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Modern nickel-based superalloys contain high concentrations of rhenium that allows the improvement of their
creep strength. The high levels of rhenium, however, results in the formation of topologically close-packed
phases (TCP) which have a negative influence on its properties. The addition of ruthenium was found to
reduce the precipitation of nano-sized TCP phases, but the reasons have not been established. In this paper,
by using an ab-initio approach, we studied the effect of rhenium and ruthenium on the structural properties
of Ni matrix as well as the TCP phases. We demonstrate that Cr, Mo and W are the most effective additions
to provoke the formation of TCP phases, whereas ruthenium has a destabilizing effect.
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1. Introduction

The high-temperature strength of Ni-based superalloys is achieved by adding refrac-
tory elements, such as molybdenum, tungsten, tantalum and rhenium [1-3]. Rhenium is the
most effective solid solution strengthener and superalloys normally contain 3-6% of rhenium
[1-4]. The addition of 6 %Re increases the creep and thermomechanical fatigue strength to
46% and 59% at 950°C. The third-generation of heat-resistant nickel alloys contain a high
concentration of rhenium up to 9-12 % [5-7]. However, the higher level of rhenium results
in the formation of topologically close-packed phases (TCP), which have a negative influ-
ence on the mechanical properties, since these particles serve as sites for crack initiation
and cause embrittlement. The effects of solid-solution and precipitation strengthening are
reduced due to the lower concentration of rhenium and other useful impurities in the v and
7" matrices. The 4'"- and 5"~ generation superalloys contain lower Re concentrations up
to 6% and addition of 3-6 % Ru which hinders formation of the undesirable TCP phases
[7-12]. The mechanism by which ruthenium improves the microstructural stability is still
under discussion [10-12] and thus, understanding the stability of TCP phases is crucial for
the further development of superalloys.

The close-packed nanoparticles of different structural types (o, p, x and Al5 with
space groups P42 /mnm, R3m, Pnma and Pm3n, respectively) were observed in the rhenium-
containing alloys [1-3]. It should be noted that the A15 structure is competitive with bee and
o phases, and considered as a prototype of TCP phases [13-17]. The particles or thin films of
A15 structure, known as 5-W (CrsSi-type), were observed in the Cr, Mo and W alloys, as well
as in the Fe—Cr, Ni-Cr and Co—Cr alloys. Nickel does not form ordered phases with rhenium
or ruthenium, and the appearance of TCP particles is facilitated by the alloying elements,
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which can change phase stability, diffusion of atoms and misfit of lattice parameters of v and
+’ phases. Group VI (W, Cr, Mo) impurities were observed to favor TCP formation and thus,
the reduction of TCP phases may be achieved by their controlled concentration. Metastable
particles of Al5-type were predicted in the Cr—Re alloys from first-principles calculations
[18,19]. Furthermore, ab-initio calculations [20] for Mo-Re and Mo-Ru demonstrated that
the A15 phase has the greatest stability among other TCP binary phases (x, o, u, C14, C36)
within a small volume difference AV /V with bce Mo.

The effect of impurities depends on their partitioning as well as their influence on the
lattice parameters and elastic moduli of these phases (size and elastic misfit). The complexity
of the eutectic (7 + ~’) system makes it difficult to experimentally determine these changes
under alloying. Empirical approaches [5] could not predict the mechanism of rhenium'’s effect
on structural parameters and elastic moduli as well as the effect of interaction with other
additives.

In this work, we present ab-initio study of the effects which rhenium and ruthenium
have on the electronic structure, lattice parameters and elastic moduli of fcc Ni, as ascer-
tained that rhenium and ruthenium is mainly distributed in the v phase (the concentration
of these impurities in the 4’ phase is known to be more than an order of magnitude less).
We also investigate the electronic structure and stability for the A15 elemental phases (Ni,
Re, Ru, Cr, Mo, W) as well as binary M3Re and M3Ru phases (M=Ni, Cr, Mo, W). To elu-
cidate the simultaneous presence of Ru and Re, we performed calculations for MsReg 5Rug 5
(M=Ni, Cr, Mo, W). These simulations provide the reasons for the influence of d-impurities
on the stability of topologically close-packed phases in Ni alloys.

2. Computational details

The calculations were performed by using the projector-augmented wave (PAW)
method, as implemented in the Vienna ab initio simulation package (VASP) [21,22]. The
generalized gradient approximation (GGA) in the Perdew-Burke-Ernzerhof (PBE) form [23]
was employed for the exchange-correlation functional. Energy cutoff for plane-wave expan-
sion of 400 eV and the k sampling with 8x8x8 k-points in the Brillouin zone were used for
A15 structure, while elemental metals were calculated with 16x16x16 k-points. To study
the effect of rhenium and ruthenium on the electronic structure and elastic properties of fcc
Ni, we used 32-atom supercell, where one impurity atom (Re or Ru) was substituted for Ni
atom that corresponds to the impurity concentration of 3 at.%. The A15 structure of M3X
consists of six equivalent M atoms in ¢ site (0.25,0.25,0) which compose the pairs on each
cube face and two X atoms in bce positions with coordinates (0, 0, 0). To model A15 M3X
(X= Re,Ru) we followed to experimental findings [24] which established that transition metal
atoms such as Cr occupy the twinned c¢ positions and X atoms are in bee a sites. The struc-
tural optimization was performed for the lattice parameters and atomic coordinates which
were relaxed to their ground state by minimizing their Hellman—Feynman forces, using the
conjugate gradient algorithm, until all interatomic forces were less than 0.1 eV /A°.

3. Results and discussion

3.1. Rhenium and ruthenium in fcc Ni

The calculated lattice parameters and elastic moduli for pure fec Ni and Ni-3at.%
Re (Ru) are listed in Table 1. First, the comparison of our results with experimental and
theoretical data available for fcc Ni showed that these calculations provide reliable results.
Furthermore, our calculations are in better agreement with the experimental data, especially
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for elastic constants. Rhenium and ruthenium at 3at.% concentration increase the lattice
parameter of fce Ni by 0.34% and 0.30%, respectively, and the distances between the nearest
Ni and Re (Ru) atoms increases to 2.50 A in accordance with a smaller atomic size of Ni.

Re and Ru substitutions decrease both C; and Cis, and as a result, the bulk mod-
ulus B=(C; + 2C12)/3 is significantly reduced. However, the tetragonal shear modulus
G'=(C11 — C12)/2 increases slightly with these impurities. Comparison of changes in volume
(increases of 10% and 9% for Re and Ru, respectively) and in bulk modulus B (decreases
of 13% and 18% for Re and Ru, respectively) shows that not only lattice expansion is re-
sponsible for the reduction of B. As can be seen from the calculated charge density maps,
ruthenium leads to a weakening of chemical bonds in the first coordination sphere (Fig. 1).
The calculated densities of states (DOS) for fece Ni, Ni-3at.% Re, Ni-3at.% Ru (Fig. 2)
demonstrate the changes in electronic structure are due to impurities. The Fermi level Eg in
fce Ni is located on the slope almost of the completely filled Ni3d band. The large density of
states at the Fermi level N(Ef) favors a metallic conductivity and a high specific heat in fcc
Ni. For Ni-3at.% Re, the Fermi level E falls into a pseudogap between the filled bonding
and empty antibonding Hd-states of rhenium. The contribution of Rebd states near Ep is
small and rhenium impurity leads to a decrease in N(Ep), (Table 1, Figure 2).
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TABLE 1. Lattice parameters and elastic parameters for fcc Ni and Ni-3%(Re,Ru)

Ni Ni-3at.%Re | Ni-3at.%Ru
a, A 3.518 3.5299 3.5286

3.520 [14]
3.540 [25]
Ch, GPa| 239 218 213
248 [14]
323 [25]
Crp, GPa | 152 126 117
155 [14]
162 [25]
Cu, GPa 127 131 126
124 [14]
39 [25]
B, GPa 181 157 149
186 [14]
207 [25]
G, GPa 44 46 48
54 [14]
83 [25]

For Ni-3at.% Ru, the increase in the number of valence electrons due to ruthenium
leads to a shift of Er to a high peak of Rudd antibonding states (Fig. 2). Contributions
from Rudd and Ni3d states are equal near Ep, and the value of N(Er) changes little with Ru
concentration. It should be noted that the Fermi level is within the range of abrupt changes
in DOS (sharp increase in the density of Ru4dd states), which may indicate the presence of
anelectronic topological transition near 3at.% Ru.

To compare the solubility of these impurities, we calculated the mixing energies E, ;.
as a difference between total energy of alloy and its constituent elements. We obtained E,,;,
to be -0.016 eV and +0.005 eV for 3at.% concentration of Re and Ru additions, respectively.
Thus, the solubility of rhenium in fcc Ni should be higher than that of ruthenium.

3.2. Stability of 15 phases in Ni-Re-Ru, Cr-Re-Ru, Mo-Re-Ru and W-Re-Ru
systems

First, we optimized the lattice parameters (Table 2) and found the small differences
in volumes of the A15 and ground state (fcc, bee, hep, hep, bee, bee, respectively) phases of
Ni, Cr, Re, Ru, Mo and W. For example, the calculated lattice constant of A15 Cr is equal
to 4.545 A (experiment provides 4.576 A [26]) and the volume of A15 Cr is 11.736 A3 /atom
that is close to volume of 11.661 A?/atom for antiferromagnetic bee Cr. Lattice parameter
of A15 M3X, where the metal atoms with coordinates (0, 0, 0) are replaced by X = Re or Ru,
increases in accordance with the larger atomic size of the X atom. Ruthenium and rhenium
increase the lattice parameter of the A15 phase based on 3d metals by 2% and almost do no
influence on the lattice parameter is exerted by molybdenum-and tungsten-containing A15
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phases. Comparison with fcc Ni shows that a lattice misfit between fce Ni and A15 Cr is
small (2.4%) and increases up to 14% for the A15 W and A15 Mo.

TABLE 2. Lattice parameter a, density of states at the Fermi level N(Eg) and
enthalpy formation AH for A15 phases in Ni-Re—Ru, Cr—Re—-Ru, Mo—Re-Ru
and W-Re-Ru systems

Phase a, A | N(Ep), AH Phase a, A | N(Ep) AH
state/eV | (eV/atom) state/eV | (eV/atom)

Ni 4.461 3.81 +0.084 CrsRe 4.648 1.27 +0.048
Cr 4.545 0.61 +0.071 CrsRu 4.613 2.15 -+0.080
Re 4.945 1.41 +0.160 CrsRepsRugs | 4.633 1.32 +0.060
Ru 4.923 0.94 +0.422 MosRe 4.993 1.02 +0.005
Mo 5.023 0.54 +0.090 MosRu 4.964 1.21 +0.027
W 5.057 0.51 +0.122 | MosRegsRug5 | 4.979 1.19 +0.018
NizRe 4.574 1.62 +0.106 W;sRe 5.017 3.24 +0.034
NizRu 4.572 3.24 +0.204 W3Ru 4.988 1.03 +0.091
NisRepsRug 5 | 4.633 1.32 +0.127 WisRepsRups | 5.004 1.87 +0.064

The enthalpy of formation, AH, calculated relative to the total energies of elemental
metals is positive for all A15 phases (Table 2). As one can see (Table 2), group VI metals
(Cr,Mo) and Ni form A15 phases with enthalpies of formation less than 0.1 eV/atom. For
elemental A15 phases, stability increases in the series: Cr > Ni > Mo > W > Re > Ru
and the most stable A15 phases correspond to Cr, Ni and Mo, while A15 Ru is the most
unstable. For binary A15 phases, stability increases as MosRe > W3Re > Crz3Re > NizRe
and MogRu > CrgRu > W3Ru > NizRu (Table 2). Among the A15 M3Re phases, very
small positive values of AH were obtained for CrsRe (+0.048 eV /atom), MosRe (40.005
eV/atom) and W3Re (+0.034 eV /atom), which are lower than those for the unalloyed A15
phases without Re. Thus, we conclude that formation of the metastable A15 phases should
be more favorable in binary alloys with Re addition. However, AH is higher for NigRe than
for A15 Ni and the addition of Re in Ni matrix should not lead to the appearance of Ni-Re
particles. The simultaneous presence of Re and the group VI metals in a Ni matrix favors
the formation of close-packed A15 particles, which explains the experimental finding on the
effect of Cr, Mo and W additions on the appearance of TCP phases.

The formation enthalpy of A15 phases with ruthenium is higher by 2-3 times than
with rhenium and A15 M3zRu is less stable for all considered metals M. There is a correlation
between stability and density of states at the Fermi level, where the value N(EF) is less for
the more stable phase. As shown in Fig. 3, the Fermi level Er lies within the antibonding
states for both CrgRe and CrzRu. The larger number of valence Ru d-electrons in CrsRu
results in a shift of the Fermi level at a peak of antibonding states that weaken the bonding
compared to CrgRe (Fig. 3). The ternary MosRegsRugs and W3RepsRug 5 are even more
stable than the corresponding A15 metal phases, however, ruthenium destabilizes the all
A15 M3Re phases and AH increases as MosRegsRugs >CrsRegsRugs >W3RegsRugs >
Ni3R60.5RUO.5.

To predict the elastic properties and mechanical stability of A15 phase, we calculated
the elastic parameters for MosRe, MosRegsRugs and MosRu which are the most stable
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among the considered A15 phases (Table 3). We found that ruthenium reduces the elastic
constants C4y, Cis and Cyy in accord with the weaker bonding in the Ru systems. The
mechanical stability of cubic crystal requires C;; —Cho > 0, Cp > 0, Cyy > 0, C11—2C5 > 0.
As shown in Table 3, the elastic constants obey these stability criteria for all A15 Mo—-Re

and Mo—Ru phases.

TABLE 3. Elastic constants and moduli, anisotropy A and G/B for MosRe,
M03R60.5Ru0.5, M03Ru

Cul|Cn|Cu| B| G| A |G/B
MosRe | 499 | 190 | 98 | 203 | 154 0.64 | 0.52
MosRegsRugs | 486 | 176 | 94 | 279 | 155 | 0.61 | 0.55
MosRu | 465 | 175 | 87 | 272|145 | 0.60 | 0.53

Bulk and tetragonal shear moduli were calculated as B = (Cy; + 2C12)/3 and G =
(Cy1 — Ch2)/2. Tt is seen (Table 3) that both bulk modulus B and shear modulus G decrease
with ruthenium. The anisotropy factor, calculated as A = 2C4,/(C1; — C12), shows that all
phases are anisotropic (A # 1), and the presence of ruthenium does not affect the anisotropy
of elastic deformations. The ratio of G/B represents the Pugh’s criterion [27]: a material
behaves in a ductile manner if G/B < 0.57 and demonstrates brittleness when G/B > 0.57.
For all the considered A15 phases, G/B is close to 0.57 and these phases should not have a
plastic behavior, but rather demonstrate a tendency to be brittle and fracture.

4. Conclusions

Ab-initio calculations were performed to elucidate the effect of rhenium and ruthe-
nium on the electronic structure and elastic properties of fcc Ni as well as on the stability
of TCP phases. Both rhenium and ruthenium additions increase the lattice parameter and
reduce the bulk modulus of fcc Ni, whereas the tetragonal shear only varies slightly. We
found that the solubility of rhenium in fcc Ni should be higher than that of ruthenium. We
established that the presence of chromium, molybdenum and tungsten favors to the forma-
tion of closely packed particles in rhenium containing nickel matrix and the concentration of
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these additions should be restricted in an alloy. The TCP particles are mechanically stable
and their formation enthalpy is close to zero. Molybdenum has the greatest tendency to
form TCP phases with A15 structure. The mechanism by which ruthenium exerts a positive
effect on TCP particle formation is related to its decrease of their stability.
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