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Abstract: Based on the first-principles method of density
functional theory, the microscopic mechanism of the
effect of addition of alloying element Ru content on the
stability and elastic properties of Laves phase TaCr, was
investigated by parameters such as formation enthalpy,
electronic structure, and elastic constants. The addition
of Ru atoms tends to preferentially occupy the lattice sites
of Cr. With the increase in the Ru content, the alloying
ability of TagCry_,Ru, (n = 0-6) becomes progressively
weaker, the stability gradually decreases, whereas the
Poisson’s ratio grows. The bonding peak appears to
drop and widen, weakening the bonding strength of
Ta—Cr atoms, rendering the shear deformation to be per-
formed easily, thereby improving toughness. When the
Ru content rises to 20.83 at%, the bulk modulus, shear
modulus, Young’s modulus, and Poisson’s ratio of the
alloy attain the maximum value, the brittleness diminishes
to the most extent, the resistance to elastic deformation is
the strongest, as well at the optimum fracture toughness.
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1 Introduction

Laves phase TaCr, alloy with high melting point (2,020°C),
moderate density (10.7 g.cm ), a combination of good high-
temperature strength, and creep resistance, is a new high
temperature structural material with promising applications
[1-8]. Nevertheless, the room temperature brittleness of
Laves phase TaCr, alloys severely limits their practical
applications [9,10]. Doping alloying elements is an essential
strategy to improve the room temperature brittleness of
Laves Phase alloys [11-19]. The first-principles calculations
can reveal the microscopic mechanisms by which element
types and varying atomic percentages of concentrations
affect the mechanical properties of the alloys [20-30].
Huang et al. [31] investigated the impact of nickel alloying
on the fracture toughness of NhCr, based on first-principles
calculations method. It was found that Ni tended to occupy
the Cr site, and the fracture toughness values of NbCr, alloys
were significantly improved with the addition of Ni atomic
percentage content of 4.17 at%, reaching 1.45, 1.51, and
1.74 MPa-m"? in the direction of (100), (110), and (111) Miller
indices, respectively. Nickel alloying significantly enhanced
the fracture toughness of Laves phase NbCr,. Liu et al. [32]
studied the occupation mode, generalized stacking layer dis-
location energy, and surface energy of the doped elements M
(V, Zr, Mo) in NbCr, alloy and M (V, Ta, W) in HfCr, according
to the first-principles calculation method. When Mo took up
the Nb sites in NbCr, and Ta or W occupied Hf sites in HfCr,,
the toughness of NbCr, and HfCr, was improved. The doping
of alloying elements can alter the electron concentration,
elastic modulus, lattice constant, and stacking layer disloca-
tion energy of Laves phase intermetallic compounds, and form
vacancy defects and trigger lattice distortion, thus the bonding
characteristics are modified and the resistance to dislocation
movement is lessened, which will result in the improvement
of plastic deformation capacity and in the enhancement of
toughness of Laves phase intermetallic compounds.

The ideal atomic ratio Ry/Ry of AB, intermetallic com-
pound is 1.225. If another ternary atom X is incorporated to
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cause R, > R, > Rp, the ideal atomic ratio will be trans-
formed and the free volume in the topologically dense
crystal structure will be expanded, thus contributing to
the occurrence of shear deformation and eventually tough-
ening. The atomic radius of elements Ta, Cr, and Ru are
148, 1.27, and 1.32 A, respectively, which meet the atomic
size relationship Ry, > Rry > Rcr. In accordance with the
atomic size theory, it is concluded that the alloying of
element Ru can enhance the toughness of TaCr,. Tien
et al. [11] investigated the effect of alloying element Ru on
the mechanical properties of hot-pressed Ta-12.5Cr alloy
and found that the addition of Ru increased the hardness;
however, the addition of Ru did not effectively improve the
fracture toughness, and further studies on the mechanical
properties of Cr-Ta—Ru alloys with lower Ta content are
desirable to clarify the effect of Ru in Cr-based two-phase
alloys. Among the C36, Cl14, and C15 structures of Laves
phase TaCr,, the highest structural stability is C15-TaCr,
[33]. Consequently, the effect of adding different contents
of the element Ru on the phase stability and elastic proper-
ties of the C15-TaCr, will be illuminated in this study by
means of first- principles calculation method.

2 Computational models and
methods

2.1 Computational models

C15-TaCr, has a face-centered cubic structure with space
group Fd3m (227) and cell parameters a = b = ¢ = 6.9850 A,
a = =y =90° with 24 atoms in the supercell, Ta atoms
occupying the location of 8a (0, 0, 0) and Cr atoms occupying
the position of 6d (0.625, 0.625 0.625). The doping element Ru
is assigned to substitute the Ta or Cr atom in the cell of TagCr¢
with an atomic concentration ratio of 4.17 at%, the molecular
formulas are Ta;RuCr,s and TagCrisRu, and the structural
models are as presented in Figure 1(a) and (b), respectively.
In order to achieve Ru alloying, Ta or Cr atoms with varying
amounts of n are substituted in the supercell TagCry, the
molecular formulas are Tag_,Ru,Cr;s and TagCrie_,Ru, (n =
0,1, 2, 3, 4, 5, and 6), where the Ru content (at%) is 0, 4.17,
8.33, 12,50, 16.67, 20.83, and 25.00, respectively.

2.2 Computational methods

The Cambridge serial total energy package software based
on density functional theory was used to calculate the
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Figure 1: (a) Supercell model of Ta;RuCr;¢ and (b) supercell model of
TagCrysRu.

potential function using an ultrasoft pseudopotential
expressed in inverse space [34], and generalized gradient
approximation in the Perdew-Burke-Ernzerhof method
[35] to calculate the exchange correlation energy. The
cutoff energy of the plane wave after convergence tests
were taken as 450 eV, and the number of K-point grids
by the Monkhorst-Pack method [36] was 4 x 4 x 4. The
geometric structures were optimized through the Broy-
den-Fletcher—Goldfarb—Shannon algorithm [37], the total
energy E of the self-consistent calculation system was
1.0 x 107 eV-atom™, the maximum force Fp.x on each
atom was 0.03 eV-A7, the stress deviation S,z Was 0.05 GPa,
and the tolerance shift D, was 1.0 x 107> A. The calculated
TaCr, for the C15 structure lattice constant is a = b = ¢ =
6.9779 A, which is in close match with the experimental
values in the literature listed in Table 1.
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3 Results and analysis of the
calculation

3.1 Formation enthalpy and lattice constants

The lattice occupancy of the doped atoms in the C15-
TaCr, is determined by the occupancy energy. In purpose
of identifying the reasonable lattice occupancy of the
doped Ru elements in TaCr, at Ta or Cr sites, the occu-
pancy energy is figured out by the following equation:

Esite = Hy — Hp, )

where Hy and Hg are the formation enthalpies of Ta;RuCr;¢
and TagCrysRu, respectively. When Eg;e > O, it refers to the
tendency of Ru to occupy the lattice position of Cr atoms in
the C15-TaCr, cell, and the larger the value of Eg., the
stronger the tendency to preferentially take up the lattice
site of Cr atoms. On the contrary, if the value of Eg < 0, it
indicates that Ru tends to occupy the lattice position of Ta
atoms, and the smaller the value of Eg;, the more obvious
the tendency to preferentially occupy the lattice location of
Ta atoms. The formulas for calculating the formation
enthalpy Hy and Hg of Ta;RuCr,¢ and TagCrisRu are

TazRuCr Ta Ru Cr
E\ i - 7Esolid - Esolid - 16Esolic1
’

Hy = total )
24
TagChsR T c R
Hy = Eto?asll - 8Escﬁid B 15Esorlid - Esolllid 3)
24 ’
where E 7% and El25RM gre the total energy of

Ta;RuCrys and TagCrsRu, El3,, ESy,, and EXY, repre-
sents the average energy of each Ta, Cr, and Ru atom in
the ground state, respectively. Table 2 illustrates the
ground state energies Eqyiq for individual atoms of Ta,
Cr, and Ru. The enthalpies of formation Hy and Hg for
Ta;RuCrye and TagCrisRu are —3.3554 and -4.2424 eV,
respectively, and the lattice occupation energy Esje
is greater than 0. It can be concluded that Ru atoms
tend to preferentially occupy the sites of Cr atoms. The

Table 1: Cell parameters for Ta atom and C15-TaCr, alloy

Investigations of phase stability and elastic properties of Laves phase TaCr,

— 3

Table 2: Ground state and freedom energy for Ta, Cr, and Ru atoms

Atom Esoid(eV)

Ta -137.1187
Cr —2467.6458
Ru -2602.2481

calculated results are consistent with the experimental
results [11].

The geometrical optimization of the ternary phase
after doping with Ru elements of different atomic percen-
tage concentrations is conducted from the spatial posi-
tion of the doped Ru elements occupying the C15-TaCr,,
and the formation enthalpy and lattice constant changes
are calculated and analyzed. The formation enthalpy H,
of TagCry6_,Ru, is formulated as

TagCrig-nRun _
E total

8Eaaia — (16 — MEGyq — nESL,
24 )

H, = (4)

The formation enthalpy H,, and the lattice constants
of Laves phase TagCr¢_,Ru,, doped with varying concen-
trations of Ru elements following geometric optimization
are exhibited in Table 3. With the increase in the doping
concentration from 4.17 at% to 16.67 at%, the absolute values
of formation enthalpy H,, of TagCris_,Ru, (n =1 — 4) gradu-
ally decline, which reflects that the alloying ability of forming
ternary alloy gradually weakens as the doping concentration
of Ru increases. When the Ru concentration continues to
improve to 20.83 at% (n = 5), the absolute value of the
formation enthalpy enlarges slightly. With further addition
of Ru concentration to 25 at% (n = 6), the absolute value of
the enthalpy of generation is 4.0150 eV at the minimum.
According to Table 3 and the above lattice occupation
calculations, it appears that the lattice constant of C15-
TaCr, is 6.9779 A. The lattice constant of the ternary Laves
phase formed by adding Ru exhibits a significant increase.
As the Ru concentration goes from 0 to 25 at%, the lattice
constant of the corresponding TagCry6_,Ru,, ternary phase

Table 3: Formation enthalpy H, and lattice constants of TagCry¢_,Ru,
by doping Ru with different atomic percent concentrations

Ta C15-TaCr, Crystalline cell H, (eV) Lattice constants (A)
Crystal structure BCC FCC TagCrysRuy —4.2424 6.9945
Space group Im3m(229) Fd3m(227) TagCry4Ru, —-4.1807 7.0159
Lattice parameters a=b=c= a=b=c= TagCry3Ru3 -4.1023 7.0299
(experimental) 3.0600 A [35] 6.9850 A [38] TagCri,Ru, —4.0415 7.0466
Lattice parameters (this a=b=c= a=b=c= TagCry1Rus —4.0450 7.0745
study) 2.9165 A 6.9779 A TagCrioRug —4.0150 7.1002
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progressively rises to a maximum of 7.1002 A. With the
radius of Ru atoms larger than that of Cr atoms, the sub-
stitution of Ru elements for Cr atoms will contribute to an
enlargement of the volume of the cell system. When
relaxation is undertaken for specific positions occupied
by more atoms in a volume-optimized supercell, it will
push up the volume of the entire cell system even further.

3.2 Density of states (DOS)

To comprehend the effect of Ru alloying on the electronic
structure of TaCr,, the DOS before and after alloying are
computed. The total DOS and the fractional wave DOS of
TaCr, are demonstrated in Figure 2. It can be noticed that
the total DOS of TaCr, is mainly contributed by d electron
orbitals, and the percentage of s and p electron orbitals
rarely contributes to DOS. The external valence electrons
of Ta and Cr are 6s’5d>4f'* and 4s'3d”, respectively, so the
total DOS of TaCr, is mainly contributed by 5d electrons of
states of Ta and 3d electrons of states of Cr, indicating
that the d electron orbitals have a significant impact on
the Laves phase TaCr, alloying. Electrons near the Fermi
energy level play a dominant role in the formation of
chemical bonds, so only the electronic structure near
the Fermi energy level is analyzed. The shape of the
bond peaking near the Fermi energy level can reveal
the strength of the electronic hybridization reactions
and the bonding intensity of the chemical bonds [39].
The electronic DOS of TagCr;6_,Ru,(x = 1-6) crystals
in the —5-4.5 eV energy level region is depicted in Figure 3,

140

S
—
120

sum

® )
(=] (=]
T T

D
(=}
T

DOS(electron-eV")

B
(=]
T

20 -

1
0 I 1 I /\.A{:v"v y
-80 -60 -40 -20 0 20 40
Energy(eV)

Figure 2: Total DOS and partial DOS of TaCr,.
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and the dashed lines in the figure are the Fermi energy
levels. With the improvement in Ru atom concentration,
the bonding peaks in the TagCrs_,Ru, exhibit declining
and broadening. Moreover, with the Ru content greater
than or equal to 12.50 at%, new bonding peaks appear
near the -5 to —3 eV energy level (as shown by the arrows
in Figure 3), which indicates that Ru atoms have formed
bonding interactions with Ta and Cr atoms in the cell, and
the replacement solid solution of Ru weakens the bonding
strength of the Ta—Cr bond in TaCr,. When Ru is enlarged
up to 25at% (n = 6), the new bonding peaks tend to
vanish.

DOS of TaCr, alloys doped with various atomic per-
centage concentrations of Ru elements in the -3 to 2eV
energy level regions are illustrated in Figure 4. The
energy of DOS of the initial Laves phase TaCr, and the
Ru-doped alloy do not obviously change, and the bond
peak DOS of TagCry6_,Ru, (n = 0 — 6) are measured to be
61.60, 56.53, 52.52, 49.05, 47.01, 44.43, and 42.76 elec-
tron-eV™". The significant reduction in the density of
bonding peaks before and after doping indicates that
the doping of Ru atoms weakens the hybridization reac-
tion between the d electron orbitals of Ta and Cr, which in
turn also leads to a reduction in the bonding strength of
the chemical bond. It can also be viewed from Figure 4
that there are two more apparent spikes on both sides of
the Fermi energy level, and the distance between the
spikes is the pseudo-energy gap. In general, the wider
the pseudo-energy gap, the stronger the bonding of the
atoms of the alloy or compound and the more stable the
structure. As the Ru doping concentration progressively
proceeds from 4.17 to 25.00 at%, the pseudo-energy gap
of TagCris_,Ru, (n =1 — 6) falls gradually from 2.10 eV to
1.85 eV, which implies that as the Ru content increases,
the pseudo-energy gap increasingly becomes narrower
and the alloy turns more unstable.

3.3 Elastic properties

The elastic constants are essential for a comprehension of
the structural stability and bonding properties between
adjacent atoms. Crystals of distinct crystal systems have
different numbers of independent elastic constants. The
C15 structure of Laves phase TaCr, has cubic symmetry
and only three independent elastic constants, Cy;, Cyy,
and C,4. The mechanical stability of cubic crystals has
to be met [40]: C;1—Cin > 0, Cy; > 0, Cyy > 0, Cyy + 2Cp»
> 0. The elastic constants of C15-TaCr, and TagCr;sRu are
described as shown in Table 4. It is obvious that the
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Rucontent=4.17at% Ru content = 8.33at%
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Figure 3: DOS of TagCrye_,Ru,(x = 1-6) alloys.

70 stable in the ground state. The bulk modulus B, shear mod-
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60 :?2320// constant A of the cubic structure can be directly calculated
— l667% from the elastic constants, where the shear modulus G is the
50 ——25.00% value of Hill model and the value of Hill model is the arith-

metic average of Voigt model value Gy and Reuss value Gy
[41], that is Voigt-Reuss-Hill approximation. The computa-
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2
elastic constants of TagCrisRu and C15-TaCr, satisfy all E = 9GB , )
G + 3B

the above inequalities, which suggests that they are



6 —— Shishi Wei et al. DE GRUYTER
Table 4: Elastic constants for C15-TaCr, and TagCrysRu
Crystals C.1 (GPa) Cy, (GPa) Cus (GPa) B (GPa) G (GPa) E (GPa) v B/G A
C15-TaCr, 341 192 89 241 83 223 0.34 2.90 1.19
TagCrysRu 332 202 90 245 79 214 0.35 3.10 1.38
TaCr, Theo. [33] 347 218 88 261 78.6 214 0.363 3.32 1.36
TaCr, Theo. [44] 360 220 94 267 83 226 0.359 3.22 1.35
TaCr, Expt. [44] 281 173 73 209 64 175 0.360 3.26 1.34
y . 3B-26 (10) The B/G criterion of Pugh was proposed based on pure
6B +2G metals rather than compounds, and the mechanical prop-
A 2C44 " erties of the C15-NbCr, Laves phase and other Laves
CCy-Cp’ (1 phases and some compounds exceed the B/G criterion

The bulk modulus B reflects the ability of the material
to resist strain and the difficulty of deformation. The greater
the value of B, the more difficult the material is for compres-
sion and deformation. After doping with alloying element
Ru, the modulus of elasticity B increases from 241 to
245 GPa, and TagCr;sRu is more resistant to compression
and deformation. The shear modulus G reflects the mate-
rial’s ability to resist shear strain, and the shear modulus
G value of TagCrisRu is lower than that of C15-TaCr,, and
the ability to resist shear strain of TagCr;sRu is lessened.
Young’s modulus E is commonly applied to embody the
material’s ability to resist elastic deformation. In a certain
stress, the larger the E value, the smaller the elastic defor-
mation, compared with the undoped system, the doping of
Ru makes the Young’s modulus E value of TaCr, decrease by
9 GPa, indicating that Ru doping makes the elastic deforma-
tion occur to a greater extent. The higher the value of
Poisson’s ratio v, the better the plasticity of the material,
and the value is between -1 and 0.5. The results demon-
strate that the plasticity of TagCrsRu is better than that of
C15-TaCr,. The anisotropy constant A is adopted to quantify
the degree of anisotropy of a solid. When A is equal to 1, the
material is elastically isotropic, otherwise it is elastically
anisotropic. The more the deviation of the A value from 1,
the more pronounced the elastic anisotropy is. The A value
of TagCrisRu is more than that of C15-TaCr,, which repre-
sents that the elastic anisotropy of the Ru-doped system is
more obvious.

In accordance with the Pugh criterion [42], when the
B/G ratio > 1.75, the alloy is ductile in character, other-
wise it shows brittleness. All theoretical and experi-
mental results were found to be greater than 1.75 on the
basis of the B/G ratio in Table 4, illustrating that the
Laves phase TaCr, has favorable plasticity. However, a
multitude of experimental results reveal that TaCr, is a
brittle intermetallic compound at room temperature with

a minor fracture toughness value of about 1.0 MPa-m"?.

of Pugh [43], and the brittleness and ductility of the com-
pounds are more sophisticated, which rely on several
factors such as crystal structure, electronic structure,
chemical bonding, and deformation mechanisms.

The elastic constants of the ternary phase TagCris_,Ru,
with varying percentage concentrations of Ru-doped ele-
ments are shown in Figure 5. The bulk modulus B changes
slightly between 0 and 16.67 at% of Ru content, and the
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Figure 5: Elastic constants of ternary phases with different percen-
tage concentrations of ruthenium alloying.
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shear modulus G and Young’s modulus E tend to decrease,
and at the time of Ru content of 16.67 at%, the values of B,
G, and E are all minimal, and meanwhile the hardness of
TagCri6_nRu, is the smallest and the degree of elastic defor-
mation is the largest. The Poisson’s ratio v tends to rise with
the increase in Ru concentration, and v reaches the max-
imum value of 0.371 at the Ru content of 20.83 at%, the
brittleness reduces to a greater extent, and the B, G, and
E values are obviously increasing, and the elastic deforma-
tion resistance is enhanced at this occasion. From the DOS
in Figure 3, it can be noticed that with Ru content of 25 at%o,
the new bonding peak disappears and the difficulty of
breaking the Ta—Cr chemical bond is enhanced relative to
that with Ru content of 20.83 at% (n = 5), and the Poisson’s
ratio v declines slightly compared to the previous one
at a Ru atomic percentage concentration of 20.83 at%,
the improvement in brittleness is satisfactory and the
enhancement of hardness is greater.

4 Conclusion

The lattice occupation energy calculations of Ta-Ru-Cr
ternary alloys illustrate that Ru atoms tend to preferentially
occupy the lattice positions of Cr atoms in C15-TaCr,, and
their alloying ability decreases with the increase in the
Ru element content, while the absolute value of the genera-
tion enthalpy rises slightly when the Ru concentration is
20.83 at%. The atomic radius of Ru is larger than that of
Cr, accounting for the continuous growth of the lattice con-
stant of the alloy as Ru content rises. Ru alloying reduces
the stability of TaCr,, the pseudo-energy gap narrows and
the stability decreases gradually. The elastic constants indi-
cate that Ru alloying can reduce the brittleness of TaCr,,
and the bonding peaks are both decreased and broadened,
which weakens the bonding strength of Ta—Cr atoms and
improves the deformability of the material. When the Ru
content is 16.67 at%, TagCr;¢_,Ru,, has the smallest hardness
and the largest elastic deformation degree, and when the Ru
concentration is 20.83 at%, the brittleness improvement
effect is more obvious and the hardness is larger.
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