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GRAPHICAL ABSTRACT

I Normalized Lattice misfit of the Ni-based solid solution caused by the solute X.
I Normalized misfit factor on average.

IT High at 1200, lized log(Dn/D).*

I'l IV Normalized shear misfit.
i| V Th ic Stability, lized minus solution enthalpy. @ @

X — Promising element for low-to-medium temperatures due to the large misfit or strengthening potential.
X — Promising element for solid-solution strengthening at high-temperature range due to retardation of the creep process.
* — Disthe diffusion coefficient, of which corresponding data were reported by Hargather et al. [Data in Brief. 20, 2018)

ABSTRACT

Designing of new alloys requires a detailed understanding of the roles played by each alloying element, yet a sys-
tematic investigation of the solid-solution strengthening effects in Ni is still missing. High throughput density
functional theory calculations were therefore performed to quantitatively assess the strengthening effects of
35 potential alloying elements from the 2nd to the 6th row of the periodic table in FCC-Ni with varying concen-
trations. The obtained composition-dependent lattice constants and shear moduli were employed to analyze
their strengthening effects within the framework of the Labusch model. It is found that the strengthening ability
correlates with the position of the element on the periodic table. Elements in both ends of each period tend to
have higher strengthening abilities than those in the middle, and the lattice misfit is found to dominate the
strengthening effect for elements in the 5th and 6th period. Stability analysis reveals that all the solid solution
models are dynamically stable and intrinsically ductile. Thermodynamic consideration finds that roughly half
of the elements are prone to form solid solutions with Ni. By adopting the experimental solubilities, the strength-
ening potentials of these elements were further evaluated and promising strengthening elements were screened.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Ni-based singe-crystal superalloys have been widely used in aircraft
and power-generation turbines, rocket engines, and other challenging
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environments, including nuclear power and chemical processing plants
etc. in the past few decades, [1] because of their remarkable high-
temperature strength, creep, fatigue, and corrosion resistances
imparted by the full use of precipitation strengthening and solid-
solution strengthening (SSS). It is noted that the y'-phase precipitation
strengthening has been exploited to its extreme, [2] further enhance-
ment of the mechanical properties relies largely on exploiting the SSS
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of the y-phase. To this end, more than 10 kinds of alloying elements
have been added in the state-of-the-art Ni-based singe-crystal superal-
loys as solutes, making it rather challenging to isolate the specific
strengthening effect of each alloying element. Among them Re is
known to be critical for the high-temperature performance, yet its low
abundance on earth drives the need to seek for replacing elements
with comparable effects. Consequently, a complete understanding of
the SSS effect of the alloying elements in Ni is crucial to improve the per-
formance of superalloys or to develop new superalloys. [3]

Great efforts and achievements have been made to understand and
to quantify the SSS effect of the solute atoms. It has been revealed that
the hardening is mainly caused by hindering dislocation motion due
to the lattice misfit and modulus misfit between the solute and the ma-
trix [4-6]. In the strong-pinning model proposed by Friedel [7] and
Fleischer [8,9], the solute atoms in the glide plane are considered as in-
dependent point obstacles pinning the dislocations. While in the weak-
pinning model presented by Labusch [10-12], the statistical distribution
of the solute is considered besides the effect of temperature. It turns out
that the former applies for moderately dilute alloys at 0 K, while the lat-
ter works at ambient temperatures (T > 78 K) for solute concentrations
of relevance to engineering alloys (¢ > 10~%) [3]. In recent years, some
improvements [13-15] over the Labusch model have been made by in-
corporating the Peierls-Nabarro model, in view of the advances in com-
puting capability that make the first-principles calculations feasible for
relevant issues. All these models take necessary material parameters,
such as the lattice constant, shear modulus or stacking fault energy, as
inputs to make quantitative prediction of the SSS effect. These parame-
ters, depending on the composition of the alloys in general, also affect
the performance of the materials. For example, researchers [16,17]
found that in moderate temperature creep the directional coarsening
of the y'-phase was sensitive to the sign and magnitude of y/y' lattice
misfit. A detailed quantification of the composition dependence of the
fundamental properties is therefore crucial for either tuning the perfor-
mance of the materials or making reliable predictions of the SSS effects
[18].

Some models [19-21] have been developed to describe the compo-
sition dependence of these property parameters, although they are usu-
ally of limited reliability. Among them, the Vegard's law [19] is the most
well-known and widely used one that predicts the lattice parameter of a
binary solid solution. However, deviation from the Vegard's law was fre-
quently observed. Consequently, credible prediction of the SSS effect
calls for reliable measurements of the composition dependent material
property parameters. In this respect, experimental measurements are
generally tedious and costly, while first-principles calculations based
on density functional theory (DFT) are increasingly employed [22]. For
instance, Wang et al. [23] studied the lattice parameters and the local
lattice distortions for 11 dilute Ni-based solid solutions. Shang et al.
[24] examined the temperature dependence of lattice constants
and elastic constants for 26 dilute Ni-based superalloys. There are
also many studies focusing on other Ni-based alloy systems [25-29].
In general, the calculated property parameters are in acceptable
agreements with the available experimental data, confirming the reli-
ability of the DFT calculations. Nonetheless, the composition depen-
dence of the critical property parameters in Ni-based systems was
barely explored. Besides, different studies frequently focused on differ-
ent property parameters, while a systematic assessment of the SSS ef-
fects is still missing. A comprehensive evaluation of the SSS effect for
potential alloying elements in Ni therefore awaits further systematic
investigations.

The emergence of high-throughput computation makes it possible
to assess the SSS effect of potential alloying elements in a consistent
and efficient way. Comparing to traditional computations, it provides
an automated, unified, systematical, and powerful tool for materials
screening and discovery [30-32]. In this work, high-throughput DFT
computations were employed to examine the composition depen-
dences of the lattice constants, elastic constants, and energetics for the
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Ni-based binary solid solutions with 35 different elements from the
2nd to the 6th period of the periodic table. By combining with the
Labusch model, the SSS effects of these elements in 'y-Ni were quantita-
tively evaluated, and promising strengthening elements were identi-
fied. The findings can serve as a solid foundation and guidance for
future composition design of new Ni-based superalloys.

2. Computational details

High-throughput calculations were carried out by using the
ATOMATE codes as the driver to automate the workflows [33]. The
equilibrium lattice constants were evaluated by adopting the preset
workflow that computes and then fits the energy-volume relation of
the solid solution models to the Birch-Murnaghan equation of state
(EOS) [34]. The elastic constants were calculated by using the preset
workflow that fits the computed energy-strain relation to polynomial
functions; the average shear modulus was estimated by following the
Voigt-Reuss-Hill (VRH) scheme [35].

All DFT calculations were performed by using the VASP codes
[36,37], where the ion-electron interactions were described by the pro-
jector augmented wave method [38] and the GGA-PBE exchange corre-
lation functionals [39] were employed. A plane wave cutoff energy of
520 eV was adopted with the spin polarization switched on. The elec-
tronic integration in the Brillouin zone was performed on a I'-centered
k-mesh with a grid density of 7000, where the partial occupations of
the bands were set following the first-order Methfessel-Paxton method
[40] with a smearing width of 0.05 eV. The energy tolerance for the elec-
tronic relaxations was 10~ eV per atom, and the Hellmann-Feynman
force tolerance for the ion relaxations was set to be 0.01 eV/A.

A 2 x 2 x 2 supercell containing 32 atoms was adopted to model the
FCC-Ni based solid solution, whose cubic shape was maintained during
the relaxation process while the volume was allowed to change so as to
relieve the hydrostatic pressure. The random substitution was realized
by following the recipes of Monte Carlo special quasi-random structure
(MCSQS) [41] within the ATAT codes [42] and 4 different concentrations
were considered, namely 3.125 at.% (1/32), 6.250 at.% (2/32),9.375 at.%
(3/32),and 12.500 at.% (4/32), respectively. Supercells of 108 atoms and
256 atoms were also attempted, and a supercell of 32 atoms was found
to be sufficient to yield reliable results for the solid solutions.

3. Results and discussions
3.1. Composition dependence in lattice constants of Ni-X solid solutions

In the dilute limit, most properties of the solid solutions are seen to
scale linearly with the solute concentration. It is therefore expected the
lattice constants of the Ni-based binary substitutional solid solutions
would also correlate linearly with their compositions. Indeed, a linear
composition dependence was found for nearly all the alloying elements
considered here. Furthermore, the linearity was seen to hold even be-
yond the dilute range for almost all the systems, except for elements
with very low equilibrium solubility in Ni, such as La and Y, whose lat-
tice constants showed a parabolic dependence on the composition.

The calculated lattice constants of the solid solution models for each
alloying element will therefore be fitted to

a(c) = kq- ¢ +ap, 1)

where a and ag are the lattice constant of the Ni-X solid solution model
with a solute concentration of ¢ and that for pure FCC-Ni, respectively. k,
is a fitting parameter, whose value reflects the size mismatch between
the solute and the Ni matrix. Fig. 1(a) shows the calculated lattice con-
stants for Ni-Al solid solutions, together with the experimental data
[43,44]. One sees a perfect agreement between the experimental
and calculated data. Besides, a linear composition dependence is well
maintained up to the maximum solute concentration (12.500 at.%)
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Fig. 1. (a) Lattice constants of Ni—Al solid solutions as a function of Al solute concentration,
together with experimental data and predictions based on the Vegard's and the Zen's law.
(b) Linear regression coefficients of the composition dependent lattice constants for Ni-
based binary solid solutions with different alloying elements. Red solid circles are from
the linear regression of the calculated data, and red hollow pentacles are the linear
coefficient of the Vegard's law. Their differences are shown as blue solid squares.

considered here. A linear regression results in a coefficient of k, = 0.198 A
and a correlation of R? = 0.999, confirming a good linearity.

The Vegard's law also predicts a linear composition dependence for
the lattice constants of solid solutions. Nonetheless, the lattice constant
of the solid solution is estimated by

a'(c) = kay - + ag, (2)

where k,y = ax — ani, ax is the lattice constant of element X in FCC
structure. As mentioned earlier, deviation from the Vegard's law is fre-
quently observed. The linear coefficient (k,y) is determined by the lat-
tice constants of the pure elements, instead of from fitting to the
experimental/calculated data. In the case of Ni-Al, k,y is found to be
0.516 A, which is about 161% larger than k. In turn, one sees from
Fig. 1(a) that the lattice constants predicted by the Vegard's law show
large deviation from the experimental and calculated results. Inciden-
tally, the Zen's law [45] is another model that estimates the lattice pa-
rameters of solid solutions from those of the constituting elements.
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Different from the Vegard's law, it adopts the composition weighted
volume instead of the composition weighted lattice constant. In the case
of Ni-Al, its prediction is even worse than that of the Vegard's law, and
therefore no further discussion with this model will be presented.

The lattice constants for the Ni-based binary solid solution
models with all the 35 alloying elements considered here were
obtained from the high-throughput calculations and fitted to Eq. (1).
Fig. 1(b) compiles the linear regression coefficients. It is seen that in
general the variation of the linear coefficient depends on the location
of the alloying element in the periodic table. Within the 4th, 5th and
6th periods, the k, value generally shows a parabolic dependence on
the atomic number of the alloying element: it firstly decreases with
the increasing of the atomic number of the solute, and then increases
in the end of the period. The trend correlates well with the atomic size
within each group, which also decreases in the beginning and increases
in the end. This should result from the well-known d-band filling effect
of the transition metal elements. The abnormal behavior for Ni-Fe can
be attributed to the complex magnetic structure. Besides, the curve for
each period generally shifts upwards with the increasing period num-
ber, in line with the trend in the atomic size of the elements. One also
sees that for most alloying elements, the linear coefficient is positive,
suggesting that their addition to the FCC-Ni tends to dilate the lattice.
Only 4 out of the 35 elements considered in this work have a negative
coefficient, namely Be, Si, Mn, and Co. Nevertheless, the linear coeffi-
cients are essentially zero for Co, suggesting that their addition can
hardly change the volume of FCC-Ni, in good accordance with the avail-
able reports [23,26]. More detailed information on the composition de-
pendence in the lattice constants of these solid solutions can be found in
the Supplementary file.

From Fig. 1(b) one also reads that nearly identical trends are ob-
served for k,y, except for the 3rd period. Nevertheless, the absolute
values of k, and k,y differ from each other. For most elements from
the 2nd to the 4th period in the periodic table, k, is found to be smaller
than kgy, while for elements in the 5th and 6th period, k, is usually larger
than kgy. This seems to suggest that elements in the 2nd to the 4th pe-
riod tend to have strong interaction with Ni, so that alloying between
them would lead to a reduction in the total volume comparing to the
mechanical mixture of them. Different from the behavior of k;, or kgy,
the difference between them however does not show a monotonic var-
iation against the atomic number, indicating a complicated interaction
rather than merely the size effect. Many explanations have been
attempted to account for the composition dependence in lattice con-
stants in terms of size effect [46-48] and/or the electronic structure
[49-51], a consistent model is however still lacking.

3.2. Composition dependence in shear modulus of Ni-X solid solutions

The full elastic tensors for the Ni-based solid solution models with
different solute concentrations and alloying elements were also ob-
tained by the high-throughput DFT calculations. For ideal FCC crystals,
only three independent elastic constants are expected. The introduction
of the solute however breaks the symmetry of the lattice, which will
lead to unequal values for the correlated components and finite values
for some components that should otherwise be zero. To overcome
this, the average of correlated components was adopted for the corre-
sponding component, and the close-to-zero finite values were ignored.
For example, Cy; takes the value of C;; = (Cq1 + C2; 4 C33)/3 while Cy4
is assumed to be zero. Furthermore, since the substitutional solute
atoms should distribute randomly in the substituted lattice sites, the
MCSQS solid solution model actually samples one of the possible config-
urations. To remedy the compositional random distribution, we took
the VRH average [35] shear modulus as the relevant one, which is
usually employed to estimate statistically the shear modulus of a poly-
crystalline material from the elastic constants of its single crystal coun-
terpart by accounting for the random distribution of the grains.
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Fig. 2. (a) Shear moduli of Ni—Al solid solutions against Al solute concentration, together with the experimental data and their linear regressions. (b) Linear regression coefficients of the
lattice constants and the shear moduli for Ni-based binary solid solutions. (c) Correlation between k¢ and the difference in the characteristic electron density.

As an example, Fig. 2(a) shows the VRH shear modulus for Ni-Al
solid solutions as a function of Al concentration. One sees that the
shear modulus scales roughly linearly with the Al concentration. Conse-
quently, we would also use linear regression to model the composition
dependent shear modulus,
C(C) = kc +C+ Co, (3)
where G(c) and G are the VRH shear modulus of the solid solution
model Ni;_X. and FCC Ni, respectively. The linear coefficient k¢ could
therefore be employed to quantify the effect of alloying on the modulus
misfit. Accordingly, the coefficient for the calculated shear moduli of
Ni-Al solid solutions is found to be —73.2 GPa, while that for the exper-
imental data [52] is —79.4 GPa, differing by about 8%.

Linear regression of VRH shear modulus and solute concentration
data were consequently performed for all the 35 alloying elements,
and Fig. 2(b) compiles the derived linear coefficients. It should be
noted that for some systems, the composition dependence of shear
modulus is a little bit far from linearity. Nevertheless, for most systems
a linear regression provides a good approximation. One sees from Fig. 2
(b) that similar to the lattice constant case, the variations of k¢ also cor-
relates with the period number of the elements. While dissimilar to the
lattice constant case, within the same period, kg generally increases first
and then decreases, showing an inverse trend as k,. Moreover, for most
alloying elements, the values of ks are negative, indicating that most

alloying elements tend to reduce the average shear modulus of the crys-
tal. Furthermore, a positive k, generally corresponds to a negative kg,
and vice versa. There are some exceptions, though. For instance, both
kq and k¢ are positive for Fe, Ru, Os, and Ir, while both of them are neg-
ative for Be and Si. The abnormal behavior for these alloying elements
deserves some extra attention.

The observed abnormal behavior in Be, Si, Ry, Os, and Ir should orig-
inate from the electronic structure. Atoms interact with each other
mainly through the valence electrons, i.e., the outer core ones. For
metals, the valence electrons are shared between all atoms, forming
an electronic sea that glues the nuclei together. The addition of different
solute atoms will introduce disturbance to the electron sea, and in turn
affects the property and behavior of the solid solution. An increase in the
electron density tends to enhance the metallic interatomic bonding, and
hence an improved modulus. Yet the disturbance to the electron density
also correlates with the volume change induced. In this regard,
Miedema et al. [53] proposed that the contribution to the electron den-
sity by an atom can be characterized by n = A/K/V, where Kand V are
the bulk modulus and the atomic volume, respectively, and A is a factor
of unit value that takes care of the unit issues which is independent of
the system. The applicability of the Miedema's model has been proved
in many studies [26,54-56], it is therefore employed to analyze the ab-
normal behavior of the mentioned alloying elements above.

Accordingly, the characteristic electron density contributions for all
the alloying elements were evaluated, and their values relative to that
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of Ni, An = ny - ny; were deduced and shown in Fig. 2(c). One sees from
Fig. 2(c) that An exhibits the same trend as that of k. What is more, it is
found that most alloying elements have a lower characteristic electron
density than Ni, while nearly all the elements exhibiting an abnormal
behavior have a higher one than Ni. This suggests that the variation of
the elastic constants is mainly dominated by the bonding strength,
which is reflected by the characteristic electron density. Alloying ele-
ments that are prone to increase in the characteristic electron density
will generally enhance the interatomic bonding, and consequently
lead to an improvement in the elastic constants and modulj, i.e., a posi-
tive k.

3.3. Solid solution strengthening effects

Many models have been developed to quantify the SSS effects of the
alloying element, among which some recent models [13-15], although
yielding relatively accurate predictions by taking into account the
interaction between the dislocation core and the solute explicitly, are
however unsuitable for high throughput calculations due to the compli-
cated workflow. The generally adopted Labusch model showing good
agreement with experimental observations [57-61] was therefore
adopted in this study to evaluate the strengthening effect quantitatively.
Accordingly, the excess strength (Aosss) gained by SSS depends on the
misfit factor (€) and solute concentration (c) by

AOsss = 3Z- Ge*3c?3 (4)
e ) 1/2
<1+ngg>+$gwﬂ ®)

where G is the shear modulus, Z is a constant dependent on the solvent,
Bis 16 for edge dislocation and 3 for screw dislocation. g, is the lattice
misfit parameter defined by

1 /da _ka
= () e ©
and &; is the modulus misfit parameter given by

1 /dG kG
5= (ae) 0 7

The misfit factors for all the 35 alloying elements were evaluated
accordingly and shown in Fig. 3(a). One sees again that the variation
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of ¢ also correlates with the group number. Elements in either end of
the same period generally have higher strengthening abilities than
those in the middle. Besides, the same trend is observed for both
screw and edge dislocations, while in general the strengthening for
edge dislocations would be more significant than that for the screw
ones. Moreover, elements in the close vicinity of Ni within the same pe-
riod, such as Cr, Mn, Fe, Co and Cu, exhibit rather small strengthening
abilities, in that they do not differ much from Ni in either atomic size
or electronegativity. While elements frequently found in Ni-based su-
peralloys, such as Hf, Mo, Ti, W, Ta, etc., do have a large ¢ value,
confirming their important role in strengthening the Ni-based superal-
loys. Nonetheless, Co and Cr are also frequently found in Ni-based su-
peralloys yet their strengthening abilities are seen to be negligible,
suggesting that their primary roles in the superalloys are not to
strengthen the alloy.

To further isolate the contributions from the lattice misfit and the
modulus misfit, the ratio of 3 ¢, over ¢ is evaluated for each alloying el-
ement, which denotes the relative contribution of the lattice misfit to
the strengthening ability. A value greater than 1/v/2~0.71 suggests
that the lattice misfit dominates. One sees in Fig. 3(b) that a large scat-
tering of data is observed. Nonetheless, for elements in the 2nd to the
4th period, it is the modulus misfit that dominates on average, as the ra-
tios are generally lower than 0.71. While for elements in the 5th and 6th
period, one sees that the ratios are mostly greater than 0.71, suggesting
that the lattice misfit overwhelms. A roughly equal contribution is how-
ever found for Be, Mg, Mo, Hf, etc.; they also have a high total misfit fac-
tor ¢, indicating that it is important for both the lattice misfit and the
modulus misfit to be significant for effective strengthening. In general,
the lattice misfit dominates for edge dislocations, while the modulus
misfit overwhelms for screw dislocations.

3.4. Stability and energetics

The previous section revealed the ability of each alloying element to
strengthen the Ni-based alloy, while for the strengthening to be effec-
tive, the resultant solid solution must be stable, in terms of both me-
chanics and thermodynamics. The mechanical or dynamical stability
of a crystal can be assessed by the Born's criteria [62], which requires
Ci1 - |Ci2l > 0, Ci1 + 2Cq2 > 0 and C44 > 0 for cubic crystals. It is
found that all the solid solution models examined in this work satisfied
the Born's criteria, suggesting their dynamical stability. Besides, large
B/G ratios (>1.75) were also found for all the models, indicating that
they are intrinsically ductile according to the Pugh's criteria [63].
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To evaluate the thermodynamic stability, the solution enthalpy will
be the quantity of relevance, which is defined as the energy change in-
duced by replacing a matrix atom in an infinite crystal by a solute one
[64]:

AHSOIQAESOI = 1111?;10 [ENin,IX_(n_l)ENi_EX} ’ (8)
where En;i, ,x, Eni, and Ex are the total energies for the substitutional

solid solution Ni,_ X, pure FCC Ni, and pure solute X in the FCC struc-
ture, respectively. In practice, it however can be evaluated by

At - (L) ©

with the heat of mixing AH,;x given by

AHpix = Eni, x.—(1—C)Exj—c-Ex (10)
At the dilute limit, we would expect

AH i ~AH g, - € (11)

For simplicity, we could therefore estimate the solution enthalpy by
linear regression the heat of mixing calculated as a function of solute
concentration. Fig. 4 shows the solution enthalpies for the 35 alloying
elements in Ni thus evaluated. It is seen that the variation in AHj is rel-
atively complicated, which should be attributed to the combination of
size and electronic effects. For each period, it generally decreases in
the beginning, increases later on, and then decreases again, with two
peaks observed for the 4th to the 6th periods. Roughly half of the
alloying elements show a negative solution enthalpy, while the other
half a positive one. It is noticed that the solution enthalpies derived
here agree well with the calculated substitutional energy by Chen et al
[65], in terms of both the trend and the magnitude.

Generally speaking, a negative solution enthalpy indicates a reduc-
tion in the total enthalpy while forming the solid solution, and in turn
a high propensity to form solid solutions. On the contrary, a positive so-
lution enthalpy generally suggests low propensity to form solid solu-
tions. [53,66] For example, both Ni-Ag and Ni-Au are known to be
immiscible systems, their solution enthalpies are indeed positive, larger
than 0.50 eV/atom. However, this does not rule out the possibility for el-
ements with a positive solution enthalpy to form thermodynamically
stable solid solutions with Ni, as the increase in entropy leverages the
total free energy. Furthermore, there is also uncertainty in the evaluated
solution enthalpy, roughly on the order of 0.05 eV/atom. Consequently,

1.5+

Solution enthalpy, AH_, /eV

- , - —
2 4 6 8 10 12 14

Group number of the solute

Fig. 4. Solution enthalpies for different elements in Ni-based solid solutions.
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we can denote elements with a calculated solution enthalpy lower than
0.10 eV/atom as thermodynamically favorable, while those higher than
0.10 eV/atom as unlikely. Accordingly, Be, Mg, Al, Si, Sc, Ti, V, Cr, Mn, Fe,
Co, Zn, Ga, Y, Zr, Nb, Mo, Rh, Hf, Ta, W, and Pt are thermodynamically fa-
vorable, while Li, Ca, Cu, Tc, Ru, Pd, Ag, Cd, La, Re, Os, Ir, and Au are mar-
ginal candidates to form solid solutions in Ni.

Although AHj,, indicates the propensity to form solid solutions, it
however does not adequately characterize the solubility of an element,
as the latter also depends on the thermodynamics of the coexisting/
competing phase with the solid solution in the binary system. For exam-
ple, Co has a negative AH, with Ni while the magnitude is small. They
can form solid solutions throughout the composition range. The AHj,,
for Ir in Ni is positive but with a small magnitude, a continuous solid
solution is also found between them and Ni. While for Al, Si and Mg, al-
though their AH,, are negative and of large magnitude, the correspond-
ing solubility is generally less than 20 at.%, because they tend to form
intermetallic compounds with Ni. Consequently, the solubility of the
alloying elements in Ni cannot be estimated merely from AHg,.

The strengthening effect of an alloying element, as seen from Eq. (4),
depends on both the misfit factor and the concentration of the alloying
element. Besides, it also depends on the temperature. The Labusch
model however does not take into account the temperature effect ex-
plicitly, a modification that reflects the variation of the critical resolved
shear stress (ACRSS, 7) against temperature can be given as [61,67],

T = AU e—mksT/Wo (12)

where kg is the Boltzmann constant, m = 25 + 2.3, T is the absolute
temperature and W, describes the binding energy of an edge-
dislocation segment with the solute atoms in its proximity. According
to Ref. [61, 67, 68], Eq. (12) is reliable within the low-temperature re-
gime up to 1/3 of the absolute melting temperature, e.g. 573 K for Nj,
and W, can be estimated to be 1.5x10719].

As the solubility cannot be assessed directly from the solution en-
thalpy, the experimental saturate concentrations (c;,) of the alloying el-
ements in FCC Ni at a typical working temperature for steam turbine of
573 K will be employed to quantify their respective “maximum
strengthening effect”, i.e., the strengthening potential. Accordingly, the
extra strength contributed by the solid-solution strengthening, T =
T(cm T), at 573 K was evaluated and displayed in Fig. 5. One sees that
by combining the strengthening ability and the solubility, the strength-
ening potential reveals a quite different trend for the alloying elements
studied comparing to that of the misfit factor and/or the solution

BeMgSiCaTi CrFe NiZn = ZrMoRuPdCdLaTaRe Ir A
1 I 1 1 1 1 | | | 1 1 1 1 1 I Il 1

e

1000 5

{—#—For edge dislocation | | | | | | | | |
| @ For screw dislocation| | ' | | |
—A—+Average | | | | | | gk N
1004 i iiiini il B S TERREEL o
s i N )
s ERNERET , "IN 'S RN
= e r @ 'y X
© 047 AN 8 N A i
5 W X T A AL e
] LI | AR I A B R I R By B | B LR N BV U VA
© A @l @ Bl Y X b
5 i SEERERER R B o (B PSR Y iaa Bl
WF T RERAsRRRRRRRRRREREE v (B a0 IRRRY
(R RRERRERRRERE R Rt £ IRRRRRRRARARY
SRR TR R " TR R Ra R
SRR AR R R R L AR AR IS

Li Al ScVMnCoCuGaY NbTcRhAg Hf W Os Pt

Solute

Fig. 5. Solid-solution strengthening potentials of the alloying elements in Ni-based solid
solutions at 573 K.
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enthalpy. Pronounced strengthening potentials are observed for ele-
ments like Zn, Rh, Pd, W, Ir, and Pt. Among them, some elements, such
as Zn, W and Pt, gain their high strengthening potentials because of
their high strengthening abilities, i.e., large misfit factors. Some ele-
ments, like Pd, Rh and Ir, achieve their high strengthening potentials
due to their high solubility. While for elements like Ti and Mo, although
their strengthening potentials are not that pronounced, their high
strengthening abilities still warrant their wide application in Ni-based
superalloys. Alloying elements such as Rh, Pd, and Ir, although having
high strengthening potentials, they are however too scarce on earth,
and are therefore less promising for strengthening the Ni-based
superalloys.

Re worthies some additional attention. It has been seen that Re plays
a rather crucial role in promoting the high temperature strength of Ni-
based superalloys [2,69], one however notices in this work that it has
both a small lattice misfit and a small modulus misfit with Ni, and in
turn a low solid solution strengthening ability, as evidenced in Fig. 2. Be-
sides, Re also has a positive solution enthalpy in Ni, although of small
magnitude and comparable to that of Cu. However, its crystalline struc-
ture is HCP leading to a marginal solubility in Ni. As a result, its solid
solution strengthening potential is essentially negligible. The crucial
role it plays in Ni-based superalloys must take effects through other
mechanisms.

3.5. Strengthening under high temperatures
For metals under high-temperature applications, creep is frequently

of great concern. The creep rate (€) generally correlates with the stress
applied and the diffusion processes [70,71], e.g.

=m0 () (75 (13)

where A is a materials dependent parameter, De is the effective diffu-
sion coefficient, ysg is the stacking fault energies, oy, is the back stress,
b is the magnitude of the Burger's vector, E and G are the Young and
Shear moduli, respectively. Strengthening would therefore be expected
if the diffusion can be retarded. Besides, the stacking fault energy also
plays a key role in the creep process. [2,6] A reduction in the stacking
fault energy tends to expand the width between the partial dislocations,
and in turn reduces the dislocation mobility. [70-73] Consequently, it is
of necessity to examine the effect of solutes on the diffusion coefficient
and the stacking fault energy if the strengthening effect under high tem-
peratures is pursued.

In this regard, considerable investigations have been performed to
examine the effect of alloying elements on the stacking fault energy
and the diffusion coefficient of dilute Ni-based alloys. [18,28,74] It is
found that those solutes with a relatively large size are prone to reduce
the stacking fault energy [28], while the influence on the diffusion coef-
ficient correlates with the bulk modulus rather than the atomic size
[18]. Nonetheless, reports on the composition dependence are scarce
because of the high computational demands. In this study, the influ-
ences of the alloying elements on the diffusion coefficients or the stack-
ing fault energies will therefore not be calculated. Instead, the data
reported in Ref. [18, 28, 74] would be adopted for some discussions.

The difference in diffusion coefficients for different solutes in many
cases shows a larger order of magnitude than that of stacking fault ener-
gies according to the reported data, suggesting that the change in the
diffusion coefficient is more significant than that in the stacking fault
energy. For example, the change in stacking fault energy induced by
Re is about 50% (from 114.40 mJ/m? to 60.79 mJ/m?), while the change
in diffusion coefficient is about 4 orders of magnitude (from
434 x 107" m?/s to 7.78 x 102! m?/s) at 1200 K [74]. This is because
the alloying elements affect the diffusion coefficients mainly by modify-
ing the diffusion energy barrier, which is generally on the same/similar
order as that to the stacking fault energy. The diffusion coefficient
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depends however exponentially on the energy barrier, the influence of
the alloying elements on the diffusion energy barrier will therefore
dominate its effect on the high temperature performance of the alloys.
Data reported in Ref. [18, 74] suggests that the addition of Re, Os, Ir,
Tc, Ry, and Mo enhance the diffusion energy barrier effectively, and
they would therefore be beneficial to improve the high temperature
performance of the Ni alloys. Combining with the present results on
strengthening ability and strengthening potential, as well as the influ-
ences on diffusion coefficients, it can be concluded that W and Mo
might be promising alloying elements besides Re in warranting the
high temperature performance of Ni. [2,18] As a tradeoff, parts serving
at intermediate temperatures where the creep process is insignificant,
elements with moderate to high misfit factors, and appreciable solubil-
ities, e.g. V, Al, Ti, Ta, Pt, Rh, and Nb, would be good candidates to
strengthen Ni. While to assess the comprehensive strengthening effects
of the alloying elements at extremely high temperature, the de-mixing
and precipitation of the solutes should be taken into account, which
would correlate closely with the kinetic process and are beyond the
topic of this work.

4. Conclusions

The composition-dependent lattice constants, elastic constants,
shear modulus and energetics of 35 binary Ni-based solid solutions
were calculated using high-throughput density functional theory calcu-
lations. The SSS effects of the alloying elements were evaluated by in-
corporating the Labusch model. The main conclusions are:

(1). The calculated lattice constants and shear moduli of the solid so-
lution models are mostly seen to scale linearly with the composi-
tion, and the calculated data are in good accordance with the
available experimental results.

(2). The variations of the lattice misfit and the modulus misfit are
found to depend on the position of the alloying element in the
periodic table. In general, the lattice misfit is dominated by the
atomic size of the alloying element, while the modulus misfit
shows an inverse trend as the lattice misfit. Most of the 2nd to
6th period metallic elements tend to dilate the lattice of Ni but
to reduce the shear modulus.

(3). The strengthening ability incorporated both the lattice and modu-
lus misfits reveals that elements in both ends of the same period
tend to have higher strengthening ability than those in the middle.
For metallic elements in the 2nd to the 4th period, it is the modu-
lus misfit that overwhelms, while for those in the 5th to the 6th
period the lattice misfit dominates the strengthening ability.

(4). Elements in the close vicinity of Ni within the same period, such as
Cr, Mn, Co, Fe, and Cu, exhibit rather small strengthening ability,
while elements frequently found in Ni-based superalloys, such
as Hf, Mo, Ti, W, Ta, etc., do introduce appreciable misfit factors.
Yet elements like Cr and Co are also frequently found in Ni-
based superalloys, while their primary roles are not to provide
solid solution strengthening.

(5). All the solid solution models are found to be dynamically stable
and intrinsically ductile. While the solution enthalpies derived
suggest that Be, Mg, Al, Si, Sc, Ti, V, Cr, Mn, Fe, Co, Zn, Ga, Y, Zr,
Nb, Mo, Tc, Rh, Hf, Ta, W, Re, Ir, and Pt are thermodynamically fa-
vorable to form solid solutions with Ni, while Li, Ca, Cu, Tc, Ru, Pd,
Ag, Cd, La, Re, Os, Ir, and Au are unlikely.

(6). The solution enthalpy however cannot be employed to assess the
equilibrium solubility of the alloying elements. Instead, experi-
mental solubilities at 573 K were used to evaluate the strengthen-
ing potentials of the alloying elements. Zn, Rh, Pd, W, Ir, and Pt are
found to have high strengthening potentials because of the large
strengthening ability and/or the large solubility.

(7). Reis critical for Ni-based superalloys, while its strengthening abil-
ity and solid solution propensity in Ni are however not prominent.
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Data on diffusion reported by previous investigation revealed that
it could enhance the diffusion energy barrier and in turn improve
the high-temperature performance of the Ni-based superalloys.

(8). Tradeoft on the strengthening ability and solubility suggests that
elements such as V, Ti, T, Pd, Rh, Nb, etc., could be promising can-
didates to provide SSS effects for Ni under low temperatures.
While for high-temperature applications, elements like Re, Os, Ir,
Tc, W, Ru, and Mo that tend to retard the diffusion in Ni are prom-
ising. Considering the abundance on earth and cost, Mo and W
might be attractive.
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