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Abstract: In order to obtain the effect of W and Hf elements on the mechanical properties of Ta–W–Hf
alloys, the structural, mechanical, and electronic properties of Ta–xW–6.25Hf (x = 6.25, 12.50, 18.75,
25.00, 31.25, 50.00) alloys were studied using first-principles calculation based on density functional
theory, and the supercell method. The calculated formation enthalpy and elastic constants clarify that
Ta–W–Hf alloys have structural and dynamical stability. The formation enthalpy and the cohesive
energy decrease with the increase in W content, and the cohesive energy increases when Hf element
is added to Ta–W alloy. In addition, bulk modulus (B), shear modulus (G), and Young’s modulus (E)
for each of the Ta–xW alloys increase gradually with the increase in W concentration. The B, G, and
E of Ta–xW–6.25Hf alloys is lower than that of Ta–xW alloy under the same W content conditions,
suggesting that Hf alloying with higher Ta–W concentration becomes softer than the Ta–W alloy.
Based on the mechanical characteristic, the B/G and Poisson’s ratio of Ta–W–Hf alloys are higher
than those of Ta–W alloys with W content over 25%, the ductility of Ta–W–Hf alloys improves with
the addition of Hf, and Hf can reduce the anisotropy of Ta–W–Hf alloys. Furthermore, the electronic
density of states shows that alloying W and Hf improves the metallicity of Ta. The results in this
work provide the underlying insights needed to guide the design of Ta–W–Hf alloys with excellent
mechanical properties.

Keywords: first-principles calculation; Ta–W–Hf alloys; structural stability; elastic properties

1. Introduction

With its high melting point, high density, excellent ductility, and high strength, tan-
talum (Ta) has been considered a key material for future nuclear fusion reactors [1–3].
Tungsten (W) has physical properties similar to tantalum and can be solidly soluble in Ta
indefinitely. Due to solid-solution strengthening, Ta–W alloys are stronger than pure Ta
and are widely used in the nuclear engineering, weaponry, and aerospace industries [4–6].
For example, Ta–2.5W can be used in heat exchangers; Ta–7.5W is a spring material for
corrosion-resistant equipment; and Ta–10W is a key material of choice for liquid rocket
engine thrust combustion chambers, vacuum furnace heaters, and other high-temperature
components. Ta–W alloys are widely studied because of their excellent application poten-
tial. Li [7] studied the valence bond structure of a body-centered cubic (BCC) Ta–W alloy
based on characteristic crystal (CC) theory and analyzed the mechanism of solid-solution
strengthening of Ta–W alloys. Lv et al. [8] studied the stability of alloying elements W and
its interaction with vacancy defects in Ta–W alloys based on the first-principles study. The
results show that W atoms are more likely to disperse in the Ta lattice, and are less likely
to form precipitates even with vacancy coexistence, thus, W can be doped into Ta-based
materials as a point defect repair element. Wang et al. [9] reported that the increase in W
content resulted in the enhancement of α-fibers and weakening of γ-fibers in Ta–W alloys.
For example, the volume fraction of γ-fibers in Ta–10W alloy is lower than that of Ta–2.5W
alloy. Zhang et al. [10] prepared Ta–W refractory alloys with W contents ranging from 10%
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to 50% (atomic content) by arc melting, and the results showed that the compressive yield
strength of Ta–W alloys increased with W concentration at both temperatures, and they
exhibited excellent high-temperature compressive strength. In particular, the strength of
the Ta–20%W alloy reached as high as 236 MPa at 2000 ◦C. Ma’s work showed that Ta–W
alloys are good construction materials for equipment handling aggressive acidic media,
and that cold-rolled Ta–4%W plates combine strength and corrosion resistance [11].

Based on the study of Ta–W alloys, the researchers found that the addition of Hf
elements can improve the corrosion resistance and creep resistance of Ta–W alloys. As a
backflow snake tube, the Ta–10W alloy experienced severe potassium corrosion at 980 ◦C,
while the Ta–8%W–2%Hf alloy did not experience corrosion at 1315 ◦C for 2000 h [12,13].
Zhang et al. [14,15] prepared Ta–W–Hf alloys and analyzed their strengthening and grain
boundary hardening processes, and the results show that the Ta–W–Hf material deforms
with good continuity, does not produce strong local deformation, and exhibits plastic
fracture. Leonard et al. [16] studied the tissue changes and factors affecting the mechanical
properties of the Ta–2%W–2%Hf (T111) alloy with thermal aging times of 1100 h at 1098 K,
1248 K, and 1398 K. It was shown that the resistivity and strength of the material decreased
with increasing aging temperature, and the same pattern was obtained by Distefano [17]
when studying the mechanical properties of a Ta–8W–2Hf alloy at 300–650 ◦C. Senkov
et al. [18] studied the mechanical properties of a Hf–27%Ta alloy and a Hf–21%Ta–21%W
alloy at different temperatures, and the result show both alloys still have good processing
properties when the temperature exceeds 1000 ◦C. In addition, the researcher [19] studied
the organization, mechanical properties, and oxidation behavior of a Hf–25%Ta–5%W
(HTW) alloy below the co-precipitation temperature. The experiment showed that the yield
stress of the HTW alloy was strongest at 25 ◦C (σy = 1966 MPa) and the room temperature
plasticity of the alloy increased with the decrease in σy. The HTW alloy maintained high
strength at 800 ◦C. By comparing the oxidation behavior of the Hf–25Ta binary alloy at
800 ◦C and 1000 ◦C, the oxidation resistance of the alloy is improved with the addition of Hf.
Barklay et al. [20] analyzed the microstructural properties of Ta–10%W and Ta–8%W–2%Hf
alloys, which shows that Ta–8%W–2%Hf has better internal damage accumulation and
resistance to radiation than Ta–10%W [21].

In summary, researchers have conducted a large number of studies on Ta–W and
Ta–W–Hf alloys, but, up to now, there still have not been systematic studies to investigate
the mechanical properties of Ta–W–Hf alloys from the atomic scale. The basic property
parameters of the Ta–W–Hf alloys remain to be supplemented. Ta is a refractory alloy,
which requires huge costs to prepare by traditional methods, and there is a certain degree
of danger, which cannot meet a variety of needs for alloy development. With the devel-
opment of computer science, computer simulation technology has become an important
tool for material design and analysis. Alloy composition screening, and processing process
optimization can be performed quickly by computer, which will reduce the workload and
shorten the development cycle. In addition, it has a guiding role in clarifying the reaction
mechanism and the development of the alloy.

In this work, we established 12 atoms models by supercell method, and calculated
the formation energy and cohesion energy of Ta–W and Ta–W–6.25Hf alloys with different
W content, based on the first-principles method. Next, we calculated the elastic constants
of these alloys. Finally, according to the Voigt–Reuss–Hill approximation, we obtained
property parameters such as Young’s modulus, bulk modulus, and shear modulus, as well
as Poisson’s ratio. The results of these calculations will be quite helpful for understanding
the basic physical properties of Ta–W–Hf alloys, which provide theoretical predictions for
optimizing the properties of Ta–W–Hf alloys.

2. Methods and Details
2.1. Calculation Methods

A method based on the density functional theory was performed in the CASTEP
module of the Materials Studio [22]. The ultra-soft pseudo-potential plane-wave is used
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to modified the core ions and valence electrons interaction, and the exchange–correlation
part is described with the generalized gradient approximation (GGA) by Perdew–Burke–
Ernzerhof (PBE). Through the convergence test, the plane wave cutoff energy was selected
as 400 eV, and the Monkhorst–Pack k-points were selected to be 18 × 18 × 18. Before the
calculation, the Broyden–Fletcher–Goldfarb–Shanno (BFGS) method was used to optimize
the structure of the cell. After obtaining the local most stable structure, the next step was
calculated. The Pulay density mixing method was used to accelerate the self-consistent
cycle. In the geometry optimization progress the convergence precision of iteration is
10−5 eV/atom.

The components of the elastic tensor Cij were calculated by computing the stress–strain
relationships. According to the continuous elastic theory, the cubic crystal system has three
independent elastic constants. The elastic constants are C11, C12, and C44, which represent
three equal elastic constants (C11 = C22 = C33; C12 = C23 = C31; C44 = C55 = C66). The matrix
of elastic constants for cubic crystals is given below:

[C] =



C11 C12 C12 0 0 0
C12 C11 C12 0 0 0
C12 C12 C11 0 0 0

0 0 0 C44 0 0
0 0 0 0 C44 0
0 0 0 0 0 C44

 (1)

C11 describes the resistance of the material to a change in its length caused by an
axial stress applied in the (100) plane in the <100> direction. C12 indicates the resistance
of the material to deformation as a result of axial (longitudinal) stresses in the (100) plane
in the <010> direction. C44 is the resistance of the material to deformation owing to the
application of tangential shear stress in the (010) plane in the <001> direction.

To obtain the elastic constants C11, C12, and C44, three specific strains (δ) are applied
in different directions to the cubic supercell. A quadratic functional relationship between
the total energy change (∆E) and the strain (δ) is constructed based on Hooks’ law. This
relationship is given in Table 1.

Table 1. Relationships between strain (δ) and total energy change (∆E) for a cubic crystal system.

Strain Change of Total Energy

e = (0,0,0, δ, δ, δ) ∆E
ν = 3

2 C44δ2

e = (δ, δ,0, 0, 0, 0) ∆E
ν = (C11 + C12)δ

2

e = (δ, δ, δ, 0, 0, 0) ∆E
ν = 3

2 (C11 + 2C12)δ
2

2.2. Calculation Models

In this calculation, all models are established by 2 × 2 × 2 supercell in a body-
centered cubic structure (bcc), and replacing Ta atoms at positions with W/Hf atoms.
Since the atomic radius ratio of W/Hf to Ta is much larger than 0.59, the possibility of
forming interstitial solid solution is small, so this work mainly considers W/Hf in Ta as
a replacement. Ta atoms are substituted by W and/or Hf atoms to obtain various alloys.
These are: Ta–6.25W, Ta–12.5W, Ta–18.75W, Ta–25.00W, Ta–31.25W, Ta–50.00W, Ta–6.25W–
6.25Hf, Ta–12.5W–6.25Hf, Ta–18.75W–6.25Hf, Ta–25.00W–6.25Hf, Ta–31.25W–6.25Hf, and
Ta–50.00W–6.25Hf, where the numbers refer to the atomic percentages (at%) of the alloys,
the same as in the following. All of structures are shown in Figures 1 and 2. The purple,
red, and green atoms are Ta, W, and Hf, respectively.
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3. Results and Discussion
3.1. Calculation Model and Method Verification

In order to verify the accuracy of the calculations, the choice of supercell sizes and the
calculation results are compared with the available experimental results in this work. All
possible choices of supercell sizes have been considered in the preliminary stages of model
construction. The results show that the calculations for the models under consideration are
all in agreement with the experimental results, so, considering the reasonable utilization of
computing resources, a 2 × 2 × 2 supercell was used for the calculations.

In addition, the results for the Ta–W–Hf alloys were validated and compared with
previous studies in this work. However, ternary Ta–W–Hf alloys have never been re-
ported. In this work, the lattice constant and elastic modulus of Ta–W alloys is reported in
Sections 3.2 and 3.3, respectively. As shown, the lattice constant decreases and the elastic
modulus increases with increasing W content, and these results are consistent with the
results of previous studies [10,23]. This suggests that the results of the calculations in this
study are reasonable.

3.2. Crystal Structure Parameters and Structural Ability
3.2.1. Lattice Constants

Firstly, we optimized the structure of the selected cells of the Ta–W–Hf alloys; the re-
sults of the optimized lattice constants are listed in Table 2. Figure 3 shows the relationships
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between the lattice constants and W content of Ta–W–Hf alloys. As shown in Figure 3,
the calculated values in this work are in good agreement with the experiment data and
the results obtained by other calculation methods, with the average deviations being less
than 1.2%, which confirms that the models and calculational parameters are reliable. The
following works are carried out on this basis.

Table 2. Atom fraction and lattice constant of different density components of Ta–W–Hf alloys.

Alloys W (at. %) Hf (at. %) W (wt. %) Ta (wt. %) a/Å Note

Ta 0.000 0.000 0.000 - 3.363 Present
Ta - - - - 3.312 Cal [23]
Ta - - - - 3.306 Exp [24]

Ta–6.25W 6.250 0.000 6.410 0.000 3.349 Present
Ta–12.50W 12.50 0.000 12.680 0.000 3.335 Present
Ta–18.75W 18.75 0.000 21.100 0.000 3.321 Present
Ta–25.00W 25.00 0.000 25.300 0.000 3.308 Present
Ta–31.25W 31.25 0.000 31.590 0.000 3.296 Present
Ta–50.00W 50.00 0.000 50.400 0.000 3.251 Present
Ta–50.00W - 0.000 - 0.000 3.263 Cal [23]

Ta–6.25W–6.25Hf 6.250 6.250 6.410 - 3.362 Present
Ta–12.5W–6.25Hf 12.50 6.250 12.680 - 3.347 Present
Ta–18.75W–6.25Hf 18.75 6.250 21.100 - 3.332 Present
Ta–25.00W–6.25Hf 25.00 6.250 25.300 - 3.319 Present
Ta–31.25W–6.25Hf 31.25 6.250 31.620 - 3.303 Present
Ta–50.00W–6.25Hf 50.00 6.250 50.400 - 3.269 Present
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From Figure 3, it can be seen that the lattice constant of the Ta–W alloy decreases
linearly with increasing W content, while it increases when Hf is added to Ta–W, which
is mainly due to the atomic radius of W > Ta > Hf. The variation in the lattice constant
satisfies Vegard’s law, and the relationship between the lattice constant and W content is
obtained as given below:

a =
(

3.230± 6.561E−4
)
+
(
−0.0036± 5.560E−5

)
x (2)

where x refers to the numbers of W.

3.2.2. Formation Energy and Cohesive Energy

The stability of the alloy has great influence on the mechanical properties of the mate-
rial. In order to study the stability of W element in Ta–W–Hf alloys, the formation energy
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and cohesive energy of Ta–W alloys under different doping W contents are calculated. The
formation energy and cohesive energy are calculated according to the following equations:

E f =
−ETaW

tot + METa
bulk + NEW

bulk
M + N

(3)

Ecoh =
−ETaW

tot + METa
single + NEW

single

M + N
(4)

where ETaW
tot is the total energy of the Ta–W system, ETa

bulk, EW
bulk are the total energy of Ta

and W in the solid state of ground state, respectively. ETa
single, EW

single are the total energy of
Ta and W atoms in isolation state, respectively; M and N are the number of Ta and W atoms,
respectively.

The formation energy and cohesive energy of Ta–W alloys and Ta–W–Hf alloys with
different doping W contents calculated by the equation are shown in Figure 4 below. The
cohesive energy represents the energy difference between the crystal state and the free
atomic state of the atoms forming the crystal. A negative value of the cohesive energy
indicates that the crystal is stable, and a more negative value indicates a more stable crystal
structure. As shown in Figure 4a,b, when the Ta alloy is doped with W and Hf elements,
the formation energy and cohesive energy are negative, indicating that the Ta–W–Hf alloy
can form spontaneously and exist stably when the W content is lower than 50%. The
absolute value of cohesive energy increases with the increase in W content, indicating that
the stability of the Ta–W alloy increases with the increase in W content, while the absolute
value of cohesive energy decreases when Hf element is added to the Ta–W alloy, indicating
that Hf can reduce the stability of the Ta–W alloy.
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3.3. Mechanical Properties

The mechanical properties are important parameters for the design and characteriza-
tion of alloys, where the elastic properties, as one of the important mechanical properties
of the material, describe the occurrence of deformation of the material under the action
of external forces. The main constants indicating the elastic properties of the material are
the bulk modulus, shear modulus, and other physical quantities, which can be obtained in
Castep [25,26].

The cubic structure has three independent elastic parameters, namely, C11, C12, and
C44. According to the Voigt–Reuss–Hill scheme [27,28], other elastic parameters, such
as bulk modulus (B), Young’s modulus (E), shear modulus (G), Poisson’s ratio (σ) and
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anisotropy coefficients (A), etc., can be gained by taking the elastic constants C11, C12, and
C44 as shown below:

Bv = BR =
1
3
(C11 + 2C12) (5)

Cv =
1
5
(C11 − C12 + 3C44) (6)

CR =
5C44(C11 − C12)

4C44 + 3(C11 − C12)
(7)

E =
9BG

3B + G
(8)

σ =
3B− 2GH

2(3B + 2GH)
(9)

A =
2C44

C11 − C12
(10)

where v, R, and H indicate Voigt, Reuss, and Hill, respectively. According to the ‘Born
stability criteria’, we can understand the mechanical stability of cubic crystals [29,30]. The
‘Born stability criteria’ are as follow: C11 > 0, C44 > 0, C11 − C12 > 0.

3.3.1. Elastic Properties

Table 3 shows the calculated elastic constants and modulus of Ta–W alloys and Ta–
W–Hf alloys with different W contents. All of the Ta–W alloys are mechanically stable
because they all satisfy the Born stability criteria. As shown in Figure 5, when W is added
to the Ta–W alloy, the elastic constants C11, C12, and C44 increase with the increase in the
W concentration. When Hf is added to the Ta–W–Hf alloy, the change trend of the elastic
constants C11 and C12 is consistent with that of the Ta–W alloy, while the increase amplitude
is lower than that of the Ta–W alloy. For Ta–W–Hf alloys, C44 firstly increases and then
decreases with the increase in W content. When W content reaches 50%, the minimum
value of C44 reaches 46.33 GPa.

The modulus of elasticity is an important mechanical index used to describe the
elasticity of a substance and reflects the macroscopic properties of the material. Table 4
shows the calculated constants of bulk modulus (B), shear modulus (G), and Young’s
modulus (E) with W content for Ta–W alloys and Ta–W–Hf alloys. As can be seen, under
the same condition of doping W content, all the physical quantities of B, G, and E of the
Ta–W alloys are larger than those of Ta–W–Hf, which means the mechanical strengths
are somewhat reduced with the addition of Hf elements in Ta–W–Hf alloys. In the Ta–W
alloy, all three elastic moduli increase with increasing W content. However, when Hf solid
solution is added into Ta–W, the bulk modulus of the Ta–W–Hf alloy increases with the
increase in W content. The bulk modulus increases from 318.43 GPa of Ta–50W–6.25Hf to
252.11 GPa of Ta–6.25W–6.25Hf, and increases by 21.4% compared with the pure Ta alloy.
Bulk modulus is used to characterize the ability of the material volume to resist external
forces. With the increase in W content, the bulk modulus of the Ta–W–Hf alloy increases,
and its compression resistance is enhanced.
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Table 3. The calculated elastic constant of Ta–W alloys with different W content (unit: GPa).

Alloy C11 C12 C44 C12–C44 Note

Ta 261.74 160.37 51.39 108.98 Present
Ta 262.38 159.05 56.99 102.06 Cal [31]
Ta 277.87 167.37 62.87 104.50 Cal [23]
Ta 245.18 159.8 67.58 92.22 Exp [32]

Ta–6.25W 266.25 153.73 51.60 102.13 Present
Ta–12.50W 285.52 170.24 53.96 116.28 Present
Ta–18.75W 289.00 172.61 52.96 119.65 Present
Ta–25.00W 295.10 173.60 53.22 120.38 Present
Ta–25.00W 320.60 180.10 60.01 120.09 Cal [23]
Ta–31.25W 311.85 179.92 55.67 124.26 Present
Ta–50.00W 358.34 186.80 55.93 130.87 Present
Ta–50.00W 375.72 195.85 75.48 120.37 Cal [23]

Ta–6.25W–6.25Hf 252.11 156.65 47.19 204.92 Present
Ta–12.5W–6.25Hf 270.38 159.33 53.08 217.30 Present

Ta–18.75W–6.25Hf 281.87 164.94 54.70 227.17 Present
Ta–25.00W–6.25Hf 288.54 170.16 53.21 235.33 Present
Ta–31.25W–6.25Hf 307.87 182.41 52.31 255.55 Present
Ta–50.00W–6.25Hf 318.43 193.84 46.33 272.11 Present
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Table 4. The calculated elastic constants of Ta–W alloys and Ta–W–Hf alloys with different W content
(unit: GPa).

Alloy B G E B/G σ A Note

Ta 194.16 51.11 140.95 3.80 0.35 1.01 Present
Ta 193.60 54.9 150.4 3.53 0.34 1.10 Cal [31]
Ta 204.20 59.82 163.50 3.42 0.34 1.14 Cal [23]
Ta 188.26 56.21 155.37 3.35 0.33 1.58 Exp [32]

Ta–6.25W 191.24 53.42 146.60 3.58 0.34 0.92 Present
Ta–12.50W 208.66 55.40 152.70 3.77 0.35 0.94 Present
Ta–18.75W 211.41 55.00 151.82 3.84 0.35 0.91 Present
Ta–25.00W 214.10 56.11 154.82 3.82 0.35 0.88 Present
Ta–25.00W 226.94 63.92 175.29 3.55 0.34 0.85 Cal [23]
Ta–31.25W 223.90 59.58 164.18 3.76 0.35 0.84 Present
Ta–50.00W 243.98 66.42 182.67 3.67 0.35 0.65 Present
Ta–50.00W 243.98 80.96 219.71 3.16 0.33 0.84 Cal [23]

Ta–6.25W–6.25Hf 188.47 47.41 131.22 3.98 0.36 0.99 Present
Ta–12.5W–6.25Hf 196.35 54.05 148.52 3.63 0.34 0.96 Present
Ta–18.75W–6.25Hf 203.92 56.17 154.35 3.63 0.34 0.94 Present
Ta–25.00W–6.25Hf 209.62 55.52 153.06 3.78 0.35 0.90 Present
Ta–31.25W–6.25Hf 224.23 56.26 155.75 3.99 0.36 0.83 Present
Ta–50.00W–6.25Hf 235.37 52.17 145.73 4.51 0.37 0.74 Present

The shear modulus and Young’s modulus of the Ta–W–Hf alloy show a trend of
increasing and then decreasing with the increase in W content. When W concentration is
less than 31.25%, the shear modulus and Young’s modulus of the Ta–W–Hf alloy increase
with the increasing W content. When the W content reaches 31.25%, the shear modulus and
Young’s modulus of the Ta–W–Hf alloy increase by 51.9% (G) and 42% (E), respectively,
compared to pure Ta. When the W content over 31.25%, the shear modulus of Ta–W–Hf
decreases from 56.26 GPa of Ta–31.25W–6.25Hf to 52.17 GPa of Ta–50W–6.25Hf, a decrease
of 7.3%. The trend of Young’s modulus is similar to that of shear modulus: the Young’s
modulus decreases from 155.75 GPa (W = 31.25%) to 145.73 GPa (W = 50%) with a decrease
of 6.4%. The rate of decrease in Young’s modulus is lower than that of shear modulus,
however the shear modulus and Young’s modulus of the Ta–W–Hf alloy are still higher
than that of the pure Ta.

The shear modulus and Young’s modulus correspond to the resistance of the system to
shear deformation and the stress required to produce elastic deformation, respectively. The
larger the value, the less deformation that occurs. Combined with the data in Figure 6, it
can be preliminarily concluded that the strength of the Ta alloy can be improved by doping
it with W, and with the increase in W content, the ability of Ta–W alloys to resist external
uniform pressure increases, while the strength of the alloy decreases when Hf is added to
the Ta–W alloy.

The intrinsic toughness and brittleness of the alloy can be described by physical
quantities such as the Poisson’s ratio of the material. For Ta alloys, the critical value of
Poisson’s ratio is 0.26, and Ta alloys exhibit relative toughness when Poisson’s ratio is
greater than 0.26. Based on the empirical criterion of Pugh [33], the ratio of bulk modulus B
to shear modulus G can also be used to measure the tough–brittle behavior of the material,
and when B/G > 1.75, the material is ductile and vice versa.
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Figure 6. The calculated elastic constant of Ta–W alloys and Ta–W–Hf alloys with different W content
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Figure 7 shows the B/G and Poisson’s ratio value of Ta–W and Ta–W–Hf alloys with
different W contents. It can be seen that the B/G and Poisson’s ratio changes remain
consistent, and the ratios are greater than the critical value, which indicates that the Ta–
W–Hf alloy is ductile. In the Ta–W alloy, the B/G and Poisson’s ratio increases with the
increase in W content, and the changes in B/G and Poisson’s ratio curves are not significant
when the W content is greater than 18.75%. When Hf is added to the Ta–W alloy, the B/G
and Poisson’s ratios vary widely; the B/G and Poisson’s ratios decrease and then increase
with the increasing W content. When the W content is between 12.25% to 25%, the B/G and
Poisson’s ratios of Ta–W–Hf alloys with the same W content are lower than those of Ta–W
alloys. When the W content is greater than 25%, the B/G and Poisson’s ratios increase
sharply with the increase in W content, which shows that the addition of Hf to the Ta–W
alloy can significantly improve the toughness of the alloy.
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3.3.2. Elastic Anisotropy

Elastic anisotropy is closely related to the microcracks of materials. The elastic
anisotropy index can quantitatively determine the anisotropy of materials, thus, studying
the mechanical properties of materials in different directions has important application
value in materials research. Au, AB, and AG are general elastic anisotropy factors and the
percentage of anisotropy in compression and shear, respectively, which reflect the degree of
anisotropy of chemical bonding between atoms in different planes of the crystal structure.
These are defined as:

Au = 5
Gv

GR
+

BV
BR
− 6 (11)

AB =
BV − BR
BV + BR

(12)

AG =
Gv − GR
Gv + GR

(13)

For isotropic material, the zero value of Au, AB, and AG represent the material as
isotropic. The larger the difference from zero, the greater the degree of anisotropy of the
material. The calculated anisotropy factor of the Ta–W–Hf alloy phase is shown in Table 5.
When W is added to Ta, both indices (Au and AG) increase with increasing W content,
while the increase in anisotropy factor is smaller when Hf is added to the Ta–W alloy, which
indicates that the doping of Hf elements in Ta–W–Hf alloys can reduce the anisotropy of
the material.

Table 5. Calculation results of the anisotropic factors Au , AB, AG of Ta–W–Hf alloys.

Alloy Au AB AG

Ta 0.0264 0 0.0026
Ta–6.25W 0.0090 0 0.0009
Ta–12.50W 0.0052 0 0.0005
Ta–18.75W 0.0107 0 0.0011
Ta–25.00W 0.0211 0 0.0021
Ta–31.25W 0.0346 0 0.0035
Ta–50.00W 0.2228 0 0.0218

Ta–6.25W–6.25Hf 0.0002 0 0.0000
Ta–12.5W–6.25Hf 0.0024 0 0.0002

Ta–18.75W–6.25Hf 0.0053 0 0.0005
Ta–25.00W–6.25Hf 0.0136 0 0.0014
Ta–31.25W–6.25Hf 0.0397 0 0.0040
Ta–50.00W–6.25Hf 0.1061 0 0.0105

The anisotropy can be expressed by plotting the three-dimensional Young’s modulus
surface in the crystal direction. For isotropic materials, the three-dimensional surface plot
is circular–spherical, and the larger the anisotropy, the more the surface plot deviates from
spherical. The three-dimensional anisotropy diagrams of Young’s modulus of Ta–W and
Ta–W–Hf alloys are shown in Figures 8 and 9, respectively. On the diagrams, [100], [010],
and [001] represent the X, Y, and Z axes, respectively. The Young’s modulus is smaller the
closer it is to the origin of the spatial coordinate system. It can be seen that the anisotropy
diagrams gradually deviate from the spherical shape with the increasing concentration of
W. When the W content is at 50%, the anisotropy diagrams significantly deviate from the
spherical shape, which indicates that the Young’s modulus shows clear anisotropy with the
increasing concentration of W. The anisotropy tends to be more spherical when Hf is added
to the Ta–W alloy, indicating that the Ta–W alloy with Hf can reduce the anisotropy of the
material. The anisotropy of the Ta–W–Hf alloy is smaller than that of Ta–W with the same
W content. The three-dimensional Young’s modulus plot is consistent with the anisotropy
parameters calculated in Table 5.
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3.4. Electronic Properties

In order to further understand the bonding relationship between elements in Ta–W
alloys and Ta–W–Hf alloys, the total density of states of Ta–W alloys and Ta–W–Hf alloys
with different doping contents were calculated. As shown in Figures 10 and 11, the dotted
line represents the position of the Fermi level, and it can be seen that the trend of the total
density of states distribution of Ta–W alloys and Ta–W–Hf alloys with different doping
contents is basically the same, and the value of the electronic density of states at the
Fermi energy level are not zero, which indicates that Ta–W–Hf alloys are as metallic and
conductive as Ta–W alloys. At the same time, there are obvious spikes on both sides of the
Fermi energy level, indicating the existence of the pseudo-energy gap. The pseudo-energy
gap can directly reflect the strength of bonding covalency of the system, and the wider
the pseudo-energy gap, the stronger the covalency. From Figure 11, it can be seen that the
width of the pseudo-energy gap increases with the increase in W content in the Ta–W–Hf
alloy, indicating that the covalency of the Ta–W–Hf alloy gradually becomes stronger with
the increase in W content. The TDOS near the Fermi level of the Ta–W–Hf alloy is mainly
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derived from the contribution of Ta-d and W-d orbital electrons, and the bonding valence
electrons are mainly distributed in the energy range from −5 eV to 5 eV, in which there are
strong resonances between the electron orbitals. It is shown that the phase stability and
mechanical properties of Ta–W–Hf alloys are closely related to the d orbital electrons.
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The lower the DOS value at the Fermi energy level, the more stable the system is. The
DOS values of Ta–6.25W, Ta–12.50W, Ta–18.75W, Ta–25.00W, Ta–31.25W, and Ta–50.00W
alloys at the Fermi energy level are 21.70, 20.81, 19.82, 18.76, 17.16, and 12.32, respectively.
The DOS values of Ta–6.25W–6.25Hf, Ta–12.50W–6.25Hf, Ta–18.75W–6.25Hf, Ta–25.00W–
6.25Hf, Ta–31.25W–6.25Hf, and Ta–50.00W–6.25Hf alloys at the Fermi energy level are 22.90,
21.27, 20.10, 19.12, 17.86, and 14.26, respectively. The stability of the Ta–W alloy gradually
increases with the increase in W content; while when Hf is added to the Ta–W alloy, the



Metals 2023, 13, 655 14 of 15

DOS value corresponding to the position of the Fermi level of Ta–W–Hf alloys with the
same W content increases, indicating that the addition of Hf can reduce the stability of
Ta–W alloys with the same Ta–W alloy content, which is consistent with the variation
pattern of formation energy and binding energy.

4. Conclusions

In this work, the structural stability, electronic structure, and elastic anisotropy of
Ta–W–Hf alloys have been studied by first principles, and the following conclusions
were drawn:

(1) All the model are established using the supercell method. It is shown that the stability
of the Ta–W–Hf alloy increases with the increase in W content, while the structural
stability of the alloys decreases when Hf elements are added to Ta–W alloys;

(2) Both the Ta–W and Ta–W–Hf alloys calculated in this work maintain mechanical sta-
bility. For the elastic constants, bulk modulus, shear modulus, Young’s modulus, and
anisotropy of the materials, the Ta–W alloy shows a tendency to increase consistently
with increasing W content, while the Ta–W–Hf alloy shows a tendency to increase and
then decrease. For Young’s modulus and shear modulus of the materials, the highest
values are found for Ta–31.25W–6.25Hf;

(3) When the W content is over 25%, the B/G and Poisson’s ratio of the Ta–W–Hf alloy
are higher than those of the Ta–W alloy with the same W content, and the addition of
Hf increases the ductility of the alloy.
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