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A B S T R A C T   

The microstructure, mechanical properties (at 25 ◦C, 1000 ◦C, 1200 ◦C, 1400 ◦C and 1600 ◦C) and oxidation 
behavior (at 1600 ◦C) of a binary Hf-27%Ta alloy and three ternary alloys, Hf-21%Mo-21%Ta, Hf-21%Nb-21%Ta 
and Hf-21%Ta-21%W (compositions are in atomic percent) are reported. The alloys were produced by vacuum 
arc melting, hot isostatically pressed under a high-purity argon pressure of 207 MPa at 1400 ◦C for 3 h and slow 
cooled to room temperature. The Hf-27Ta alloy had a microstructure consisting of coarse primary HCP particles 
and a monotectoidally transformed matrix consisting of a nano-lamellar mixture of the Ta-rich BCC and Hf-rich 
HCP phases. The Hf-21Mo-21Ta alloy consisted of a BCC matrix phase and HCP precipitates. Hf-21Nb-21Ta had a 
microstructure consisting of a BCC matrix phase, spherical nano-precipitates inside the matrix grains and two- 
phase BCC lamellar regions at grain boundaries, with no HCP phase detected. The Hf-21Ta-21W alloy had a 
three-phase structure consisting of a Hf-rich HCP matrix, W-rich cubic Laves phase and monotectoidally trans
formed regions consisting of nano-lamellae of Ta-rich BCC and Hf-rich HCP phases. The alloys had limited 
ductility at room temperature but they all were well workable at T ≥ 1000 ◦C. Among the studied alloys, the 
binary Hf-27Ta was the strongest at room temperature and the Hf-21Mo-21Ta was the strongest at high tem
peratures. The oxidation kinetics of Hf-27Ta, Hf-21Mo-21Ta and Hf-21 W-21Ta were similar, with 30–40 mg/ 
cm2 mass gain per 1 h holding at 1600 ◦C. The Hf-21Nb-21Ta alloy exhibited much higher (~230 mg/cm2/h) 
mass gains at 1600 ◦C. The ternary alloys all showed evidence of the formation of gaseous and/or liquid species 
in the oxide scales.   

1. Introduction 

Refractory alloys have attractive properties, such as high melting 
temperature above ~1800 ◦C, good creep resistance, high thermal 
conductivity and low thermal expansion, which make them potential 
candidates for high-temperature structural applications beyond 
advanced Ni-based superalloys [1,2]. Ni-based superalloys have been 
considered for many decades as the best materials for use in heavy 
loading structures operating at temperatures up to 1000 ◦C, such as 
turbine engine disks and blades. However, the maximum use tempera
tures of Ni superalloys are now reaching their limits due to rapid soft
ening when the temperature approaches their relatively low melting 
temperatures (~1250–1400 ◦C). Considerably higher melting tempera
tures of refractory alloys can extend engine operating temperatures 

much beyond 1000 ◦C. The main drawback of refractory alloys, which 
limits their use at high temperature, is poor oxidation resistance, and 
protective coatings are required. Even when oxidation resistant coatings 
are used, there is concern of failure because any local degradation of the 
protective coating will cause rapid oxidation and failure of the structure. 
Therefore, development of refractory alloys with improved oxidation 
resistance is needed. 

Early publications by Marnoch [3,4] reported enhancing oxidation 
resistance of binary Hf-Ta alloys with the compositions close to 27 wt% 
(26.7 at.%). Recently, Perepezko [5] and Yang et al. [6] confirmed this 
finding and found out that the superior oxidation resistance of the Hf-Ta 
binary alloys at temperatures up to 1600 ◦C is caused by the formation of 
a stable Hf6Ta2O17 oxide scale. This scale adheres well with the alloy 
substrate and is thermal shock resistant. With this observation and the 
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identified reaction pathway, the diffusion of oxygen through the scale 
was concluded to be the rate-limiting factor for the oxidation of these 
binary alloys [6]. 

It can be also noted that the alloys of the Hf-Ta system form carbides 
with very high melting points, exceeding 3900 ◦C [7], and recently non- 
stochiometric hafnium carbonitrides with the melting points exceeding 
4000 ◦C were reported [8]. The Hf-Ta carbides were found to have low 

vaporization rates and high thermal stability at temperatures up to 
2275 ◦C [9]. Similar to Hf-Ta alloys, the Hf-Ta carbides have good 
oxidation resistance at temperatures up to 1600 ◦C by forming a 
Hf6Ta2O17 protective layer [10]. The outlined results indicate that the 
Hf-Ta system can be a basis for the development of high-temperature 
refractory materials for operation at temperatures much beyond 
1000 ◦C. Unfortunately, there is very limited information in the open 

Fig. 1. (a) X-ray diffraction pattern and (b-d) backscatter electron (BSE) images of the microstructure of the HIP’d Hf-27Ta alloy sample. (e, f) Elemental maps 
showing distributions of (e) Hf and (f) Ta inside the alloy constituents shown in figure (d). 

Table 1 
The density (ρ, in g/cm3) and chemical composition (in at.%) of the studied alloys.  

Alloy ID ρ Hf Ta Mo Nb W O N C 

Hf-Ta 13.79 ± 0.01 71.6 28.0    0.112 0.127 0.149 
Hf-Nb-Ta 13.11 ± 0.02 56.5 22.7  20.6  0.020 0.023 0.121 
Hf-Mo-Ta 13.62 ± 0.01 56.3 22.9 20.5   0.040 0.150 0.094 
Hf-Ta-W 14.83 ± 0.03 57.4 21.7   20.8 0.011 <0.026 0.105  
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literature on high-temperature mechanical properties and on the effect 
of a third alloying element on the microstructure, oxidation behavior 
and mechanical properties of the Hf-Ta alloys. 

In this work we report the microstructure, high-temperature me
chanical properties and oxidation behavior of a binary Hf-27Ta alloy 
and three ternary alloys, Hf-21Mo-21Ta, Hf-21Nb-21Ta and Hf-21Ta- 
21W. These three ternary alloys maintain a Ta to Hf ratio similar the 
binary alloy showing the best oxidation resistance. 

2. Experimental procedures 

One binary alloy, Hf-27Ta, and three ternary alloys, Hf-21Ta-21X, 
where X = Nb, Mo, or W and the compositions are given in at. %, 
were prepared by vacuum arc melting of high purity (>99.95%) ele
ments. Each alloy button (weighing 150 g) was mixed and melted inside 
a water-cooled copper cavity. In order to achieve homogeneity in the 
liquid state, each alloy was melted, held in the molten state for ~30 s 
under active mixing by the arc and cooled down. The alloys were flipped 
over and re-melted at least 5 times. After the final solidification inside 
the water-cooled copper cavity, the alloys were wrapped in Ta foil and 
hot isostatic pressed (HIP’d) at 1400 ◦C under 207 MPa pressure of high 
purity argon for 3 h. The heating and cooling rates were 15 ◦C per 
minute. The average alloy compositions were measured using direct 
current plasma atomic emission spectrometry (metals), inert gas fusion 
(oxygen and nitrogen) and combustion infrared absorption (carbon) 
methods, and the measurements are given in Table 1. 

Microstructure, local chemical compositions and crystal structures 
were studied using a field emission scanning electron microscope (FEG- 
SEM) equipped with backscatter electron (BSE), energy dispersive 
spectroscopy (EDS) and electron backscatter diffraction (EBSD) de
tectors. The reported chemical compositions of different alloy constit
uents are the average values of at least 10 measurements made from 
different locations. The volume/area fractions of secondary phases were 
measured on BSE images using Adobe Photoshop ad-ins allowing seg
mentation and measurements of the areas with different gray color. X- 
ray diffraction (XRD) was conducted using Cu-Kα1 radiation in the 2θ 
range of 10◦ to 120◦. Prior to microscopy, specimens were mounted in a 
conductive phenolic resin and polished using conventional metallo
graphic techniques. Pandat_2020 software together with PanSolution- 
2020 thermodynamic database [11,12] and ThermoCalc software 
together with TCHEA-4 thermodynamic database [13] were used to 
calculate phase diagrams. 

The alloy densities were measured using a helium pycnometer and 
the results are given in Table 1. Vickers microhardness testing was 
conducted using a square-based diamond pyramid by applying a 1000 g 
load for 15 s to a flat, polished surface of the alloy samples. Isothermal 
compression mechanical tests were conducted at 25 ◦C, 1000 ◦C, 
1200 ◦C, 1400 ◦C and 1600 ◦C at a constant ram speed of 0.0075 mm/s 
that corresponded to an initial strain rate of 0.001 s−1. Compression 
specimens had a square cross-section of 4.6 mm × 4.6 mm and the 
height of 7.5 mm. Room temperature tests were conducted in air and 
high-temperature tests were conducted in vacuum of ~2 × 10−3 Pa. A 
more detailed description of the compression tests can be found else
where [14]. Oxidation testing was conducted on samples with the same 
geometry. Prior to oxidation testing, specimens were ground to 600 grit 
and cleaned with acetone followed by isopropanol. Specimens were 
weighed before and after oxidation using a high sensitivity scale (10−5 

g) and the weight gain compared on the basis of original sample surface 
areas (e.g. mg/cm2). All oxidized specimens were encapsulated in cold 
epoxy to preserve the oxide scales prior to sectioning and polishing. 

3. Results and discussion 

3.1. Microstructure of a Hf-27Ta binary alloy 

X-ray diffraction of the Hf-27%Ta alloy identifies diffraction peaks 

from two phases, hexagonal close packed (HCP) and body centered 
cubic (BCC) (Fig. 1a). The HCP phase has the lattice parameters a =

318.1 pm and c = 504.2 pm and the BCC phase has the lattice parameter 
a = 335.6 pm. An SEM microstructure analysis shows that, in the HIP 
condition, the binary Hf-27Ta alloy has a coarse-grained structure, with 
the average grain size of ~1 mm (Fig. 1b). Higher magnification images, 
as well as EDS maps, indicate the presence of Hf-rich, rectangular-sha
ped large particles located both inside grains and at grain boundaries 
(Fig. 1c–f). The particles are ~3 μm wide and 10 μm long, in average, 
their volume fraction is ~35% and they consist of ~93%Hf and 7%Ta 
(Table 2). The continuous grain areas between the Hf-rich particles are 
rich in Ta (relative to the alloy composition, Fig. 1f, Table 2). Uneven 
contrast of these areas reveals lamellar-like structure, probably con
sisting of two phases (Fig. 1d), with the Ta-rich phase prevailing. 
Combining this information with the X-ray diffraction data, one can 
suggest that the Hf-rich phase has an HCP crystal structure and the Ta- 
rich phase is a BCC crystal structure. 

Fig. 2a shows the equilibrium phase diagram for the Hf-Ta binary 
system [15] and Fig. 2b shows a calculated line projection of this dia
gram corresponding to 27 at.% Ta. (Pandat and ThermoCalc calculations 
showed the same results.) According to these phase diagrams, Ta has 
unlimited solubility in BCC Hf at high temperatures below the solidus. 
At lower temperatures, the Hf-Ta alloys with the amounts of Ta less than 
43% experience phase transformation during which the high- 
temperature BCC1 phase partially transforms to a primary Hf-rich 
HCP phase. At even lower temperature of 1084 ◦C, the BCC1 phase ex
periences a monotectoid transformation with the formation of a sec
ondary Hf-rich HCP and a Ta-rich BCC2 (Fig. 2a). In the Hf-27Ta alloy, 
the high-temperature BCC1 phase solidifies at 2120 ◦C and the single- 
phase BCC1 region is present at temperatures down to 1178 ◦C 
(Fig. 2b). At lower temperatures, BCC1 completely transforms to the Ta- 
rich BCC2 and Hf-rich HCP. All BCC2 and ~1/2 (by volume) of HCP are 
the result of the monotectoid transformation and the other 1/2 of the 
HCP phase forms slightly above the monotectoid transformation tem
perature (at 1084–1178 ◦C) (Fig. 2b). 

This analysis indicates that the Hf-27%Ta alloy had a single-phase 
BCC crystal structure when it was HIP’d at 1400 ◦C and the observed 
microstructure was formed during the following cooling process. Com
parison of the experimentally observed microstructure and phases in Hf- 
27Ta (Fig. 1) with the equilibrium phase diagrams (Fig. 2) suggests that 
the large Hf-rich particles formed above the monotectoid transformation 
temperature and the Ta-rich areas between these particles experienced 
the monotectoid transformation with the formation of two lamellar 
phases, BCC2 and HCP. This suggestion is also supported by the fact that 
the measured composition and volume fraction of the Hf-rich particles 
are very similar to the calculated composition and volume fraction 
(=0.33) of the HCP phase at 1100 ◦C. The measured compositions of the 
remaining, Ta-rich two-phase (BCC2 + HCP) areas are very similar to 
the calculated composition of the BCC1 phase at 1100 ◦C, i.e. just above 
the monotectoid transformation temperature (Table 2). 

Table 2 
Volume fraction (Vf) and chemical compositions (in at.%) of different constit
uents in the Hf-27Ta alloy, as determined by SEM/EDS and calculated at 
1100 ◦C.  

Element Vf Hf Ta 

Experiment 
Whole area (Fig. 1c) 1 74.5 ± 0.4 25.5 ± 0.4 
Ta-rich areas 0.65 62.1 37.9 
Hf-rich particles 0.35 93.0 7.0  

CALPHAD calculations at 1100 ◦C (Fig. 2) 
BCC1 0.67 61.4 38.6 
HCP 0.33 96.3 3.7  
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3.2. Microstructure of a Hf-21Nb-21Ta ternary alloy 

An X-ray diffraction pattern from Hf-21Nb-21Ta contains diffraction 
peaks from a single BCC phase, which the lattice parameter is a = 345.5 

pm (Fig. 3a). The alloy has an equiaxed, polygonal grain structure, with 
the average grain size of ~0.4 mm (Fig. 3b). Higher magnification 
backscatter electron (BSE) images reveal a eutectoid-like structure at 
grain boundaries (Fig. 3 c), which consists of at least two phases with 
different Z contrast and chemical composition (they are labeled as 
“Bright phase” and “Dark phase” in Table 3). The phase transformation 
likely started at grain boundaries and propagated inside grains pro
ducing bands consisting of two phases (Fig. 3c). The bright phase in 
these transformed regions is slightly rich in Hf and the dark phase is 
slightly rich in Nb and Ta relative to the average alloy composition 
(Table 3). Even higher magnification imaging reveals nanometer-sized 
spherical precipitates inside grains (Fig. 3d). These nano-precipitates 
have a dark contrast on the BSE images indicating smaller Z number 
relative to the matrix phase, which suggests that these precipitates are 

Fig. 3. (a) X-ray diffraction pattern and (b-d) BSE images of a HIP’d Hf-21Nb-21Ta alloy sample.  

Fig. 2. (a) Equilibrium Hf-Ta binary phase diagram and (b) calculated equilibrium phases and their volume fractions in Hf-27%Ta in the temperature range 
of 500–2500 ◦C. 

Table 3 
Chemical composition (in at.%) of different constituents in the Hf-21Nb-21Ta 
alloy, as determined by SEM/EDS.  

Element Hf Nb Ta 

Intragranular (2-phase) region 60.0 ± 0.3 20.5 ± 1.8 19.5 ± 0.5 
Bright phase 68.6 ± 1.0 15.4 ± 0.8 16.0 ± 0.8 
Dark Phase 56.4 ± 1.0 22.4 ± 1.0 21.2 ± 1.0  
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rich in Nb. Unfortunately, the composition of the nano-precipitates and 
the matrix phase cannot be measured separately by SEM/EDS due to the 
fine precipitate diameter and spacing, and the composition reported in 
Table 3 for intragranular regions is the average composition of these two 
phases. Additional TEM analysis is needed to reveal the composition and 
crystal structure of these precipitates. 

Information on the thermodynamic properties of Hf-Nb-Ta ternary 
system is not available in the open literature. We have therefore calcu
lated the equilibrium phase diagram for the Hf-21Nb-21Ta alloys using 
available thermodynamic properties of the respective binary systems 
and pure elements, using PanSolution-2020 and TCHEA-4 databases. 
The calculated diagrams are shown in Fig. 4a and Fig. 4b, respectively. 
They are qualitatively similar, as both the databases predict a high- 
temperature BCC region below the solidus and partial transformation 
of the BCC phase into Hf-rich HCP phase at lower temperatures. How
ever, the phase transformation temperatures and volume fractions of the 
phases predicted by these two databases are different and both are in 
large disagreement with the experimental results. For example, ac
cording to PanSolution-2020 calculations, a high temperature single- 
phase BCC range is present at temperatures from 2334 ◦C (solidus) to 
917 ◦C (HCP solvus), while according to TCHEA, this BCC range is 
present between 2107 ◦C and 1151 ◦C (Fig. 4 a, b). At lower tempera
tures, two phases, BCC and HCP, are present, with the volume fraction of 
HCP rapidly increasing toward ~0.6 with decreasing the temperature 
down to 500 ◦C. However, no HCP phase was identified by X-ray 
diffraction (Fig. 3a). It was neither identified using SEM/EDS, as the 
HCP phase must be heavily enriched (>90%) with Hf, while the 
maximum amount of Hf in the alloy constituents do not exceed 70% 
(Table 3). Nevertheless, secondary BCC phase precipitation inside grains 
and two-phase lamellar regions at grain boundaries are clearly identified 

in this alloy. It is quite possible that the experimentally observed phases 
are metastable and are the result of slow diffusion kinetics of the 
alloying elements during cooling after HIP at 1400 ◦C. Formation of the 
HCP phase, highly enriched in Hf, requires diffusion of almost all Nb and 
Ta out of this phase, which can be kinetically restricted at temperatures 
below 917 ◦C. This suggestion is supported by a recent report on 
amorphization in the Hf-Nb-Ta system at near-equiatomic concentra
tions of the alloying elements [16]. The experimental observations 
suggest that a secondary BCC phase, instead of the calculated HCP, 
forms at T < 1400 ◦C in Hf-21Nb-21Ta. In our additional calculations we 
thus suppressed the formation of a hexagonal phase, and these calcu
lations then predicted formation of a second BCC phase, but at even 
lower temperature (e.g. solvus at 674 ◦C in accord to PanSolution or 
1020 ◦C in accord to TCHEA) than the calculated solvus for HCP (Fig. 4 
c, d). This may explain heterogeneous nucleation of the second phase at 
grain boundaries, very small differences in the compositions of the two 
neighboring phases from the average alloy composition, and formation 
of very fine nano-precipitates inside grains. It is likely that these two 
BCC phases have very similar lattice parameters and are recognized on 
the XRD pattern as a single BCC phase. Additional microstructural ex
amination after prolonged annealing at different temperatures is 
required to identify equilibrium phases in this alloy. The thermody
namic parameters related to the Hf-Nb-Ta ternary system need to be 
refined in both of the CALPHAD databases used in this work. 

3.3. Microstructure of a Hf-21Mo-21Ta ternary alloy 

According to X-ray diffraction, two phases, BCC and HCP, are present 
in the Hf-21Mo-21Ta alloy (Fig. 5a). Intensities of the diffraction peaks 
from the BCC phase are much higher than from the HCP phase, which 

Fig. 4. Calculated (a, b) equilibrium phase diagrams for Hf-21Nb-21Ta alloy using (a) PanSolution-2020 and (b) TCHEA-4 thermodynamic databases. (c) A non- 
equilibrium phase diagrams calculated using (c) the PanSolution-2020 and (d) TCHEA-4 databases under suspension of hexagonal phases. 
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indicates that BCC is the major phase in the alloy. The lattice parameter 
of the BCC phase is a = 339.8 pm. The HCP phase has the lattice pa
rameters a = 319.7 pm and c = 508.2 pm, so that the ratio c/a = 1.5894. 

SEM shows that Hf-21Mo-21Ta has an equiaxed grain structure with 
the average size of 145 μm (Fig. 5b). Higher magnification images reveal 
the presence of a secondary phase, which precipitates at grain bound
aries and inside grains (Fig. 5 c, d). The SEM/EDS analysis shows that 

the second-phase particles are rich in Hf (Fig. 5e, Table 4). The matrix 
phase has a composition, which is only slightly different from the 
composition of the alloy (Table 4). Combining this information with the 
results from X-ray diffraction, one may conclude that the addition of Mo 
to Hf-27Ta stabilizes the BCC phase, which is present in Hf-21Mo-21Ta 
at room temperature in the form of the matrix phase. The volume 
fraction of secondary, Hf-rich precipitates is ~10–15%, and they are 
likely the HCP phase. 

The calculated equilibrium phase diagram of the Hf-21Mo-21Ta 
alloy using PanSolution-2020 or TCHEA-4 thermodynamic databases 
are shown in Fig. 6a and Fig. 6b, respectively. According to PanSolution- 
2020, the alloy solidifies at 1966 ◦C and the single BCC1 phase region is 
present at temperatures down to 1496 ◦C. At lower temperatures, the 
high-temperature BCC1 phase partially transforms to a BCC2 phase, 
which has a near-equimolar composition, the volume fraction of the 
BCC1 phase decreases with decreasing temperature and it becomes rich 

Fig. 5. (a) X-ray diffraction pattern and (b–d) SEM images of a HIP’d Hf-21Mo-21Ta alloy sample. (e) Elemental maps showing that the precipitates in figure (d) are 
rich in Hf and depleted in Mo and Ta. 

Table 4 
Chemical composition (in at. %) of different constituents in the Hf-21Mo-21Ta 
alloy, as determined by SEM/EDS.  

Element Hf Mo Ta 

Alloy (Fig. 5 b) 60.5 19.1 20.4 
Matrix Phase 56.3 ± 0.9 22.2 ± 0.8 21.5 ± 0.4 
Particles 94.8 ± 2.8 2.0 ± 1.3 3.2 ± 1.7  
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in Hf (Fig. 6a; Table 5, 1400 ◦C). The volume fraction of the BCC1 phase 
at 1400 ◦C is 0.654. At 1305 ◦C a monotectoid phase transformation is 
predicted in this alloy, during which the Hf-rich BCC1 phase transforms 
to a Hf-rich HCP phase and Mo and Ta rich BCC2 phase (Fig. 6a). At 
1100 ◦C, the volume fractions of the BCC2 and HCP phases are predicted 
to be 0.49 and 0.51, respectively (Table 5). This calculated phase dia
gram strongly disagrees with the experimental results, which show no 
evidence of the monotectoid phase transformation and a considerably 
lower volume fraction of the HCP phase. Thermodynamic parameters for 
the Hf-Mo-Ta system in PanSolution-2020 database require refinement. 

The phase diagram calculated using TCHEA-4 database (Fig. 6b) 
agrees better with the experimental data. According to these calcula
tions, the high-temperature BCC phase partially transforms to a Hf-rich 
HCP phase at temperatures below 1120 ◦C and additionally to a Laves 
(HfMo2) phase below 820 ◦C. The calculations predict about 60% of HCP 
and 10% of Laves at equilibrium at 500 ◦C (Fig. 6b). The much lower 
volume fraction of the HCP phase and the absence of the Laves phase 
observed in Hf-21Mo-21Ta can be explained by insufficient diffusion 
kinetics of the alloying elements at temperatures below 1120 ◦C during 
cooling from 1400 ◦C. According to TCHEA-4 calculations, 15% by 
volume fraction of the HCP phase in equilibrium corresponds to T =

1100 ◦C, where the HCP phase consists of 97.9% Hf, 1.3%Ta and 0.8% 
Mo and the BCC phase consists of ~51.7%Hf, 24.1%Ta and 24.2%Mo 
(Table 5). These calculated compositions of the BCC and HCP phases are 
close to the respective compositions determined experimentally 
(Table 4). One can therefore suggest that the microstructure of the Hf- 
21Mo-21Ta observed at room temperature was quenched from 
~1100 ◦C. 

3.4. Microstructure of a Hf-21Ta-21W ternary alloy 

The X-ray diffraction pattern from Hf-21Ta-21W contains diffraction 
peaks from at least three phases (Fig. 7a). In particular, diffraction peaks 
from an HCP phase, a cubic Laves phase and a BCC phase are identified. 
According to the intensity of the diffraction peaks, the HCP and Laves 
are major phases and BCC is the minor phase. The lattice parameters of 
the HCP phase are a = 319.0 pm and c = 505.9 pm. The lattice 
parameter of the cubic Laves (C15) phase is 765.6 pm and the lattice 
parameter of the BCC phase is a = 334.8 pm (Fig. 7a). 

The microstructure of Hf-21Ta-21W consists of equiaxed grains, with 
the average grain size of ~75 μm (Fig. 7 b). High volume fractions of 
secondary phases are present in the form of micrometer-sized equiaxed 
and elongated particles and nanometer-sized lamellae (Fig. 7 c–e). The 
second-phase particles are present both at grain boundaries and inside 
grains, and grain boundary particles are almost twice as large (Fig. 7c). 
SEM/EDS analysis identifies three characteristic constituents in the 
microstructure. These are (a) Hf-rich regions, inside grains, which vol
ume fraction is ~40%, (b) large, W-rich second phase particles, both 
inside grains and at grain boundaries, which volume fraction is ~30%, 
and (c) two-phase lamellar regions, inside grains, which are rich in Ta 
and Hf and depleted with W and which volume fraction is estimated to 
be ~30% (Fig. 7 d-f, Table 6). Comparing the SEM/EDS data with the X- 
ray diffraction results one can suggest that the Hf-rich regions likely 
have the HCP crystal structure, and the W-rich regions represent a cubic 
(C15) Laves phase. The morphology of the Ta- and Hf- rich lamellae 
regions suggests that these regions experienced a monotectoid trans
formation and likely consist of a Ta-rich BCC phase and a Hf-rich HCP 
phase. 

The equilibrium phase diagrams of Hf-21Ta-21W calculated using 
PanSolution-2020 or TCHEA-4 Calphad databases are shown in Fig. 8a 
and Fig. 8b, respectively. According to PanSolution-2020, after solidi
fication at 1978 ◦C, the Hf-21Ta-21W alloy consists of two BCC phases: 
BCC1 is rich in Ta and W and BCC2 is rich in Hf. (Fig. 8a). Upon cooling 
in the temperature range from 1403 ◦C to 1378 ◦C the BCC2 phase 
partially (~11%) transforms to a Hf-rich HCP phase and at 1338 ◦C the 
remaining BCC2 phase experiences a monotectoid transformation to a 
Hf-rich hexagonal phase and a Ta and W rich BCC1 phase. The calcu
lated phase volume fractions and phase compositions at 1400 ◦C (three- 
phase region) and at 1100 ◦C (two-phase region below the monotectoid 
transformation) are given in Table 7. At temperatures below 753 ◦C the 
disordered BCC1 phase transforms into an ordered B2. Two phases, Ta 
and W rich B2 and Hf-rich HCP, are present in equilibrium at 500 ◦C 
(Table 7). 

The phase diagram calculated using TCEA-4 database is noticeably 
different (Fig. 8b). This diagram predicts a single-phase BCC region 

Fig. 6. Calculated equilibrium phase diagrams (phase volume fraction vs. temperature) of the Hf-21Mo-21Ta alloy using (a) PanSolution-2020 database or (b) 
TCHEA-4 database. 

Table 5 
Volume fraction (Vf) and composition (in at.%) of different phases predicted in 
Hf-21Mo-21Ta at 1400 ◦C and 1100 ◦C using CALPHAD approach and available 
thermodynamic database.  

T (◦C) Phase Vf Hf Mo Ta 

PanSolution-2020 
1400 BCC1 0.654 71.3 14.6 14.1 
1400 BCC2 0.346 32.9 33.1 33.9 
1100 BCC2 0.487 14.8 42.8 42.4 
1100 HCP 0.513 99.0 0.4 0.6  

TCHEA-4 
1400 BCC 1.00 58.0 21.0 21.0 
1100 BCC 0.85 51.7 24.2 24.1 
1100 HCP 0.15 97.9 0.8 1.3  
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below the solidus (~2000 ◦C). The BCC phase partially transforms to a 
cubic Laves phase (HfW2) at temperatures below 1680 ◦C. At T =

1400 ◦C, TCHEA-4 predicts the presence of two phases, BCC and Laves, 

at the volume fractions of 0.89 and 0.11, respectively (Table 7). A 
monotectoid transformation of the high-temperature BCC phase to the 
Ta-rich BCC2 and Hf-rich HCP is predicted to occur at 1180 ◦C. At T =
1100 ◦C, i.e. almost immediately after the transformation, the volume 
fractions of the Laves, BCC2 and HCP phases are 0.16, 0.27 and 0.57, 
respectively, and these proportions retain down to 500 ◦C (Fig. 8b). It 
should be noted that TCHEA-4 predicts high volume fraction (~0.84) of 
the monotectoidally transformed regions. The HCP phase is predicted to 
reside inside these regions only. 

Comparison of the calculated phase diagrams with the experimental 
results indicates that PanSolution-2020 fails to predict formation of the 
Laves phase, which measured volume fraction is rather large (~30%), 
and TCHEA-4 fails to predict the presence of a primary HCP phase at 
temperatures above the monotectoid reaction, which measured volume 

Fig. 7. (a) X-ray diffraction pattern, (b) secondary electron image and (c-e) backscatter electron images of a HIP’d Hf-21Ta-21W alloy sample. (f) Composition map 
showing preferential distribution of the alloying elements (green is Hf, blue is Ta and red is W) in the sample area shown in figure (e). (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.) 

Table 6 
Volume fraction (Vf) and chemical composition (in at.%) of different constitu
ents in the Hf-21Ta-21W alloy, as determined by SEM/EDS (Fig. 7).  

Element Vf Hf Ta W 

Whole area (Fig. 7b) 1 60.2 20.7 19.1 
Hf-rich regions 0.40 90.1 ± 2.2 7.3 ± 1.5 2.6 ± 1.0 
W-rich regions 0.30 36.0 ± 0.9 22.1 ± 0.4 41.9 ± 1.2 
Ta-rich lamella (2-phase) 

regions 
0.30 64.9 ± 3.4 30.3 ± 2.9 4.8 ± 1.2  
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fraction is ~40%. Both databases predict correctly that the Hf-rich HCP 
phase is one of the major phases in the alloy and that the alloy experi
ences a monotectoid phase transformation. These transformed regions 
are recognized as two-phase lamellar areas on the BSE images (Fig. 7 d, 
e). The morphology of the phases experimentally observed in the Hf- 
21Ta-21W alloy indicates that only ~30% of the alloy experiences a 
monotectoid phase transformation, while PanSolution-2020 predicts 
~55% and TCHEA-4 predicts 84% of the alloy to experience this 
transformation (Fig. 8). This discrepancy cannot be explained by slow 
diffusion kinetics of Ta and W, as the incomplete monotectoid trans
formation should result in a relatively large volume fraction of a resid
ual, Hf-rich BCC phase. However, this phase was not detected by X-ray 
diffraction and SEM/EDS. Only a Ta-rich BCC phase inside the mono
tectoid lamellar domains was present. The morphology of the grain 
structure suggests that during annealing at 1400 ◦C the alloy was a 
predominantly single-phase structure rather than a two-phase duplex 
structure. 

Based on the above discussion, one can suggest the following phase 
transformations in the Hf-21Ta-21W alloy. The alloy solidifies in a 
single-phase BCC structure, which upon cooling partially transforms to a 
Laves and HCP phases before the monotectoid transformation occurs at 
lower temperatures. At 1400 ◦C, the alloy still retains the BCC matrix 
phase as the major phase, although small amounts of the Laves and HCP 
phases may already be present. At the temperature slightly above the 
temperature of monotectoid transformation, the alloy contains three 
phases, W-rich Laves, Hf-rich HCP and remaining Hf + Ta-rich BCC, at 
the volume fractions of ~0.3, 0.4 and 0.3. During the monotectoid 
transformation, the remaining BCC transforms to a Ta-rich BCC2 and Hf- 
rich secondary HCP phase. It appears that both databases should be 
refined to predict such set of phase transformations in the Hf-Ta-W 
system. 

Despite the apparent similarity of the four systems, the interpreted 
phase evolution of each varies in character (Fig. 9), though there is 
significant uncertainty due to the limited fidelity of the CALPHAD da
tabases. As expected from the binaries, Mo and W additions lead to the 
formation of Laves phases and the formation of an HCP phase. The 
addition of Nb to Hf-27Ta suppresses the HCP phase, as expected from 
the binaries, by the reduction of Hf and its extensive solubility in Nb and 
Ta. In all cases, there are second (or third) phases that could be expected 
to provide a strength benefit (HCP and Laves especially), but they are 
unstable as the temperature rises toward 1400 ◦C. 

Fig. 8. Equilibrium phase diagrams for Hf-21Ta-21W alloy calculated using (a) PanSolution-2020 database and (b) TCHEA-4 database.  

Fig. 9. Summary of observed (solid boxes and connecting lines) and expected (dashed boxes and connecting lines) phases and reactions. In each case the primary 
solidification phase is BCC follows by a series of decomposition reactions. 

Table 7 
Volume fraction and composition (in at.%) of different phases predicted in Hf- 
21Ta-21W at 1900 ◦C, 1400 ◦C and 1100 ◦C using CALPHAD approach and 
available thermodynamic database.  

T (◦C) Phase Vf Hf Ta W 

PanSolution-2020 
1400 ◦C BCC1 0.36 6.7 42.8 50.5 
1400 ◦C BCC2 0.54 86.9 9.2 3.9 
1400 ◦C HCP 0.10 98.0 1.7 0.30 
1100 ◦C BCC1 0.42 2.8 47.9 49.3 
1100 ◦C HCP 0.58 98.8 1.1 0.1  

TCHEA-4 
1400 BCC 0.89 63.0 13.5 23.5 
1400 Laves 0.11 34.1 57.1 8.8 
1100 Laves 0.16 33.7 10.1 56.2 
1100 BCC2 0.27 12.2 63.2 24.6 
1100 HCP 0.57 97.7 2.2 0.1  

Table 8 
Vickers microhardness (Hv), yield stress (σy), true peak stress (σp) and respective 
true peak strain (εp), and true fracture strain (εf) of the studied alloys at room 
temperature.  

T = 25 ◦C Hf73Ta27 Hf58Mo21Ta21 Hf58Nb21Ta21 Hf58Ta21W21 

Hv 490 513 289 522 
σy (MPa) 1708 1496 832 1475 
σp (MPa) 1940 1580 1204 1883 
εp 0.106 0.031 0.554 0.059 
εf 0.129 0.048 0.559 0.067  
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3.5. Mechanical properties 

The binary Hf-27Ta alloy has room temperature Vickers micro
hardness Hv = 490 ± 8. The microhardness decreases considerably, to 
Hv = 289 ± 7, in ternary Hf-21Nb-21Ta. The ternary alloys with Mo (Hf- 
21Mo-21Ta) and with W (Hf-21Ta-21W) have slightly increased 

microhardness values, Hv = 513 ± 10 and Hv = 522 ± 5, respectively, 
relative to the binary alloy (Table 8). It is concluded that the Nb addition 
softens while Mo or W additions harden the Hf-27Ta alloy. 

Fig. 10 illustrates room temperature true stress versus true strain 
deformation curves and Table 8 shows room temperature mechanical 
properties of the studied alloys. The binary alloy has the yield stress σy 
= 1708 MPa, its true stress increases with increasing strain and reaches 
the peak value, σp = 1940 MPa at εp = 0.106. Fracture of Hf-Ta occurs 
shortly after reaching the peak stress, at true strain εf = 0.129. The 
ternary alloys have smaller yield stress values, 1496 MPa, 1475 MPa and 
832 MPa for Hf-Mo-Ta, Hf-Ta-W and Hf-Nb-Ta, respectively. The ternary 
alloys with Mo and W also have reduced compression fracture strain, εf 
= 0.048 and 0.067, respectively. A slightly higher true fracture strain of 
Hf-Ta-W, than that of Hf-Mo-Ta, is likely due to stronger strain hard
ening, which also results in a larger peak stress and fracture stress in Hf- 
Ta-W (Fig. 10, Table 8). The Hf-Nb-Ta alloy has the lowest yield stress, 
but it is the most ductile (εf = 0.559) among the studied alloys. The alloy 
shows moderate strain hardening, which results in achieving the true 
peak stress of σp = 1204 MPa at εp = 0.554. The compression data 
indicate that not only additions of Nb, but also Mo or W decrease the 
room temperature strength of Hf-27Ta, which is somewhat different 
from the microhardness results. It looks like the surface layers of the Mo 
and W containing alloys are stronger than the bulk. The reasons are 
unclear. 

The deformation behavior of the studied alloys at high temperatures 
(≥ 1000 ◦C) is illustrated in Fig. 11 and the high-temperature 
compression properties are given in Table 9. In this temperature 

Fig. 11. True stress versus true strain deformation curves of the studied alloys at (a) 1000 ◦C, (b) 1200 ◦C, (c) 1400 ◦C and (d) 1600 ◦C.  

Fig. 10. Room temperature true stress versus true strain compression curves of 
the studied alloys. 
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range, the alloys show a brief strain hardening stage at the beginning of 
deformation and the maximum (peak) stress is achieved at true strains 
εp ≤ 0.03. After that, strain softening, which can follow by steady state 
flow, occurs. The stress increases observed at true strains above ~0.4 are 
likely due to developing friction stresses between the die and sample 
surfaces; however, no noticeable barreling of the deformed samples was 
observed. All the alloys show good compression ductility and they did 
not fracture after 50% compression deformation (i.e. 0.693 true strain). 
Comparing the thermal softening of the alloys (Fig. 12), it is clear that 
the Hf-21Mo-21Ta alloy retains strength best among the studied alloys 
at high temperatures. At 1000 ◦C it has σy = 943 MPa and σp = 1052 
MPa, retaining ~65% of its room temperature strength, and shows a 
subsequent parabolic stress decrease with temperature approaching σy 
= 64 MPa and σp = 68 MPa at 1600 ◦C. The strength of the Hf-21Ta-21W 
is a distant second in this temperature range; its yield stress and peak 
stress at 1000 ◦C are lower by ~49% and 29% and at 1600 ◦C by 56% 
and 49%, respectively, than the same properties of Hf-21Mo-21Ta 

(Table 9). The Hf-21Nb-21Ta alloy is the weakest alloy at 1000 ◦C; 
however, the binary Hf-27Ta alloy becomes the weakest one at 1200 ◦C, 
1400 ◦C and 1600 ◦C (Fig. 11, Table 9). The compressive yield stress of 
this binary alloy is similar to the tensile yield strength reported by 
Marnoch [4] (Fig. 12). The substitution of a more refractory element for 
Hf increases the strength of the ternary alloys at these three tempera
tures. However, not only does Mo impart more strength than the more 
refractory W, but based on the observed phase evolution (Fig. 9), one 
would expect that Hf-21Ta-21W would retain the most strength above 
1400 ◦C due to the presence of both the Laves and HCP phases, which is 
not the case. Further studies are planned to understand why alloying 
with W has a weaker effect on the high-temperature strength than 
alloying with Mo. 

3.6. Oxidation behavior 

Comparative discontinuous oxidation studies were performed in an 
open-air box furnace. The specific mass gain calculated for each alloy 
after exposures at 1600 ◦C for 10, 30, and 60 min is shown in Fig. 13. 
Qualitative EDS maps and corresponding BSE images of the oxide scales 
formed at the 10 min condition are shown in Fig. 14 through Fig. 17. The 
oxidation kinetics of each alloy system were fit to the general oxide 
growth rate law [17]: 

Δm = ktn (1)  

where Δm is the change in mass normalized to the initial surface area; k 
is the oxide growth rate constant; t is time in hours, and n is the time 
exponent (see inset table of Fig. 13). The Mo containing alloy exhibited 
near-parabolic oxidation kinetics (n = 0.47), while the binary and Nb 
containing alloys displayed sub-parabolic regimes (n = 0.37 and 0.30, 
respectively). The W-containing alloy exhibited two oxidation regimes: 
within the first 30 min, the specific mass of Hf-21Ta-21W increased and 
followed Eq. (1) with n = 0.58; however, specific mass loss occurred at 
longer times (Fig. 13). It is likely that this delayed mass loss was caused 
by the selective evaporation of volatile W-oxides. This suggestion is also 
supported by the apparent concentration gradient of W in the oxide scale 
seen in the EDS element maps (Fig. 17). 

Microstructural and chemical analyses of the oxide scales formed at 
1600 ◦Cshowed a Ta-rich oxide layer of varying thicknesses at the oxide 
surface of all the studied alloys except Hf-21Nb-21Ta (see Fig. 14 

Fig. 13. Specific mass change plots of the studied alloys subjected to discon
tinuous oxidation in air at 1600 ◦C. Dotted curves represent exponential fitting 
(*60 min condition for Hf-Ta-W alloy is omitted); fitting parameters are shown 
in the inset table. 

Table 9 
Yield stress (σy), true peak stress (σp) and respective true peak strain (εp), and 
true stress (σ20) at true strain ε =0.2 of the studied alloys at 1000 ◦C, 1200 ◦C, 
1400 ◦C and 1600 ◦C.   

Hf73Ta27 Hf58Mo21Ta21 Hf58Nb21Ta21 Hf58Ta21W21 

T = 1000 ◦C 
σy (MPa) 353 943 278 480 
σp (MPa) 492 1052 293 747 
εp 0.028 0.030 0.016 0.039 
σ20, MPa 320 791 251 472  

T = 1200 ◦C 
σy (MPa) 94 421 118 137 
σp (MPa) 97 437 118 169 
εp 0.010 0.011 0.012 0.026 
σ20, MPa 56 263 104 117  

1400 ◦C 
σy (MPa) 33 146 60 77 
σp (MPa) 36 152 60 81 
εp 0.018 0.017 0.007 0.014 
σ20, MPa 29 123 50 58  

1600 ◦C 
σy (MPa) 18.8 64 23 28.3 
σp (MPa) 20 68 26 35 
εp 0.015 0.019 0.012 0.025 
σ20, MPa 16 53 24 28  

Fig. 12. Yield stress of studied alloys vs temperature. The compressive yield 
stress of the Hf-27Ta is compared to the tensile yield stress of the same alloy 
reported by Marnoch [4]. 
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through Fig. 17). All the alloys exhibited porous scales of different 
morphologies and indications of multi-front internal oxidation. While 
the Hf-27Ta (Fig. 14) and Hf-21Mo-21Ta (Fig. 15) alloys displayed a 
compact porosity network, the Hf-21Nb-21Ta (Fig. 16) and Hf-21Ta- 
21W (Fig. 17) alloys appeared to form “trails” of pores directed to
ward the scale surface. The latter observation likely indicates counter- 
diffusion of gaseous and/or liquid species emanating outward to the 
surface, due to the high volatility of W-oxides (e.g. WO3) and potentially 
low melting points of common Nb-oxides (e.g. Nb2O5). A considerably 
reduced amount of Mo in the oxide scale formed on the Hf-21Mo-21Ta 
alloy can also be explained by the volatility of Mo-oxides (e.g. MoO3) 
[18]. The oxide scale of all the alloys, except Hf-21Mo-21Ta, was pre
dominantly adherent, however, cracking was observed near porosity 
channels, at oxide-consumed grain boundaries, and at the oxide-bulk 
interface. In the case of Hf-21Mo-21Ta, the oxide cracking was the 
most severe: although the surface scale did not entirely spall upon 
cooling, the oxide-bulk bond was the weakest for this alloy, thus 
requiring “re-attachment” of the oxide to the bulk for the microstruc
tural evaluation. Although a great care was taken to handle the oxide 
layers (including epoxy encapsulation) during metallographic prepara
tion, there is a possibility that some cracks formed and/or original crack 
propagated during the sample preparation due to oxide brittleness. 
Therefore, at the present time we cannot confirm whether the observed 
cracks formed during oxidation, upon cooling due to disparate co
efficients of thermal expansion [19], or during sample preparation. 

Post-oxidation XRD analysis of the binary Hf-27Ta alloy (Fig. 18) 
revealed a strong presence of the HfTaO superstructure (e.g. Hf6Ta2O17) 
and a simple Ta2O5 oxide, as described by McCormack and Kriven [20] 
and Yang et al. [6]. The diffraction peaks from these oxides were also 
observed as major peaks in all the oxidized ternary alloys, indicating 
preferred formation of these oxides in the studied alloys. Further 
interrogation of the internal oxide products for the ternary alloys is 
underway and a more complete structural description of the ternary 
oxide products will be reported in a future work. 

4. Summary and conclusions 

A binary Hf-27Ta alloy and three ternary alloys, Hf-21Mo-21Ta, Hf- 
21Nb-21Ta and Hf-21Ta-21W (compositions are in at. %) were pro
duced by vacuum arc melting. To reduce casting defects, the alloys were 
hot isostatically pressed by holding for 3 h at 1400 ◦C under a pressure of 
207 MPa in high-purity argon and then slow cooled to room tempera
ture. Microstructure, mechanical properties (at 25 ◦C, 1000 ◦C, 1200 ◦C, 
1400 ◦C and 1600 ◦C) and oxidation behavior (at 1600 ◦C) of the alloys 
were studied. The observed phase compositions were compared with 
Calphad calculated phase diagrams for the respective alloys to validate 
currently available Calphad databases, PanSolution-2020 and TCHEA-4. 
Below the main results are briefly outlined. 

The microstructure of the binary Hf-27Ta alloy consisted of coarse 
primary HCP particles and a monotectoidally transformed matrix 

Fig. 14. BSE micrographs and EDS element maps of oxide scale formed on the Hf-27Ta binary alloy after oxidation at 1600 ◦C for 10 min in air.  
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comprising of a nano-lamellar mixture of the Ta-rich BCC and Hf-rich 
HCP phases. The phases, their volume fractions and their composi
tions were in good agreement with calculated phase diagrams. 

Additions of Nb or Mo to the binary alloy stabilized the BCC crystal 
structure against transformation to the HCP structure. The microstruc
ture of Hf-21Nb-21Ta consisted of a BCC matrix phase, spherical nano- 
precipitates inside the matrix grains and two-phase BCC lamellar regions 
at grain boundaries. No HCP phase was detected. The two BCC phases 
had similar lattice parameters and were likely coherent to each other. 
The Hf-21Mo-21Ta alloy consisted of a BCC matrix phase and HCP 
precipitates. 

The Hf-21Ta-21W alloy had a three-phase structure consisting of Hf- 
rich HCP regions, W-rich Laves phase particles and monotectoidally 
transformed nano-lamellar regions. The volume fractions of these con
stituents were estimated to be 0.4, 0.3 and 0.3, respectively. The nano- 
lamellar regions comprised of Ta-rich BCC and Hf-rich HCP phases. 

The Calphad databases reasonably predicted the phases, volume 
fractions and their compositions for the binary Hf-27Ta alloy, but they 
failed to predict the phase contents in the studied ternary alloys. The 
most noticeable disagreement was for the Hf-21Nb-21Ta alloy. Although 
the agreements between the experimentally observed phases and 
calculated phase diagrams for Hf-21Mo-21Ta and Hf-21Ta-21W were 

better for TCHEA-4 than for PanSolution-2020, both databases failed 
prediction of the phase volume fractions and compositions. Further 
refinement of these databases are needed. 

The binary Hf-27Ta alloy had room temperature (RT) yield stress of 
1708 MPa. Additions of Nb, Mo or W decreased the RT yield stress to 
832 MPa, 1496 MPa or 1475 MPa, respectively. The Hf-21Mo-21Ta alloy 
was the strongest at T ≥ 1000 ◦C. It yield stress at 1000 ◦C, 1200 ◦C and 
1400 ◦C was 943 MPa, 421 MPa and 146 MPa, respectively. 

The oxidation kinetics for Hf-27Ta, Hf-21Mo-21Ta and Hf-21Ta-21W 
were fairly similar and they showed mass gain of ~30–40 mg/cm2 

during one-hour holding at 1600 ◦C. The Hf-21Nb-21Ta alloy exhibited 
much higher (~230 mg/cm2/h) mass gains at 1600 ◦C. The resulting 
oxide microstructures proved to depend strongly on the alloy composi
tion. The Hf-21Nb-21Ta and Hf-21Ta-21W alloys suffered from signifi
cant volatilization and/or melting of subsequent oxide phases, resulting 
in “trails” of porosity and/or entrapped material leading to the external 
surfaces. A similar phenomenon is believed to have occurred in the Hf- 
21Mo-21Ta alloy, but at a significantly faster rate, since the oxide scale 
exhibited fine-scale porosity and limited Mo content overall. Consid
ering oxide morphology, mass gain and extent of cracking, the most 
oxidation resistant alloy was Hf-27Ta followed by Hf-21Mo-21Ta. 

Fig. 15. BSE micrographs and EDS element maps of oxide scale formed on the Hf-21Mo-21Ta ternary alloy after oxidation at 1600 ◦C for 10 min in air.  
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