order to do this, past literature was examined to narrow the range
of potential compositions. It is interesting to note that very few micrographs were found
in the literature, with the alloy phases mainly being identified with diffraction techniques.
This leaves the possibility that previously observed alloys may have contained both B2
and A2 structures, given the similarity in diffraction data obtained from such a two-phase
microstructure and a purely B2 microstructure.
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would create a continuous variation of composition in places (the result of Scheil-type 
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Formation of the tetragonal phase on the high Ru side of the phase diagram should
be avoided. The minimum Ru content in which the tetragonal phase can form appears to
be around 40 at% Ru. Some tetragonal phase was found in a 40 at% Ru in one study [8],
but not in another [9]. This may be attributable to differences in cooling rates of the alloys.
No tetragonal phase was observed in a 37.5 at% Ru alloy [10]. On the low Ru side of the
diagram, Hartley et al. [11] examined Ta-Ru alloys aged at 1500 ◦C and quenched. They
found the solubility of Ru in Ta to be between 20 and 30 at% Ru, with a B2 phase being
present in the 30 at% Ru alloy. An A2 phase was found in a 25 at% Ru alloy after heating
to 1600 ◦C [12]. It therefore seems reasonable to assume that the onset of B2 formation (at
least for some temperatures) lies between 25 and 30 at% Ru. For this study, a composition
of 28 at% Ru was selected as a reasonable estimate for intersecting the A2 + B2 region of
the phase diagram.

Whilst Ru, as a platinum group metal, has very good corrosion resistance properties,
its price would likely limit it to niche applications, either very small items, or ‘money no
object’ components. However, Ru is being used in GenIV Ni based superalloys [13,14]
(admittedly in much lower quantities), and future work on additions of other alloying
elements may be able to reduce the required quantities of Ru.

2. Experimental

High purity (>99.95%) Ta and Ru were vacuum arc melted into a ~25 g ingot. The
ingot was flipped and re-melted 5 times. A weight change of <1% was measured after
casting. Following casting, a section of the material was aged at 1000 ◦C for 340 h in an
Ar atmosphere. This temperature is below the typical solution annealing temperatures
for refractory alloys. However, this was deliberate. It was expected that there would
be dendritic microsegregation within the ‘as cast’ alloy, owing to the disparate melting
temperatures of Ta (3020 ◦C) and Ru (2250 ◦C). It was hoped this low temperature heat
treatment would create a continuous variation of composition in places (the result of Scheil-
type solidification), on a sufficiently small scale (<1 µm) that the segregated regions could
be considered to be separate alloys of different composition for the sake of this study. Thus,
a single alloy could be used to analyse a range of compositional space.

SEM characterisation of the materials was conducted using a Zeiss Merlin with Oxford
Instruments X-max extreme EDX and EBSD detectors, Oxford UK. Samples were mechan-



Materials 2023, 16, 720 3 of 9

ically polished to an OPS finish. SEM and EDX maps were collected using a voltage of
5 kV for finer resolution. EBSD maps were collected using a voltage of 20 kV. an FEI Scios
(FIB/FEG-SEM), equipped with an easyliftTM micromanipulator(FEI easylift micromanipu-
lator, Hillsboro, OR, USA) was used to extract electron transparent lamellae. These were
prepared for TEM analysis using the focused Ga+ ion beam in situ lift-out method [15]
using an energy of 5 keV for the final polish.

The lamellae were analysed using a 200 keV, X-FEG FEI Talos F200 S/TEM(200 keV,
X-FEG FEI Talos F200 S/TEM, Hillsboro, OR, USA). S/TEM-EDX data were quantified and
are presented in at%. The Cliff-Lorimer method was used for quantification. 4D-STEM
datasets were acquired with a quantum detectors direct electron Merlin camera(Merlin
camera, Oxford, UK). A 10 µm condenser aperture was used to form a ‘pencil beam’.
Virtual dark field (DFs) were constructed by integrating the intensities from reflections
solely pertaining to the phases of interest.

3. Results and Discussion
3.1. SEM

Secondary electron micrographs, shown in Figure 2, show both the as-cast and aged
material had a similar microstructure, which was expected given the relatively low aging
temperature (likely to be a homologous temperature of around 0.5 Tm). The materials were
composed of a dendritic microstructure containing two phases: a dark phase containing
reduced quantities of Ru, and a white phase containing increased quantities of Ru. Both
phases are present in both the dendritic and interdendritic regions, but with different
proportions. The primary dendritic region is the darker region, richer in Ta, since this has a
higher melting point than Ru. This dendritic region only comprises ~30% of the material.

In the interdendritic regions where the concentrations of the white phase were higher,
the morphology appeared eutectic in the as-cast material, although this was not confirmed
with further experiments. The lamellae in these regions appeared to be broken up by the
heat treatment in the aged material. An EBSD scan identified the entire alloy as BCC phase
in both the as-cast and heat-treated states. However, it must be noted that EBSD is unable
to differentiate between BCC and B2 phases.

SEM-EDX of the area shown in Figure 2a found an average Ru content of 27.3 ± 0.5 at%,
which is close to the desired composition. The average Ru content of the primary and
secondary dendrites was measured as 22.5 and 29.4 ± 0.5 at%, respectively.

3.2. TEM

FIB lamellae were extracted from both the as cast and aged samples, the results of
which are shown in Figures 3 and 4, respectively. In both cases, the lamellae were taken
from across the boundary between the dendritic and interdendritic regions. It was ensured
that both lamella contained both the light and dark phases. Electron diffraction confirmed
that, in both samples, the Ru-richer (seen as lighter in SEM) phase was indeed B2. However,
as can be seen in both the TEM and SEM images, these B2 precipitates are much coarser
than would be typically required in a superalloy. Further to this, the Ta-richer (seen as
darker in SEM) phase was more complex in both materials.

3.3. As Cast

In the as cast sample, Figure 3, the Ru poorer regions were not entirely homogenous,
with compositional variations of ~2 at% Ru. In the Ru richer regions, (B2) ordering could
be seen. The intensity of the ordered (100) reflection reduced with reducing Ru content.
The compositional window over which the A2 and B2 phases are simultaneously stable
can therefore be considered to be narrow.

3.4. Aged at 1000 ◦C

Within the aged lamellae, a third phase was identified, referred to hereafter as α”. To
the authors knowledge, the α” phase has not been previously reported in the literature
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for Ta-Ru. The formation of a third phase within a binary alloy appears to break the
‘phase rule’. This cannot be explained by the uptake of oxygen or nitrogen within the
alloy. Several Ta nitride and Ta oxide phases were also present in both lamellae due to
air contamination during melting, these are labelled. Rather this is evidence that 1000 ◦C
provided insufficient kinetics to cause dissolution of the B2 into the A2 phase. The A2 and
B2 phases can be thought of as separate alloys at 1000 ◦C, as evidenced by no observable
change in the microstructure seen in Figure 2. Thus it is the A2 phase alone that has
devolved into A2 + α”.
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Figure 2. (a) 20 kV Secondary electron SEM micrograph of the as cast Ta72Ru28 alloy and
(b) corresponding EBSD euler map. All points were indexed as BCC. (c,d) show higher resolu-
tion secondary electron images of the as cast alloy. (e) Low voltage (5 keV) EDX maps from the red
box in (d) showing qualitatively more Ru in the white regions. (f) Secondary electron SEM micrograph
of the aged Ta72Ru28 alloys, showing the similar distribution of regions as the as cast alloy.
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Figure 3. STEM analysis of the as cast material. (a) Dark field composed using (100) B2 type
reflections, viewed down the [011] zone axis and (b,c) EDX elemental maps showing a Ru enriched
region at the bottom left and small Ru fluctuations across the rest of the foil (a Ru-poor region). Strong
B2 reflections can be seen in the Ru enriched region, and weaker B2 reflections can still be seen in the
matrix where the Ru content is slightly higher than other areas.

The α” phase was characterised by two extra diffraction spots between the transmitted
beam and the reflections from the (002) planes, suggesting a unit cell of dimensions similar
to (a, a, 3a), where a is the lattice parameter of the A2 phase. Diffraction patterns of α” can
be seen in Figure 4f. The α” was indexed as the phase prototype Cr2Al, space group 139.
The proposed structure is shown in Figure 4j. Note that this phase is different from the
tetragonal phase reported in higher Ru content (~40 at%) alloys [8]. The α” prime phase
is named as such here because of the similarities it possesses with that of γ” in Ni based
superalloys. α” is likely stable only at lower temperatures, as the literature, which used
higher aging temperatures for this alloy system, does not report its presence. The unit cell
is ~3 times, as opposed to γ”s ~2 times, the length of the matrix phase.
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Figure 4. TEM analysis of the aged Ta72Ru28 alloy. (a) ADF and (b–c) elemental maps. (d) virtual 
BF produced from 4D pencil beam STEM, (e) pseudo phase map of the region shown in (d), 
representative diffraction patterns for each colour are shown in (f). Blue=B2, yellow, cyan and 
white=α’’ and red=A2. (g–h) normal and (i) shear strain maps relative to the A2 phase of the region 
shown in (d), the reference directions are shown in (f). The XX and YY directions are parallel to the 
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Figure 4. TEM analysis of the aged Ta72Ru28 alloy. (a) ADF and (b,c) elemental maps. (d) virtual BF
produced from 4D pencil beam STEM, (e) pseudo phase map of the region shown in (d), representative
diffraction patterns for each colour are shown in (f). Blue = B2, yellow, cyan and white = α” and
red = A2. (g,h) normal and (i) shear strain maps relative to the A2 phase of the region shown in (d),
the reference directions are shown in (f). The XX and YY directions are parallel to the c axis in the
cyan and yellow orientations of α”, respectively. (j) the proposed crystal structure of the α” phase.

Within both lamellae, with the exception of some slight bending and the oxide/nitride
phases, all the phases were fully coherent with each other.

The pseudo-phase map in Figure 4e, was produced by creating virtual dark field
images from the reflections of the B2 and two orientations of the α” phases. When the
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brightness of the dark fields fell below an arbitrary intensity, the pixel was considered
either A2 or the third orientation of the α” orientated with the c direction parallel to the
beam direction. In this orientation, the α” phase should be indistinguishable from A2.
To distinguish between A2 and the 3rd orthogonal orientation of α”, a second data set
was acquired after the sample was tilted to the [311] zone axis for A2/B2 phases. This is
equivalent to the [111] direction of the 3rd orthogonal orientation of the α” phase. Apparent
orthogonal interweaving of the different orientations of the α” phase is also seen in the
pseudo-phase map.

The phase map shows that there is B2 surrounding the oxide and nitrides in the
foil. These interstitials are Ru poor, consequently their surroundings are Ru rich, which
then stabilises the B2 phase. No compositional differences could be seen between the A2
and α” phases.

The 4D-STEM data was used to calculate strain maps, Figure 4g–i, which were mea-
sured with reference to an A2 diffraction pattern. These have been included to show the
coherency between the A2, B2 and α” phases along different crystallographic directions.
The XX and YY directions were set parallel/perpendicular to the 001 directions in the A2
crystal and are shown in Figure 4f,g, respectively. Figure 4i shows the corresponding shear
component of the strain.

Immediately, note that the scale bar for Figure 4g–i shows that nowhere does the
coherency strain between these phases exceed +/−1%. The most significant, positive,
strain can be seen in the α” phase parallel to the c axis. E.g. the orientation of the α” phase
coloured cyan in Figure 4e corresponds with a positive strain in Figure 4g, but not Figure 4h.
This demonstrates that whilst the b axis of the α” phase closely matches the A2 lattice
parameter, the c axis is slightly longer than 3 times the lattice parameter of the A2 phase.
This coherency strain relative to the A2 phase is less than some of the observed strains
in the γ” phase in Ni superalloys [16,17]. It may be the case that, given a suitable (very)
high-temperature solution treatment followed by quenching and ageing, that an improved
distribution of α” phase can be obtained, akin to that found in nickel-base superalloys.

Finally, the B2 phase, seen in the top and bottom right hand corners of Figure 4e can
be seen to have a negative strain (again deviating from the A2 by <1%). This is present in
both the XX and YY directions, which is to be expected given the cubic crystal structure.

4. Conclusions

From this work it is not possible to categorically state that B2 and A2 exist together
in equilibrium within this alloy system. Further, high temperature heat treatments are
necessary in order to be definitive. However, equilibrium is not a necessary condition
for the creation of a superalloy. What is necessary is the coexistence of a coherent, order-
disordered microstructure. This work does show that it is possible to achieve this within
the Ta-Ru alloy system at temperatures of at least 1000 ◦C.

An ‘as cast’ binary Ta72Ru28 alloy has been shown to form a binary B2 + A2 microstruc-
ture, albeit not in a typical superalloy-like morphology.

After aging at 1000 ◦C, a second ordered phase based off the BCC lattice formed. This
phase, which has not been reported before, has a space group 139 and the unit cell lattice
parameters of (a, a, 3a) where a is the Ta BCC phase lattice constant. That a new phase
was found in this alloy system demonstrates further that the Ta-Ru system has not been
fully investigated.

5. Future Work

Future research into this system may wish to examine including additions of other
alloying elements to (i) reduce density and (ii) increase the range of temperatures and
Ru contents over which the A2 + B2 phases are stable together. Specifically, reducing the
necessary Ru content to form the B2 phase would be highly desirable, given the very high
cost of Ru.
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This may be achievable with the additions of elements such as Ti and Al. Both Ti
and Al would reduce the alloys density. In addition, the Ti-Ru binary shows a larger
compositional window over which a two-phase A2 + B2 microstructure is present [7] and
Al may help stabilize the B2 phase; aB2 phase has been found in both the Al-Ru binary [7]
and Ta-Al-Ru ternary systems [18].

More heat treatments would be required to: (i) investigate the thermal stability of
the α” phase, (ii) reduce the size of the B2 phase, e.g., by solution annealing and rapidly
quenching, and (iii) establish if a nano-scale cube-on cube morphology, more typical of
superalloys can be formed in this system by high-temperature annealing, followed by
quenching and ageing.

The origins of the α” phase are of interest. It is currently unclear if it is stable or
metastable (e.g., martensitic). The phase does not appear to have a strong lenticular
microstructure, see Figure 4e. Although, as was noted in the introduction, equi-atomic
Ta-Ru exhibits a strong propensity for martensitic transformations [4–6].

All the future work above is still early stages for such an alloys development. Substan-
tial mechanical properties and corrosion tests would need to be performed, particularly
high temperature corrosion and creep experiments.

Author Contributions: Conceptualization, A.W.C.; methodology, A.W.C. and B.A.Y.; software,
A.W.C.; validation, A.W.C. and E.J.P.; formal analysis, A.W.C.; investigation, A.W.C.; resources,
E.J.P.; data curation, A.W.C.; writing-original draft preparation, A.W.C.; writing—review and editing,
A.W.C., B.A.Y. and E.J.P.; visualization, A.W.C.; supervision, E.J.P.; project administration, E.J.P.; fund-
ing acquisition, E.J.P. All authors have read and agreed to the published version of the manuscript.

Funding: This work was funded through EPSRC grants EP/R021864/1 and EP/R021546/1. We
also wish to acknowledge the support of the Henry Royce Institute for Advanced Materials for E.J.
Pickering’s time, as well as access to the FEI Talos electron microscope at Royce@Manchester, funded
through EPSRC grants EP/R00661X/1, EP/S019367/1, EP/P025021/1 and EP/P025498/1.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The raw data associated with this work can be accessed via the follow-
ing link: https://doi.org/10.5281/zenodo.6513574 (accessed on 1 November 2022).

Acknowledgments: The authors would like to thank Geoff West at WMG who prepared the TEM
lamellae.The raw data associated with this work can be accessed via the following link:
https://doi.org/10.5281/zenodo.6513574 (accessed on 1 November 2022).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Whitfield, T.; Pickering, E.; Christofidou, K.; Jones, C.; Stone, H.; Jones, N. Elucidating the microstructural development of

refractory metal high entropy superalloys via the Ti–Ta–Zr constituent system. J. Alloys Compd. 2020, 818, 152935. [CrossRef]
2. Pickering, E.; Christofidou, K.; Stone, H.; Jones, N. On the design and feasibility of tantalum-base superalloys. J. Alloys Compd.

2019, 804, 314–321. [CrossRef]
3. Whitfield, T.; Pickering, E.; Talbot, C.; Jones, C.; Stone, H.; Jones, N. Observation of a refractory metal matrix containing Zr-Ti-rich

precipitates in a Mo0.5NbTa0.5TiZr high entropy alloy. Scr. Mater. 2020, 180, 71–76. [CrossRef]
4. Fonda, R.; Jones, H.; Vandermeer, R. The shape memory effect in equiatomic TaRu and NbRu alloys. Scr. Mater. 1998,

39, 1031–1037. [CrossRef]
5. Manzoni, A.M.; Denquin, A.; Vermaut, P.; Orench, I.P.; Prima, F.; Portier, R.A. Shape memory deformation mechanisms of Ru–Nb

and Ru–Ta shape memory alloys with transformation temperatures. Intermetallics 2014, 52, 57–63. [CrossRef]
6. Fonda, R.W.; VanderMeer, R.A. Crystallography and microstructure of TaRu. Philos. Mag. A 1997, 76, 119–133. [CrossRef]
7. Liu, J.; Zhou, C.; Wang, H. Thermodynamic re-optimizations of the Ru–X (X = Al, Hf, Mo, Ti) binary systems. Calphad 2021,

72, 102239. [CrossRef]
8. Chen, B.; Franzen, H. Phase transitions and heterogeneous equilibria in the TaRu homogeneity range. J. Less Common Met. 1990,

157, 37–45. [CrossRef]
9. Tsukamoto, T.; Koyama, K.; Oota, A.; Noguchi, S. Superconductivity and transformation of near-equiatomic M-Ru (M = V, Nb

and Ta) alloys. Cryogenics 1988, 28, 580–584. [CrossRef]

https://doi.org/10.5281/zenodo.6513574
https://doi.org/10.5281/zenodo.6513574
http://doi.org/10.1016/j.jallcom.2019.152935
http://doi.org/10.1016/j.jallcom.2019.07.003
http://doi.org/10.1016/j.scriptamat.2020.01.028
http://doi.org/10.1016/S1359-6462(98)00303-0
http://doi.org/10.1016/j.intermet.2014.03.008
http://doi.org/10.1080/01418619708209965
http://doi.org/10.1016/j.calphad.2020.102239
http://doi.org/10.1016/0022-5088(90)90404-8
http://doi.org/10.1016/0011-2275(88)90208-1


Materials 2023, 16, 720 9 of 9

10. Hansen, M.; Elliott, R.P.; Shunk, F.A. Constitution of Binary Alloys; First Supplement; McGraw-Hill: New York, NY, USA, 1965.
11. Hartley, C.S.; Baun, W.L.; Fisher, D.W. Phase Relationships in Tantalum-Rich Tantalum-Ruthenium Alloys at 1500 ◦C; Wright Air

Development Division Technical Note wadd-tn-60-288; U.S. Department of Energy: Washington, DC, USA, 1961; p. 18.
12. Raub, E.; Beeskow, H.; Fritzsche, W. Die struktur des festen Tantal-Ruthenium-Legierungen. Z. Met. 1963, 54, 451–454.
13. Feng, Q.; Nandy, T.; Pollock, T. Observation of a Ru-rich Heusler phase in a multicomponent Ni-base superalloy. Scr. Mater. 2004,

50, 849–854. [CrossRef]
14. Sauza, D.J.; Bocchini, P.J.; Dunand, D.C.; Seidman, D.N. Influence of ruthenium on microstructural evolution in a model Co Al W

superalloy. Acta Mater. 2016, 117, 135–145. [CrossRef]
15. Stevie, F.A.; Vartuli, C.B.; Giannuzzi, L.A.; Shofner, T.L.; Brown, S.R.; Rossie, B.; Hillion, F.; Mills, R.H.; Antonell, M.; Irwin, R.B.;

et al. Application of focused ion beam lift-out specimen preparation to TEM, SEM, STEM, AES and SIMS analysis. Surf. Interface
Anal. 2001, 31, 345–351. [CrossRef]

16. Zhang, R.Y.; Qin, H.L.; Bi, Z.N.; Li, J.; Paul, S.; Lee, T.L.; Zhang, J.; Dong, H.B. Evolution of Lattice Spacing of Gamma Double
Prime Precipitates During Aging of Polycrystalline Ni-Base Superalloys: An In Situ Investigation. Met. Mater. Trans. A 2020,
51, 574–585. [CrossRef]

17. Zhang, R.Y.; Qin, H.L.; Bi, Z.N.; Li, J.; Paul, S.; Lee, T.L.; Zhang, J.; Dong, H.B. Temperature-Dependent Misfit Stress in Gamma
Double Prime Strengthened Ni-Base Superalloys. Met. Mater. Trans. A 2020, 51, 1860–1873. [CrossRef]

18. Feng, Q.; Nandy, T.; Tryon, B.; Pollock, T. Deformation of Ru–Al–Ta ternary alloys. Intermetallics 2004, 12, 755–762. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.scriptamat.2003.12.013
http://doi.org/10.1016/j.actamat.2016.07.014
http://doi.org/10.1002/sia.1063
http://doi.org/10.1007/s11661-019-05536-y
http://doi.org/10.1007/s11661-020-05627-1
http://doi.org/10.1016/j.intermet.2004.02.016

	Introduction 
	Experimental 
	Results and Discussion 
	SEM 
	TEM 
	As Cast 
	Aged at 1000 C 

	Conclusions 
	Future Work 
	References

